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SUMMARY ABSTRACT

The global diversity of caulating HIV-1 subtypes andirculating recombinant forms
(CRF9 is growing, including an increasing number of new complex variants. This has
serious implications for effective vaccine and treatment strategies worldwide, and may
affect sensitivity of diagostic and viral load assayis. Australia, subtype B has
historically been dominant amomngen who have sex with other méii§M) but in recent
years new noiB infections have appeared, predominantly via heterosexual contact, which
follows a global trendT o date, there have been two studiest including the one
resulting from this PhDpublished on this change in subtype distribution in Australia,
notinga significant increase in the proportion of CRFs andB@ubtypes circulating

across Victoria (20129nd Western Australia (2015)

To understand epidemics globally it is also important to mottitotransmission of drug
resistant strains, known as transmitted drug resistaimaR)( which is rising within the adult
population globally. In 2012, UNAIDS asssed global TDR prevalence at 3.1% and likely
to increase. TDR can reduce efficacy of antiretroviral therapy and while subtypes display
similar drug sensitivity, some may have greater propensity to develop certain mutations. In

2009, an Australian studgported a TDR prevalence of 16PoVictoria.

Since 2000, subtype and drug resistance data have been collected as part of routine
genotypic resistance testing in South Australia. Bh® examined all newly diagnosed,
genotyped HIV cases in South Austratiatween 2000 and 2013. Initial genotypic drug
resistance testing was based on a 1098bp regitbre Bbl gene encompassinthe protease
(PR) and reverse transcriptase (RjJEnes. The Stanforchlibrated population resistance
(CPR online subtyping tool &s used to interpret subtype and drug resistance mutations
(Chapter Four and Fivepnd the 2009 WHO list of surveillance mutations was used to

determine TDR. A 530bp region spannigp41 of the Env genewas then sequenced
11



(Chapter Si¥, and analysis of #h sequenceghol and env data was conducted using
Maximum Likelihood. Online subtyping toolStanford CPR, jumping profile Hidden
Markov Model (jpHMM), REGA, Subtype Classification Using Evolutionary ALgorithms
(SCUEAL), National Center for Biotechnologpfbrmation (NCBI), andCOntextbased
Modeling for Expeditious TypinCOMET))were also used to determine subt{faapter

Seven)

Molecular epidemiological analysis of the Hpél gene identified an evolving epidemic
in South Australia, from predominaptubtype B infection among the MSM community or
Australiarborn heterosexual population, to an increasing proportion ofBnmfections
imported from overseas by Australian travelers, or ovetiseas people. These ndh
infections include an increasimumber of complex recombinants that are predominantly

acquired in high prevalence countries where multiple strahtircolate.

While the prevalence of TDR decreased over tithe overall rate in the HIV infected
population was high, largely due to th@ward transmission of K103N amongst MSM
infected with subtype B infection. There was also evidence of a moderate but declining rate
of Non-Nucleoside Reverse Transcriptase Inhibitor (NNRTI) and Nucleoside Reverse
Transcriptase Inhibitor (NRTI) resistanicethe norB cohortwho werediagnosed within
the last 10 yearsThis resistance correspondgth the time period NNRTI and NRTI

treatments were introducgtien improvedpverseas.

Phylogeny andapid online subtyping tool analysis of thel andenvgenes found a
significantly greater diversity of circulating HIV variants than previously identifisthg
the Stanford CPR tool to assign ti@ region aloneincludingthe identification opossible
unique recombinant formdJsing two gene regions alsoeidtified a larger number of
possible transmission events, demonstrating the complexity of this continually evolving
virus. Transmission events were predominantly between male/female heterosexual pairings

12



carrying norB infections acquired overseas, withms®evidence of subtype B transmission
events occurring between male only pairsl male/female pairsand a number of larger

male subtype B clustemedominantly acquired within Australia.

These studiewerethe first in Australia to link genetic and roug surveillance data to
provide an irdepth characterisation of tikeanging HIV epidemic ikustraliaover the
last 14 yearsThe findings greatly improve our knowledgeHbiV subtype distribution and
transmission dynamics in South Australiey alsodemonstrate that analysis miultiple
gene regions using modegphylogenetic methods providadditionalvaluable information
about the HIV epidemic structuvéthin aregion of interestin addition,we now have an
enhancd understanding of treatment faituand treatment adherence rates of current first

line regimens and how these differ between geographic origin and subtype.

It is crucial to conductaurateand detailegurveillancen order to identifyfactors
and molecular mechanisms that affect tnaission, replication, and resistanoaprove
research efforts into strains widely circulating in high prevalence,aedsargesubtype

specific prevention and treatment optionsdbrisk populations.

Despite decreasing rates, the number of TDRm&@rculating in the MSM population
in Australia remain a concern, which highlights the need for continued surveillance,
education and early diagnosis. There is also a steady influx of people migratinigigiom
prevalence countries and a growing projorbf these are now being diagnosed with HIV,

including some with drug resistant strains.

As ART availability continues to increase globally, it is also important to eresuhg
diagnosis, préreatment drug resistance testing, effective treatment esgirand ongoing
surveillanceare available worldwidelt is imperative that efforts are targeted toward
increasing and expandijV testing not onlyto identify infection earlyut also taest for

transmittedresistance before treatmesimmencesResisance patterns in neld persons
13



infected overseas may influence treatment choice and viral suppression beyond our current
understanding of the historical subtype B infection circulating in Australia, and these cases

should be monitored closely.

In addition to the change in geographic segregation of HIV subtypes and CRFs, the
traditional riskgroup segregatiors alsobecoming less distinct, withrowing evidence of
crossover betweethe MSM, IntravenousDrug Use (IDU) and heterosexual populations.
This conbined with the increasing genetic diversity including complex and unique variants,
highlights the need for careful monitoring of new infections, and the immediate need for

non-B subtype research in Australia.

Despite evidence that shows social structhease far greater impact on the HIV
epidemic than behavioral or treatment strategies, integration and acceptance of social
strategies into prevention and control efforts has been very slow, and the prevention focus
remains on modifying individual bavior and increasing treatment. Futuesearch should
combine genetic and epidemiological data, and use it to create social strategies that identify
and counteract issues that impact on individual and societal behavior, such as
socioeconomic disadvantage and ggaphical regionpolitical and cultural systems and

gender inequitywhich allhave considerableffecton the incidence of HIV.

In 2014 ethics approval was given for a national project namediustealian
Molecular Epidemiology Networtk commence. Thiproject is the result of collaboration
between South Australia, Western Australia, Victoria, New South Wales and Queensland,
and is the first national study in Australia to collect data from all newly diagnosed HIV
casedetween 2005 and 2018 and phylogggrally analyze sequences to assess subtype
distribution, transmission patterns both within each state and across state borders, and to

identify the prevalence of unique variant forms of HIV that may be circulating.

14
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CHAPTER 1: INTRODUCTION

The human immunodeficiency virus (HIV) is part of the family of retroviruses that
integrate themselves into the genomes of host cells. Almogeatteof the human genome
iIs made up of retrovirus DNA, predominantgnmnants of previous retroviruses that merged

with human DNA over the course of human evolution.

HIV exists in two types, HIVL and HI\:22 HIV-1 is the most common and widely
distributed® accounting for over 99% of HIV infections worldwidedIV-1 is further
classified into distinclineages, Main (M), New (N), Outlier (O) and Putative (P), reflecting
four separate introductions of simian immunodeficiency viruses into hui&asd there
areeight distinct lineages of HR2.” Molecular and phylogenetianalyses of HIV have led
to discoveries about how HIV evolves over time and by geographic regiorl H#g spread
rapidly worldwide, while HI\/2 has remained mostly confined to Africaver 99% of the
global HIV epidemic is attributable to the M linedgend there are at least nine
phylogenetically distinct subtypes;iB, FiH, J and K&° HIV-1 naturally mutates at an
extremely fast rate, about one million times faster than eukaryoteIB¥fection pressure
because of antiretroviral treatment (ART) also affects the rate of mutation and leads to
treatment failure and TDR. When combined with the length of tingtraan has been
established in a geographic area or risk group, this has led to the evolution of many
circulating strains, includin@5 circulating recombinant forms (CRFs) and a large number

of transmitted drug resistant mutaticr§.*3

Historically, HIV-1 subtypes and dg resistant strains have been associated with
specific parts of the world and with particular modes of transmig8idii° However, the
distribution of subtypes and CRFs is becoming more heterogeneous globally because of
population mobility and sexual/intravenous drug contact between different population

groups??2TDR has also increased in leand middleincome countries (LMICshecause
18



of the increased use ahtiretroviral therapyART) and associated issues that come with
resourcepoor countries. In Australiammmigration has led to importation of amcreasing
number of genetically variable HIV strains with possible subsequent effects on treatment
and HIV diagnosisturther epidemiologial analysiss neededo assess patterns, causes and
effects of HIV infection, while phylogenetic analysis (hereafter referred to as piay)
elucidate how biological sequences are genetically related anolvide estimatesof

hypothetical common ancestors

Phylogenyand current rapid online subtyping programs are valuable bugr-usdd
tools in Australia.Using these resources for accurate identification of viral variants and
assessment of transmission patterns, then linking these data with ejderalo
information in South Australia, will aid understanding about the coursieedfilV global
epidemic andwill greatly improve knowledge of neB subtype infections circulating in
Australia’ Accurate reporting of TDR in newly diagnosed individuals will ensueatgr
understanding of current and historical treatment failure overseas and locally, and identify
forward transmission of resistant virus to assist with creating targeted strategies for

prevention or intervention.

In the following chapter, the HIV genom@story of the HIV global epidemic, genetic

diversity, drug resistance, plogenyand the use of online subtyping tools will be reviewed.
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Partl

2.1 Retroviruses and viral diversity

The human immunodeficiency virus (HIV) is part of the family of retroviruses. Unlike
other lentiviruses that are DNA viruses (DNA genome), retroviruses are RNA viruses
transcribed into DNA by the enzyme reverse transcriptase, then into mRNA and then viral
proteins. Retroviruses share three common gé&sagcreates the inner shell that houses the
viral genesEnvcreates the surfa@mvironnent so the virus can attachhost cells, anéol
makes three enzymes that assist with replication and insertion of the viral genes into the host
DNA and maturation of viral proteidsA feature of retroviruses is that during their
replication, the wus integrates itself into the genomes of certain host cells. Retrovirus DNA
comprises 8% of the human genome, and is predominantly remnants of previous retroviruses

that merged with human DNA over the course of human evolbtion.

Nucleotides are the building blocks of DNA. Sequencing is the identification of the order
of nucleotides for a particular gene. There are four types of nucleotides: adenine (A), thymine
(T), guanine (G), and cytosine (EYhe genome of all living organisms is made up of a
combination of these four building blocks. Homology refers to the similarity between
sequenceswhile divergence represents the difference. For example, if 98% of a given
nucleotide sequence between two isolates is the same, they are 98% similar or 2% divergent.
The degree to which isolates are divergent will determine whether they are classed as

subtypes of species or distinct species.

Like other lentiviruses, HIV infection does not occur as a single-type virus, but
rather as a viral population of homogeneous strains known as quasi$p&tilss is
because of the errqarone nature of the reverse transcriptase enzyme during viral replication
combined with the very high number of virus particles cre&t&RNA viruses have an

extraordinary capacityotchange the cells they infect and replicate in (cell tropism) and to
22



evade host immune responses and external antitislany nucleotide substitutions occur
during viral replication of the initial inferrtg strain and in response to host immune and
treatment pressures, which leads to quasispétié3he intrahost vaation of circulating
quasispecies caxceedb%, and the frequency of different quasispecies fluctuates. Proviral
DNA also stores an archive of the original HIV strains within a host and, in the absence of
selection pressure, these strains can reappelabesome the dominant circulating form.
Recently, studies have focused on examining the proportion of infectious strains passing
from the infected host to an infected recipient. Data shows that a large proportion (as high
as 80% in some cases) of newlygliased individuals are infected by a single virus sfin,
3lwhich is called a genetic bottlenetlowever this restricted transmission of viseains

is dependent on the route of transmission, approximately 20% of productive infections are
caused by a multiple virus strains in heterosexual transmission, but a greater viral diversity
(40%)passes from host to recipientiren who have sex with méMSM) andintravenous

drug usersIPU; 60%). One of the reasons for this bottleneck in heterosexual transmission

is thought to be due to the more protective vaginal mucosal bA#et

In addition to theviral diversity created bgucleotide substitutions, HIV strains are prone
to recombine with one another, and large nucleotide insertions and deletions (indels) occur
frequently which also lead to further divergent str&Recombination occurs by strand
switching, which occurs when RNA transcripts from two separate proviruses form part of a
HIV virion. When this virion aters a host cell, the RT jumps between the RNA transcripts,
and the result is a recombinant retroviral DNA sequéhdey subsequent virions produced
will be this recombinant typ& Recombination can occur through concomitant infection (co
infection), where a person is infected with multiple strains of HIV at the time of initial
infection or shortly thereafter, especially in populations whereltiple subtypes

circulate?®° It can also occur from sequential infection (suipéection), where a person is

23



initially infected with one HIV strain then infected later with another HIV strain during a
different exposureThis is especially likely for groups engaging in higgk behaviors such

as having multiple sexual partners or intravenous drud®Becombination can also occur
between other recombinant viruses. The high rate of genetic diversity mixed with risky
behavior and a large number of circulating infections will in turn determine the ongang rat
of co- and supeinfections It presents a challenge with respect to prevention and treatment

strategies, and for development of a vaccine and cure.
2.2 Simian Immunodeficiency Virus (SIV)

Initially, HIV diversity was associated with multiple cregszies transmission events
of Simian Immunodeficiency Virus (SIV) from ndruman primates (NHPs) foumans.
Soon after the discovery of H¥¥Y in 1983, scientists began suspecting that human AIDS
was of simian origin. The first isolate of simian immunodeficie virus (SIVmac) was
extracted from an immune deficient rhesus macadW@&cgca mulattq that displayed
clinical symptoms similar to AID&’ In 1985, antibodies to SIV were discovered in
individuals from Senegal, West Africa, suggesting that there may be another type of human
retrovirus. In 1986, HIV2 was isolated and characterized from West African paties) li

in France®

It has now been clearly demonstrated that transmission of SIV from NHPs to humans
has resulted in human HIV infection. SIV has infected at leastipéBies of NHPs over
thousands of years, and over time these primates have become natural hosts to species
specific infection’*® SIV infections in these natural hosts can show high levels of viral
replication but remain typically negpathogenic. While SIV is generally host species
specific, several strains have infected humans, most probably from NHP blood entering
human hosts through cuts and wounHivslindur i n
humans is most closely related to SIVcpz from chimpanZeas {foglodytes troglodytgs
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and SIVgr isolated from gorillas. H\2 is most closely related to SdWn from sooty
mangabeys Gercocebus atyd Crossspecies transmission of SIV from chimpanzees

(SIVcepz), sooty mangabeyéSIVsmm) and gorillas (Slor) to humans led to the two HIV

strains, HIM 1, and HI\t2.3°
2.3 The HIV genome

The HIV genome is approximately 9719 base pairs in length and comprised of five main
genes, five accessory genes, 15 proteins and seven structural ef@rfénise 1 shows
each gene in detail. Tili@aggene encodes the capsid proteins and associates with the plasma
membrane to assist virus assem@lgt andRevare both regulatory genes for HiVgene
expression, whil&if, Vpr, VpuandNefare multifunctional accessory genes that assist in the
viral replication by inhibiting host antiviral factot$*! The pol andenvgenes are two often

used in phy and these are described in detail in the next section.
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Figure 1. The HIV genome. (Lengauer & Sing 2066)he Domed areas shown below

the gemome denote locations of known drug resistance mutations.
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2.3.1 The life cycle of HIVL

HIV replicates inside host cells, specifically inside human immune system cells. It uses
the host cell ds own machi ner ystDNMA®Figuel2i c at e

shows the life cycle of HIV®

An HIV particle attaches to a host cell by its envelope protgpis20(surface protein)
andgp41(archor protein foigp120Q. Envencodes the enzyme gpl160, and Furin (a host cell
protease) cleavegp160to formgpl20andgp4l Whengpl20binds to a host CD4 receptor

it causes gp41 to become exposed from the viral envelope and assists in cetPfusion.

There are two protein receptors on the host cell membrane, the initial binding receptor,
CD4, and a coecetor that can differ by cell type. The-ceceptor most commonly used
is CCRS5, which is found on dendritic cells, macrophages, regulatory T cells, and,
importantly, memory and effector helper T cells. The otheneceptor, CXCR4, is used
laterininfectism . The virionds envelope fuses with
of the virion enter the cell: two copies of the single stranded RNA HIV genome and three
proteins encoded kyyol,*° reverse transcriptase (RT) that transcribes virus RNA into virus
DNA, integrase (IN) that splices virus DNA into theshoell DNA genome, and protease

(PR) that plays a role in preparing new viral proteins to be released from tfie cell.

The virus RT uses the viral RNA template to synthesize viral DNA, then the virus IN
splices this HIV DNA into the host genome. Thswv HIV DNA is transcribed to HIV
MRNA by the host cell ds own RNA pol ymer ase
HI'V precursor proteins by the host <cell 0s
into the cell then cleaves the precursor prat@io mature viral proteins and these
assemble into virions within the cytoplasm. The virions bud from the host cell membrane

out to the extracellular space, with the virus envelope being formed by the host cell
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membrane. These new virions will mature arféct new cells or be transmitted to a new
host®

It i s i mportant to note that HIV uses th
makes treatment and eradication of the virus very difficult, because any drug that interferes
withthe HIVcyclewi | I  al so affect the host cell 6s e

significant side effect$

HIV virion containing
2 copies of RNA genome

HIV env protein binds to CD4+
(O and chemokine co-receptors
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on cell surface

Translation of
viral proteins

Fusion:
viral core
nserts

nto cell

R Nuolear import Viral genomic RNA
everse
transcription of
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host genomuc DNA

Figure 2. The life cycle of a HIV virion (Rambaut et al 2004).

2.3.2 Phases of Infection

There are three main phases of infection. Phase 1 is the acute stage, where HIV virions
enter the host and begin to replicate rapidly in the host cells. More and more virions
accumulate in the blood, and the number of €D4ells falk as the HIV infection

destroys them as part of the replication process. At this stage, the T cells that are most
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affected are the memory helper cells in lymphoid tissue, especially in the gut. The gut is
very vulnerable to pathogens, so the loss of S@aElses major damage to the immune
response. The acute phase ends when the viral load in the blood begins to stabilize and
decline. This may be because there is depletion of-&iddaining cells to invade, and/or

an increase in mobilization of killer T liewhich target cells containing the virtis.

During this time, the host experiences a mild to severe influidtedliness, frequently not
attributed to HIV infection, and this can determine how quickly after infection diagnosis

occurs.

In Phase 2 he virus enters the chronic or asymptomatic stage. During this time, the
CD4+ T cell count begins to recover as the immune system continues its efforts to fight the
virus. During the chronic phase, the immune system remains highly activated, which is
bothhelpful and harmful. Killer T cells continue to destroy infected host cells but a steady
supply of CD4 helper T cells is also being produced, which gives virions a home in which
to replicate. Because virions are still present, the helper cells are mgabestantly
stimulated to divide into memory and shtived effector cells, which depletes lineages
quickly. This puts the thymus under pressure to create naive helper T cells, but age and
HIV both affect thymic function and impair bone marrow and lgmpdes. The immune
system is fighting a losing battle to protect host cells from infection, and slowly progress
erodes. The chronic phase ends when the viral load starts climbing again and the CD4
cell count declines to under 200 cells per cubic métien*® In the beginning of this phase
patients start to feel better, and even if untreated may continue to live symptom free for

many yearg®

In the final phase, opportunistic infections occur. Helper T cells are too depleted and

the immune system can no longer fight the HIV infection. Opportunistic fungal and
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bacterial infections areetiected, the patient is diagnosed as having AIDS and, without

treatment, death may occur in two to three yéars.
2.4 HIV types, groups and subtypes

HIV isolates that differ by more than 50% are classed as different types, eithérdtlV
HIV-22 HIV-1 is the most common and widely distribufet,counting for th majority of
HIV infections worldwide? HIV -1 is further classified into distinct lineages, Main (M), New
(N), Outlier (O) and Putative (P), reflecting four separate introductions of SIV into

humans’®>®and there areight distinct lineages of HR2.’

Most recent common ancestor (MRCA) timing estimates the-Hiyfoup M strain
moved from NHP to human infection in around 1930. In 1998,eéflal reported the oldest
HIV-1 group M sequence known at the time, the ZR59. The isokgdaken in 1959 from
an adult male living in the Democratic Republic of Congo (DRC). Phy showed the sequence
branching off from the Subtype D lineage, which in turn branched off from Subtype B. It
was half the distance from the root compared with striora 1998, suggesting it was
significantly older*’ In 2008, Worobet al reported a sequence from the same part of the
DRC, collected in 1960. The isolate ODRC60O0
again found much closer to the root than current stféifibese two sequences made a
convincing case that the Hi¥ group M epidenu began before 1960. When MRCA timing
was recalculated using these strains, a new origin year of 1921 (CI4B3E® was
estimated, using a constant population $iZEhe clustering around different subtyew
the isolates originating from both male and female patients suggest that there was already

wide genetic diversity in DRC by 1921, and that transmission was primarily hetero¥exual.

The first strain thaidentified group O was discovered in 1990 and it is mostly restricted
to Cameroon, Gabon and other countries bordering the DB&up N was discovered in

Cameroon in 199% andin 2009 a new HIV1 variant was reported there that did not cluster
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phylogenetically with the M, N or O groups. It was designated the prototype of a new lineage
i group P (putative), and is believed to originate from gorillas rather than chimpanzees,
althaugh the woman in whom the sequence was found reported no exposure to gorillas or
bush meat, suggesting the strain was already circulating in the human population in

Cameroor*’

Over 99% of the globeHIV epidemic is attributable to the M linedgand there are at
least nine phylogenetically distinct subtype$ DAFi H, J and K&° Subtypes A and F also
have subsubtypes, ALA4 and F1/F2. Subtypes B and D show many similarities and could
be considered sufubtypes of a single subtype, however historically it has been difficult to
change subtype designatiohiwo other subtypes (E and 1) were initially identified based
on theenvgene, which is highly variable. However a mosaic structure along the entire
genome was identified during full genome sequencing, and subtype E was reclassified to

CRFQL_AE, and subtype | t6RF_cpx>!

HIV-1 mutates at an extremely fast ratabout one million times fastendn eukaryote
DNA.2 The longer a strain has been established in an area, the greater the time available for
mutation to permt evolution into different strains, including recombinant forms
incorporating different subtypésBoth intra and intersubtype variation occurs in HRAIL.
Within a subtype (intrasubtype), the threshold of genetic variationi 1%, while to
distinguish between subtype (intersubtype) variation i$0%, depending on the subtype
and the region of the genome being examiiethe pol gene is less divergent thamv
because of the critical enzymes it encodes soienviral replication, namely RT, PR and IN
as mentioned previouslandenvevolves faster thapol due to continuing antibody escape
and greater immunological pressafdéience he envgene is the most diverse genetically
while the gag gene is even &s divergent thampol because of théunctional constraint

imposed by thencoding for core proteirfg? Differences in evolutionary rates have been
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found between regions, with some under significant functional constraint, such as
component proteins that perform regulatory, functional, and structural roles. These
constraints impact on the likelihood of nucleotide cleasigd therefore viral diversity along
specific parts of the HIV genoni&This can also differ by subtype/CRF, and it is thought
that this heterogeneity of selective pressure impacts on viral fitness betweeaupdviy

subtypes?

Despite constraints on diversity, intersubtype recombinant (IB&es have increased
rapidly in the last five years and there are névmajor circulating recombinant forms
(CRFs) Chttp://www.hiv.LANL BLAST.gov /content/sequence/HIV/CRFs/CRFs.i@ml
last accessed 12 Sept 2015) and multiple unique recombinant forms (t¥RFsj).an ISR
to be considered a CRF rather than a URF, at least three epidemiologically dictsies
must be identified that are identical genetically. Intrasubtype recombination (InSR) is more
difficult to detect and to date, studies have largely been restricted to subtype B and C
viruses>" 9 A relatively recent study in Tanzania found a high prevalence of INSR along the
envregion for subtype A, B, C and D, and authors postulatedriiB& may not always be
the result of ce or supefinfections but may also be due to an irt@st pool ofviral

quasispecies that develops over tfihe.
2.5 Subtype variation by geography and route of transmission.

Historically, HIV-1 subtypes have been asisted with specific parts of the world and
with particular modes of transmissiéhHowever, the distribution of sulggs and CRFs is
becoming more heterogeneous globally, relategojfmulation mobility, diversity of sexual
contacts through travel and migration, the incread®h and the impact of antiretroviral
therapieg!?2 This highlights a type of founder effect, where the subtyp@RF remains
the most common strain transmitted within an area or risk group but transmission branches
out to other geographic regions populationg:**°2The role played by biological and viral
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factors in the ease of transmissibility is still uncidsut many reports suggest that CRFs
may have improved biological capacity compared to the pamamstFor example, a very
recent Cuban study assessed rapid disease progression agaiestiological, clinical,

viral and immunological parameteaad found 19 _cpx, (recombinant of subtypes A, D and
G) was very evolutionary fit and patients with thiREEhad higher viral loads at diagnosis
compared to patients infected with parent subtypksvas found to cause rapid progression
to AIDS and authors sugpst the driver may be the subtype D PR region; subtype D is known
to be associated with faster disease progre$sidecurate identification of subtypes, ER

and URFs globally and the linking of these with epiddagal data will assist greatly in

understanding the course of the HIV global epidemic.
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Figure 3. Global distribution of HV-1 subtypes and recombinants. (Hemelaar 2812)
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Figure 3 shows the prevalence of subtypes and CRFs by geographic region between 2004
and 20073 Subtype C accounts for approximately 48% of all HIVhfections worldwid€.
It is the predominant subtype in eastern Africa and IHthad in southern Africa it aocnts

for almost 100% of infectionslt is most often transmitted by heterosexual coract.

Subtype A has a global prevalence of 12%. In east Africa, eastern Europe and central
Asia it is mainly transmitted through heterosexual contact but in eastern Europe and central
Asia there are very high transmission rates through injecting drug use and iatrogenic events,

because of central Asiaéds | é€ation on a me

Subtype B accounts for 11% of global infections. It is thought to have originated in
central Africa, spread thugh a single transmission from Congo to Haiti and then onward to
the United States in the mRD" century®®®* Subtype B infections are very rare in sub
Saharan Africa. It is a subtype largely confined to developed regi@hsding North
America, Western Europe and Australia, and is predominantly transmitted by MSM and
injecting drug usé**?In developed countries subtype B has been the principal infective
agent but there ia growing proportion of neB subtypes transmitted through heterosexual

contactt*

The CRFs 02_AG and 01_AE have tharth and fifth highest prevalence globally, with
8% and 5% of all infections respectively. 02_AG is mainly located in West Africa and is
transmitted by heterosexual contact, while 01_AE circulates mostly in Southeast Asia,
transmitted through heteroseticontact and injecting drug usén South Asia, 01_AE was
first transmitted mostly by heterosexual contact and subtype B was found mainly among
people who injected drugs, but 01_Adnow the major strain transmitted by both routes,
with a number of 01_AE/B recombinants circulatinghy of 02_AG is uncovering
increasing viral diversity among 02_AG strains. Subtyjiscordance has been found

between two or more subgenomic regions, either becauseimfiection or supeinfection
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which can lead to URFs or completely new recombinant stfaidser time, transmission
of both 02_AG and 01_AE has increased in other regions of the world because of travel and
migration®®

Subtypes D and G account for Bfglobal infections while CRFs comprise 4% and it
is thought that URFs comprise another 4%, though some reports state URFs can account for
more than 30% of new infections in regions where multiple subtypes and CRFs co
circulate®>%” Subtypes F, H, J and K combined repregeif® globally®?> Subtype D is
mainly found in East Africa while subtype G is found in Wafsica.>? Of the F, H, J and K
subtypes, only F has been found to be widely distribgtebally and evenly spread across
regions, while H, J and K are predominantly localized to central, southern and western Africa

respectively*®

Onefifth of HIV infections worldwide are therefore thought to be a recombinant of some
form.>2 Africa contains the widest variety of URFs followed by Latin Amerfcahile
different CRFs are associated with certain regions or transmission routes. For example,
CRF(7_BC and 08 BC are associated with injecting drug use in Chimdle in West
Africa CRF@®_AG accounts for 580% of HIV infections but prevalence GRF®_cpx,

(an A, G, K and J recombinant) can reach3%o in some regions.

The epidemic in the DRC is thought to be the epicenter, as shown by the high rate and
variety of caecirculating strains. It is believed that the origin of group M strain variation
began here and spread outward to the rest ot#&fand eventually the world through
increased rates of global travel and permanent migratitence HIV subtype distribution
is dynamic and the rate of viral diversity and compleaityoss the globe will continue to
increase as travel becomes easier and more affordable, and more migrants and refugees leave
countries of high HIV prevalence. An example is France, where the widely circulating
subtype B virus among native MSM and hetexos¢ populations has now recombined with
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the 02_AG virus from West African migrants to create a 02_AG/B recomithant.
2.6 Changing prevalence and effects of subtype

As mentioned previously, subtype B has predominated in developed cdtfftheisere
transmission is primarily through mate-male seX.’®"*However, the prevalence of n@h
infections is increasing. Recent studies in France have foun8 poevalence rated d2i
48% in newly diagnosed HIV infectiod$In Italy, nonB prevalence rates rose from 25%
in 2000 to over 60% in 2008, with African ethity and heterosexual acquisition as
independent predictofdn a Maryland cohort the ne prevdence rate was 13%, with the
majority of nonB infections from Washington, DE.In one broad populan-based study
in the United States a national nBnprevalence rate of 5.1% was reported in newly
diagnosed infection¥. In a recently published Austratiastudy, Chibo and Birch (2012)
found a norB prevalence rate of 22% in a Victorian cof8ithere is evidence that subtypes
and CRFs diffeclinically and phenotypicallyby way ofreplication fitness, rate of disease
progression, coeceptor utilization, transmission route, transmissibility, accuracy of current
diagnostic assays, response to therapy and development of drug resistance
mutations>21:22657577 Many studies have shown that patients infected with subtype D and
some CRFs can present with more rapid disease progression, most likely because of its
propensity to be dual tropfd*’* " while a recent study found very fast disease progression

for the newly identified 02_AG/A3 recombinant compared with subtype A #rus.

Historically, diagnostic and drug resistance tools were designed bassdbtype B
isolaes, which may affect identification of neB virus and associatedresistance
mutationst’ All subtypes and CRFs appear to be equally sensitive to initial treatfrfént,
however, inherent mutations present in particular subtypes or CRFs anespmeoEs
transmission routes may lead to subtyspecific differences in drug resistance
mechanism$>8182|n addition, subtypes may differ in terms of transmission efficiency of
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resstant strains and genetic barrier differences, which can alter responses to therapies
targetingPR andRT. It is therefore critical to understand how to identify, characterize and

clinically manage people infected with r8nHIV.
2.7 HIV surveillance

Acquired immune deficiency syndrome (AIDS) was first recognized around 1980, and
the etiologic agent of AIDS, human immunodeficiency virus (H)vvas identified in 1983.
This global epidemic is one of the worst seen globally in modern fifiesdate, over 65
million people have been diagnosed with HIV, with an estimated 36.9 million people living
with HIV infection or AIDS in 2015 compared with 8 million in 1983 8° Of those living
with HIV infection or AIDS, approximately 40% are young adults, and 6% (or about 2
million) are children. The majority of people affedteith HIV live in subSaharan Africa,
where the adult prevalence rate can range from 0% to®3%%e current prevalence rate in

Australia is 0.196°

There is no vaccine or cure fidiV or AIDS, butART can effectively reduce and control
replication of the virus. The number of new global HIV infections annually has declined
from an estimated 5.4 million in 1999 to an estimated 2.5 million in 261and an
estimated 2 million in 201%. As access to treatment increases, there is a corresponding
decrease in HIV/AIDS related deaths. Deaths were estimated at 2.8 million in 1999,
compared with 1.7 million in 20#1® and 1.2 million in 2018° The number of people
receiving ART has increased from 13.6 million in 2014 to 15 million in 2046d 41% of

adults in needf ART are now receiving it, compared with only 23% in 26710.

About 50% of people infected with HIV are female, while childremfbirth to 14 years
account for around 9% of all HIV infections (estimate rangei 38 million) with
approximately 330,000 new infections occurring each year, and young people agéd 15

years account for 45% of new HIV infectioffsin total, peofe aged under 25 years
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constitute over half of the population living with HIV. Metko-child-transmission
(MTCT) however, has decreased over the last decade because of the rigorous expansion of
prevention prograni$®® and the improvement in ART regimens during pregnancy and
breastfeeding from monotherapy, which can often lead to TDR, to a more efficacious
combination herapy® In developing countries, where MTCT is highest, antiretroviral
treatment for pregnant women increased from 9% in 2004 to 33% in®2B@Wvever,the
number of children living with HIV has increased from 1.6 million in 2001 to 3.3 million
(estimate range, 3.8.8 million) in 2011. This can be explained in part by a decrease in
HIV-related mortality because of the increased access to8AREnd the continued
relatively high rate of MTCT in the most economically disadvantaged regions where
adequate combination tlagies during pregnancy, time of birth and breastfeeding are not
widely available’’ However, it is believed that the high number of children living with HIV

is largely because agtrogenic transmission, especially in central Asia, Russia and sub

Saharan Afric§291

Almost all (96%) ¢gpbal HIV infections originate in LMIC&? with the global epidemic
branching into three major patterns: a predominantly heterosexual epidemieSalsanan
Africa, the Caribbean and surrounding countffesdisproportionately high HIV prevalemc
in sex workers and people who inject drugs, especially in Asia and low income countries
like Papua New Guinea, and a high HIV prevalence in men who have sex with men (MSM)
worldwide, including in developed nations such as Australia and tH&%3Bistorically in
Australia, the HIV epidemic has predominantly been withe MSM population, although

this pattern is changing as more heterosexual infections are reffdited.

Prevention efforts remain a subjettonjecture globally. Prevention and control of HIV
rely on three types of strategies: behavioral (the individual), treatment (the virus) and social

(the environnent)®® To date, global prevention efforts have focusediratfividual risk
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behavior for example education, increasing condom awareness, treatment adherence and
needle exchange programs, @arehtment strategiesncluding best time to begin treatment
according toimmune system response,-sgaling of ART availability and affordability,
improving drug regimens, identification of new target sites along the genome, and the
introduction of preand postexposure prophylaxi:%Although current treatment regimens

are very effective at suppressing viral laatt reducing transmission ratéisere are still

major challenges to overcome with regard to treatment availability, adieesend drug
resistance, which are predominantly relat ¢
status and cultural norms. There is also growing viral diversity gloBailhich makes

finding a cure or vaccine very difficui:>®

Social strategiethat tackle issues such as socioeconomic disadvantage and geographical
region,political and cultural systems and gender inequity can have considerable impact on
the incidence of /. Sub-Saharan Africa is a prime example. While the proportion of
people engaging in highsk behaviors in sul$aharan Africa is no different to that of
Australia, the incidence of HIV is much higher, in large part becaysaitgtal and cultural
oppression, economic deprivation, and poor access to medical care. However, despite
evidence that shows social structures have far greater impact on the HIV epidemic than
behavioral or treatment strategies, integration and acceptance of social strategies into
prevention and control efforts has been very slow, and the prevention focus remains on

modifying individual behavior and increasing treatm@nt.

Prophylaxis is increasinglbeing used as a preventative method for people who are
deemed to be at high risk of HIV infection, including people who practice unsafe sex with
multiple partners, uninfected partners of people living with HIV, people who inject drugs,
and sex worker¥ Preexposure prophylaxis (PrEP) can prevdi¥ infection in the event

of an exposure risk. Oral Truvatjaaken once daily, contains the antiretroviral medications
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tenofovir and emtricitabineClinical trials of the efficacy of PrEP have found reduced risk
rates of HIV infection of 4492% among MSM62% among heterosexual men and women,

75/ 90% among HIV discordant couples, and A% among people who inject drujs®

While PrEP is taken on an ongoing basis, {@gtosure prophylaxis gP) is a oncenly

28-day course of treatment used within 72 hours after suspected exposure to reduce the
likelihood of infection. PEP can be a twor threedrug regimen. Because of the ethical
sensitivity of PEP, efficacy research has largely been ceohfio human case studies and
nonhuman laboratory studies, both of which have found significant decreased risk of

acquiring HIV after taking PEP 101

In terms of HIV treatment, developed countries have the highest rate of ART coverage,
principally because of governmesubsidized health care such as thest#halian Medicare
system. In Australia, 88% of HIV diagnosed people are receiving treatfAestnpared
with just under half of HIV positive people (47%) in Latin America, 44% in the Caribbean,
41% in subSaharan Africa, 36% in Asia8% in Eastern Europe and Central Asia, and only

14% in the Middle East and North Afriéa.

Of the 2 million new HIV infections that occur gldlyaevery year, Australia accounts
for approximately 1000, or 0.05%2 When broken down by state, Queensland had the
highest rate of HIV infection in 2014 (5.3 per 100,000 population) followed by Victoria (2.5)

and New South Wales (4.While South Australidnad the lowest (2.5).

South Australia has a relatively small population (1.68 million) compared with Victoria
(5.79 million) and New South Wales (7.5 million). It isn@jor urban environment locakte
on the plain bounded by the 8&Wincenits Gulf and Munt Lofty Rangeswith the majority
of people residing in or around the city of Adelaidee Temainder of the state ranges from
agricultural bnd with rural towns, and significant amount ofthe top half of the state is
principally arid with very little populatiorHistorically, the spread of HIV infection in South
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Australia has been predominantly confined to a small subset of the MSM community
residing in urban areas surrounding Adelaide, with a small proportion of heterosexual

aqquired infections acquired locally and overseas.

The overall proportion of Australians living with HIV is approximately 0.1%, although
this prevalence increasedarmingly to 17% among MSM® Prevention and treatment
programs were very effective in redngithe number of new infections in Australia in the
1980s and 1990s, but national surveillance data have shown an increase in new diagnoses
annually since 1999, stabilizing between 2012 and 26%41%4 A number of factors have
contributed to this, including an increase in testing and increased occurrence of risk
behaviors in MSM and heterosexual coomities. The increase has occurred despite
approximately 88% of diagnosed people receiving ART, with high treatment adherence as
shown by the majority of treated people having undetectable viral loads, and a doubling of

testing rates across the countty.

Approximately 35,000 people have been diagnosed with HIV in Australia since 1982,
with a further 12% possibly infected and undiagnd$étate diagnoses comprised 28% of
all newly diagnosed infections in 2014fided as being infected for at least four years before
being tested?? Late diagnosis was highest among people born in Southeast Asia and sub
Saharan Africa. Seventy percent of HIV infections were transmitted throughtonalele
sex dthough the proportion of infections acquired heterosexually is increasing,
predominantly in people from countries with high HIV prevaleficEhe proportion of
undiagnosed HIV infection is of real concern fosrigk populations such as MSM and
people who inject drugs; in 2008 Wilson estimated that one in three newly diagnosed males
had been infected by the 13% of undiagnosed men in the population and that condom use
had decreaseld® In 2014, almost 40% of MSM in Australia reported unprotected anal

intercourse, a rise of approximately 6% over the last dé€aplithose interviewed, 15% of
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Australians who inject drugs reported needle sh&fihikewise, the high proportion of late
diaghosed infections among people infected overseas has serious implications for contact

tracing within Australia and overseas, treatment options and ongoing health care.

Over the last 25 years, a number of HIV surveillance studies in Australia have reported
the issues mentioned above, including the annual HIV surveillance report by the Kirby
Institute (University of NSW), which reports national and state/territory rates of new
diagnoses, incidence of HIV, exposure routes, risk behaviors and testing prevaférite
Surveillance systems for maoring HIV are very important for identifying trends and
targets for prevention programs, education and further res€af@tmbal surveillance of the
HIV epidemic has been undertaken through a joint collaboration of the World Health
Organization (WHO) and the Joint United NationsdgPasnme on HIV/AIDS (UNAIDS)
since 1996 In the early days of HIV surveillance, a first generation model wasthaéd
relied solely on patient data once the infection had progressed to AIDS. In 2000, the second
generation surveillance (SGS) model was introdd€&@his model incorporated collection
and management of a wide range of data from HIV and AIDS notifications, STI surveillance,
and behavioral and clinical information. The data is analyzed both globally and by key
regions and populations most at risk, which allows creation of HIV estimates and projections

via mathematical modelling that can be used to implement public health prd§fams.

However, to date the molecular epidemiology of HIV has not been included in the SGS,
despite the fact it ilzported frequently in many parts of the world as a tool for surveillance
of genetic divensy and to monitor transmission and geographic pathways of genetic
variants® 3198.19\olecular epidemiology in HIV research involves the use of molecular
biology techniques to assess differences in nucleic acids among multiple HIV sequences,
and to investigate how these differ among human populatf®fer example, Hong Kong

was recently the st country in Asia to map transmission of new recombinant-HIV
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subtypes® Large genetic diversity among H{V strains was found, ihading two
recombinant strains that are newly circulatidgLatvian study recently found different
levels of TDR across HIV subtypé¥,while in 2012 a Victorian study found an increasing
proportion of norB subtypes that were related to an increased proportion of female
infections® Most recentlytwo studies in Méaysia discoveredew recombinant forsof

HIV (CRD58_01B andCRF74_01B) circulating amongst people injecting diigs?

Variations in HIV are always occurringhe HIV-1 group Mvirus which first jumped
the species barrier from simian to human has now mutated into a plethora of sthdypes
circulate today. Antiretroviral therapies and other prevention strategies also influence the
rate of mutation and evolution of the virmger time The variability can be examined closely
by identifying transmission patterns of different strains throughetgeranalysis, and
tracking global and local changes in regard to ease of transmission, risk factors, prevalence
by geographic region and virulen&e'l° This type of analysis hasotential largescale
implications for education, prevention strategies and therapy administration and
development. It is therefore crucial that viral diversity is incorporated into the SGS model,
or that a thiredgeneration model is created to ensure theking and monitoring of viral
diversity across time, geography, transmission route and other relevant demographic and

epidemidogical information.

In 2000, South Australia became the first Australian state to integrate genotypic drug
resistance testingsgpart of routine HIV reporting and surveillance system. The data from
this reported in Chapter Four provide the first analysis of Australian trends and molecular

epidemiology of HIVpol subtype distribution over the past 14 years.
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Part 2
2.8 TDR

The ntroduction of ART has dramatically changed HIV epidemics in many regions of
the world!*® and its availability is having positive impacts in even the most socially
disadvantaged regions, although there is much still to be*db@arrent triple combination
therapy is highly effective at suppressing viral load if taken correctly. The dsshgter
tolerated and the number and severity of side effects has decreased. This has led to

dramatically increased life expectancy rates among people living withRI1V.

There has been much debate in recent timegtdhe test and treat approach, whereby
patients begin treatment as soon as they are diagnosed rather than waiting until their CD4+
T cell count fallsbelow 500 cells/mr) which is the current WHO treatment guideliig.
Findings from the Strategic Timing of Antiretroviral Treatment (START) sthdye
established that it is more beneficial for all people infected with HIV to begin treatment
immediately rather than to wait. START is a randomized controlled trial that began in 2009
and spans 35 countries. It was designed specifically to identifgpti@al time to begin
treatment. HoweveAmmaranoncet al (2003) predicted that if treatment rates increased to
85%i 90% of the infected population, then rates of resistant virus among newly transmitted

virus could eventually be as high as 7&%.

Despite advances in ART availability and successful viral suppression, almest one
quater of people experience treatment failure during-fir& regimens, which often results
in secondary or acquired drug resistance whereby mutated strains become resistant to certain
drugs or drug class¥$ These mutations can arise because ofauirerence to treatment,
subtype propensity for resistance or selection presgurertain drugs. Thelgpal increase
in ART access and extended life expectancy may lead to an incregsemary or

transmitteddrug resistance (TDR). TDR mutations (TDRMSs) are resistance mutations that
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have arisen in a host because of treatment failure and which are ti@nitred to another
individual during HIV infection. Forward transmission of TDR from a treatment naive

person to an uninfected individual can also occur.

It was first believed that resistant virus would pass to an untreated individual and rapidly
revert b wild type in the absence of drug pressure. However it is now widely accepted that
TDR strains can remain the dominant population for an extended period ot&figure 4
shows the difference between acquired and transmitted drug resistance, and acquired drug

resistance will be discussed in more detail in section 2.9.
2.9 The history of HIV treatment

To combat HIV infection, viral target sites for inhibition were identified. One of the
earliest drugs created, azidothymidine (A.
transcription without, hopefully, harmful side effects to the FbBaiier it was mentioned
that each virion transfers two HIV RNA strands into a host cell, along with the viral proteins
RT, IN and PR. RT uses the HIV RNA to create a complementary strand of DNA, using the
host cell 6s own nucl e benucttaide.thyniding, and $oolsvRer vy
into incorporating it into the HIV DNA2 Thymidine contains a hydroxyl groupQH),
which is needed for attachment of the next nucleotide of a DNA strand. AZT has an azide
group €Ng) in place of the hydroxyl groyeffectively terminating the DNA strand and thus

preventing new viral proteins and hence virions being asserfibled.

Initially there were very good results with AZT. A reduction in the loss of €D4ells
was achieved and viral load was suppressed.adew AZT also interfered with the function
of host enzyme polymerase, interrupting DNA synth&swithin a few years, treatment
started failing, and investigations found that because of a lack of error correction by RT, the
HIV genome had mutated amgs substituting amino acids at the RT active site that blocked

the effect of AZT. Viral replication was able to continue even in the presence of AZT. HIV
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has the highest mutation rate of any virus or organism in the world. Thousands of generations
of HIV replications take place inside an individual, so a single strain of HIV can produce

hundreds of different RT variants over the course of an infettion.

In the presence of AZT, only resistant strains could replicate, and these became the
dominant patiet strains. In addition, because natural selection favorsmdant virions, it
was discovered that the predominant circulating strain would rapidly revert tayyéd
strain if the selection pressure afforded by drug presence was removed by ces#efibn of
treatment, Figure #2118 This discovery created the realization that effective antiiztio

drugs were needed.
2.10 HIV drug classes

The first drug class created for HIV treatment were nucleoside analogue reverse
transcriptase inhibitors (NRTIs). When NRTIs are phosphorylated inside the host cell they
inhibit RT, which terminates the tramrption and ultimately viral replicatiolt.One of the
first NRTI drugs was zidovudine (ZDV), howev was soon shown to have adverse side
effects and had no lortgrm benefit®!1 The design and introduction of new HIV treatment
progressed slowly; the NRTIs didanosine (ddl), lamivudine (3TC), stavudine (d4T) and
zalcitabine (ddC) were eventually developed and @sedingleclass dual therapies after
clinical trials such as Delta and the AIDS Clinical Trials Group deemed dual therapy had
superior efficacy? Any onedrug method used alone soon resulted in #meesoutcome as
AZT.* Therefore, to increase the number of mutations required for treatment escape, more

than one drug needed to be used simultaneously.
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Figure 4. Acquired versus transmitted drug resistance. (Kuritzkes, 2§04)

During the mid1990s there was greater understanding of HIV replication with the
discovery that around 10 billion virigrihat affected CD4T cells and other immune targets
were produced daily in one individui&IThis new understanding led to routine viral load
testing to assess treatment response. Two new drug <lalsse emerged at this time,
protease inhibitors (PIs) and ranocleoside reverse transcriptase inhibitors (NNRTIS). Pls
work byinhibiting the activity of PR to cleave proteins for the final assembly of new vjrions

and NNRTIs bind directly to RT prevenyg transcription.

By 1996, a new treatment regimen called Highly Active Antiretroviral Therapy
(HAART) which combined drugs from two or all three drug classes became the new standard
first-line treatment in developed countrf@$® HAART does not cure HIV, because
reservoirs of HIV genomes are still present in chromosomes of resting white blood cells and
possibly other tissues. Howeveitial use of HAART afforded very rapid andigtained
results with a marked decrease in AHEated illness and hospitalizations. In fact, in just a

few years the number of deaths fell by almost 70% in the US, and within 5 years the number
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of AIDS diagnoses in Australia had fallen from 953 in 199216 in 1999°%438However,
unpleasant treatment side effects were commibim Rs, including persistent nausea and
diarrhea, and the drugs had a tendency to interact with other medications. NNRTIs caused
rashes and hepatotoxicityln addition to adverse effects, multiple combination therapies
required a large number of tablets to be taken daily, and dose intervals had to be exact to
prevent further side effects and possixd¢ection pressure. This made treatment adherence
more difficult than with mono or dual therapies, and approximately 12 months after the
initiation of HAART, patients were experiencing treatment failure, observed by detectable
viral load and resistance mations to the new drug classé€®rug resistance was highest in

those whose disease had progressed to AIDS, those who had previously been on mono or

dual therapy and those who had not adhered tohissd.

As a result, pharmaceutical companies have sought to improve therapies by combining
multiple drugs into a single pill for a onckaily dosage regimen. This has led to a marked
improvement in adherence to treatment and stability in TDR prevalerRmtease
inhibitors are infrequently used in firBhe regimens because of the side effects mentioned,

and consequently TDR is mostly seen with NNRTI and NRTI.

EFV and NVP are two of the most commonly used NNRTI drugs globally, both in high
income countries and LMICS. However, both drugs have a low genetic threshold to
resistance. A single mutation can lead to treatment failure and there is a high level-of cross
resistance to other NNRTI drugs, which is prokdéimfor secondine regimens. Etravirine
(ETV) and Rilpivirine (RPV) are commonly used in secdiné regimens that effectively

suppress NVP and/or EFV resistant virugéd2°

A triple combination therapy of two NRTIs and one NNRTI is the current preferred first
line regimen; usually with NVP or EFV as the NNRTI, and 3TC, AZT, or d4T as the NRTI.
A Pl is often used for secodithe regimens in conjunction with two NRTIs; NFV or
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lopinavir/ritonavir (LPV/r) with ABC and TDF or dd#!

Two other drug classes have also been developed, fusion inhibitors and integrase
inhibitors (INSTIs).Fusion inhibitors prevent HIV from entering host cells by interfering
with envgpl120or envgp4], orinterfering with the receptors on the host cell, CXCR4 and
CCRS. Enfuvirtides the only one commercially availalbet it has not been widely used,
including in Australia. This is because of the twetzly injection regimen, which leads to
an injectionsite reaction in over 90% of patienf€.No resistance to enfuvirtide has been

reported in SoutAustralia.

INSTIs prevent IN from splicing HIV DNA into host DNA, which prevents transcription
of new viral RNA. Raltegravir was the first approved INSTI in 2007, and it has been found
to be a potent inhibitor, active against multiple strains resistarth&y drug classes, strains
using both the CXCR4 and CCR5-pereptors, wildype strains and even Hi¥. Drug
resistance mutations to INSTIs have only been reported recently compared with RTIs and

Pls, because of their much later introductigit?*

As discussed earlier, PEP and PrEP are increasingly being used as tra@gtment
prevention strategie8:%-%125These prophylaxes are highly effective when taken correctly,

but drug resistance can occur if treatment adherence is not rigorous.

Drug therapies have also dramatically improved for the prevention of Vertica
transmission from mother to child (PMTCT). In LMICs, especially-Sabaran Africa, the
preferred treatment was the use of a shulglse NVP regimen for the mother at the onset of
labor and for the child within 72 hours of birth, but this was foundad te rapid selection
and transmission of virus that was resistant to NVP. This had significant implications for the
use of firstline regimens containing NVP and EFV. The sirdtse regimen has now been

replaced by more efficacious triple combinationimegns.

Guidelines have also changed for treating children under three years of agind-irst
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ART should be started soon after birth using a LPV or RTV basedifiestegimen rather

than NVP because these have been found to be more efficdéfous.
2.11 The rate of TDR by geography

TDR is a growing issue globally through sexual contact, MTCT, iatrogenic transmission
and injecting drug us&°2117124yith prevalence rates ranging from 0% in countries where
ART is relatively new to over 30% in high income countries such as Ausft&igure 5

shows the proportion of TDR acsodifferent regions.

ART has been available in highcome countries for longer than elsewhere and they
have highest prevalence of TDR, with rates over 25% in some regiarstudyconducted
in Victoria, another Australian stafeund a TDR prevalence rate of 16% in 260Because
of these high rates, genotypic drug resistance testing at time of diagnosis and prior to
treatment has been introduced. In kigbome countries patients have regular viral load
checks, and resistance testing is conducted if increaseslitoad indicate the treatment is
failing. This allows a rapid switch to an alternative drug regimen which, in turn, reduces the
risk of TDR. These approaches have led to stability of and even decrease in TDR in
developed countries in recent tint€$4owever, there are high costs associated with viral
load and resistance testing, which require patient care and qualified medical staff, and
therefore access is limiteRather than treatment based on individual patiesting, many
LMICs rely on WHO guidelines for best practice, including use of standardifiesand
secondine regimens at treatment initiation and later switching. Where possible, treatment

is also guided by clinical disease progression and margtof CD4+ cell counts.

Although ART has increased rapidly in LMICs over the last 10 years, especially sub
Saharan Africd?®roll-out is relatively recent compared with higfitome countries, and the
majority of patients are beginning fishe treatmet using highly efficacious triple

combination therapies. Therefore, rates of TDR may not follow the pattern seen-n high
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income countries where early monotherapy andaass dual therapy led to widespread
resistancé?® Indeed, mathematical modelling of expanding ART suggests that the
prevalence of TDR will remain less than 5% of newly diagdoBllV infections until
treatment in a region is widespread and has been available for many?&arsinstance,

in African countries that began implementing rapid widespread ART between 2001 and
2003, TDR prevalence rose from 2.8% to 5X943° Surveillance of TDR is therefore
crucial in order to monitor the efficacy of firshe ART, especially in LMICs where
regimens are Is@d on guidelines rather than individualized patient care and treatment

options are limited?®
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Figure 5. Drug resistance in treatmendive populations by geographic region. (Stanford
University, 2014):3!

Other factors also determine whether TDR levels increase. These include length of time
patients remain on failing regimens whiallow ongoing eplication and transmission of

resistant straindNon-adherence to treatment can lead to drug resistance and this may occur
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because of irregular drug supply, cost, travel time to clinics, family pressure, or the use of
traditional medicines. Other factais consider areates of treatment failure among people
with TDR and viral rebound, viral fithess of resistant versus -tyi@ strains and
transmission risk?® Therefore caution is warranted when increasing ART in LMICsitand

IS imperative that regular surveillance of TDR is conducted to ensure continued efficacy of
the very limited ART regimensvailable in these countries and to inform treatment

guidelines on the success of HIV prevention and viral load suppregiéh’s3
2.12 Drug resistance and subtype

There are mixed reports about the effects subtype diversity has on drug susgeptibili
and resistanc®* although from the research it appears that subtypes and CRFs are equally
sensitive to initial treatment:3! However, transmitted drugssociated mations that are
present before treatment may affect subtypecific pathways of secondary resistance to
treatmentl82134That is, resistance may evolve differently in response to ART, depending
on subtype3® Subtypespecific transmitted resistance may affect treatment efficacy,
particularly in countries where treatment options are limited or suboptiftahowever
LangsBarlow and Paintsil (2014) suggest that drug susceptibility and treatment outcome

may be influened more by quality of care because of geographic and economict&atus.

Understanding genetic diversity is still very important in the treatment ofBnon
subtypes. Current drug reginsetargeted against B may not be equally effective over the
long term in norB subtypes and may lead to faster drug resistén@aly recently have
nonB subtypes been the focus of research evaluating ART effectiveness and the evolution
of mutations:** A number of studies have found differences in immune response to
treatment between subtypes, and a propensity for certain mutations to develop in some
subtypes and not othef¥.This is discussed further in section 2.13 below.

Understanding subtype diversity may provide important information about antiretroviral
51



resistance profiles, such as the biological features of each subtype angshbeyarelate

to pathogenicity and transmission. It may also be relevant for clinical management, by
ensuring the validity of diagnostic tests and laboratory markers of infection during patient
follow-up. Studies have shown the increasing importancecombinant strains of HAM

and their capacity for transmission, which is possibly greater than thatexigtang strains

such as pure subtypés.

Historically, the understanding of drug resistance mutatnas been based upon subtype
B sequences in high income countries such as Australia, where ART and drug resistance
testing has been available for longef’Drug resistance data on n@nsubtypes is growing
but still relatvely limited because of the later introduction of ART and the limited

availability of testing and collection of surveillance data in LMICs.
2.13 Surveillance mutations

As already mentioned, in order to improve treatment outcomes and increase prevention
of TDR, accurate populatiebased global surveillance must be conducted. To do this,
there needs to be a consensus definition of genotypic resistance, so prevalence over time
and within different regions can be compal&Deciding upon criteria for a standardized
list of surveillance drug resistance mutations (SDRM) is difficult, because new treatments
are being introduced and new resistance mutations identifi@®07, four broad criteria
to classify SDRM were specified: the mutation causes or contributesdaesistance as
defined by experts, the mutation is Aoolymorphic and does not occur at highly
polymorphic positions, the mutation list is applicaladete eight most common H{¥
subtypes, and the list should exclude extremely rare mutations that result from drug

pressure3®

An initial list of 80 RT and PR mations was created, however, the addition of new

drugs and new resistance mutations over time resulted in a new list in 2009 consisting of
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93 mutations, with 34 NRTI mutations at 15 RT positions, 19 NNRTI mutations at 10 RT

positions and 40 Pl mutationsi& PR position$3®

Subtypedependent differences in drug resistance have been found for all three drug
classesThere are 12ommon NRTI mutations associated wgubtype B at 15 different
positions: M41L, A62V, D67N, K70R/E, K65R, L74V, V75I, F77L, Y115F, F116Y,
Q151M, M184V/I, L210W, T215Y/F, K219Q/E and insertions at positiont>6Bhe
insertion complex at position 69 confers resistance to all NRTIs when in the presence of one
or more mutations associated with NRTI regimens ¢ommig thymidine (TAMs) at codons
41, 210, or 215%° TAMs are associatewith failure of AZT and d4T, and enhance resistance
to all NRTIs and include mutations M41L, D67N, K70R, L210W, T215Y/F and
K219Q/EL>137 Abacavir (ABC) teatment failure most commonly leads to K65R, L74V,
Y115F, and M184V mutations, and M184V/I mutations are also resistant to FTC and 3TC.
Treatment failure of ddl is associated with the K65R and L74V mutations and the K65R

mutation is also resistant to FTETC, and TDF>

Mutations at positions K103, V106, E138, G190, Y18188 and N348 are common
among people treated with NNRTIs, with a very high prevalence of K1I03N among people
with subtype B, C and G virusé¥ and Y181C among people with 01_AE followed by

subtype F viruse§®

Subtype B viruses most commonly carry the NRTI mutations V and | at position M184,
followed by TAMs at positios M41, K219, and T215¢while the most common mutations
found in noRB subtypes are the NNRTI mutations K103N, Y181C/I, and Y188CH/L.

141 Non-B subtypes exposed to 3TC and FTC have also been reported to carry the M184V

mutation!4!

Subtype C virus exposed to AZT/ddI treatment have been found to develop a unique

mutation pathway comprised of the 67N, 70R, and 215Y mutations associated with the use
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of TAMSs, but this pathway is rarely seen in subtype B vixgoeed to the same treatmétit.
Other stdies in Africa and India have found a high prevalence of the K65R mutation in
patients infected with subtype C virus that have been exposed to d4T/3TC retfifriéns,

while K65R is least likely to appear in subtype A vitts.

Subtypedependent resistance patterns have also been seen among people on NNRTI
treatment such as singitose NVP used for PMTCT in LMICS.Studies have found that
subtype C virus harbors more resistance mutations affemibnotherapy compared with
subtypes D, A an@RF®_AG, 1°while another study found Y181C significantly faded
from detection in subtype A infectis eight weeks after the singlese NVP compared with
subtype D911 Eshlemaret al (2001) also found the K103N mutation most frequently

appeared in mothers while the Y181C mutation was predominant in chiffren.

The PI LO9OM mutation is common across the major subtypes and CRFs, with a high
prevalence in subtypes D and G, while M46L is most prevalent among subtypes B and F,
and L76V is highest among 02_A®&. A study found differences in PR mutationsvieetn
subtype B andCRFQL_AE viruses exposed to nelfinavir (NFV), with 01_AE viruses
carrying mutations L10F, K20I, L33l and N88S more frequently, while D30N, A71V and

N88D were found in subtype B viruses offy.

Some mutation differences are genetically subtygeendent, such as the RNA template
mechanism whereby RT pauses at different codons according to stitypwever
regional differences also affect mutation prevalence among ssbtyjwéuding treatment
regimen used, stage of disease at diagnosis and access to regular viral load testing. As access
to triple combination therapy expands in LMICs, a clearer picture of drug resistance and
susceptibility amongst subtypes and CRFs wilegge. This information will influence the
formulation of new treatments and drug combinations that may be targeted at specific
subtypes or recombinant viruses to maximize efficacy and adhérence.
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2.14 Genotypic drug resistance testing and surveillance

As with any antiretroviral treatment, the emergence of drug resistaintssis expected
but HIV therapy is of particular concern because of the requirement fotdomgreatment,
the errorprone nature of HIV and its propensity to mutate and replicate at very high®rates.
As noted earlier, increasing propons of HIV infections are becoming complex
recombinants of multiple strains. This genetic diversity may affect resistance pathways to

treatment including cros®sistance to multiple drugs within a single cfss.

The key factors driving drug resistant strains aneilability of treatment, need for
lifelong treatment,reatment side effects and adherence, length of time treatment programs
have been in place in a geographic location, prevalence of acquired resisttatos
fitness of AR resistant strains, decreasing transmissibility of drug sensitive strains from
treded patientsquality of care including hospital care, access to regular viral load and CD4
T cell count checks, sexual risk behaviors, intravenous drug use and financidf tost.
resaircelimited settings, additional factors such as limited treatment options with low
genetic threshold for resistance, beginning treatment without genotypic drug resistance
testing, use of contaminated blood and instruments in medical settings, andadhsnge
dose prevention protocols for MTCT makes them a prime target for accelerated drug

resistance, both acquired and transmitfed.

The consequences of TDR are significant. The absence of genotype and drug resistance
testing before t@ment will decrease the effectiveness of first line thefaply for any
treatment in which there is a TDR in the virus and will lead to treatment faiiner
mutations may then emerge which further restrict treatment optionshafhimmifications
for individual morbidity and mortality>* and at the wider population levehcreased
resistance can add to the population viral load and hecoeaise the force of transmission
at the population level, greatly affectipgblic health outcomes and funditfg:1>°
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There are still limitations in knowledge about drug resistant strains oflHART usage
and viral subtype frequency within the transmitting populatfdnadequate education and
support to observe, measure and report on treatment adherence, -adith@@nce to long
term ART are likely to inflate current prevalence rates fohbatquired and primary

resistance and create an increased burden financially and economically.

The incorporation of primary and secondary drug resistance into routine surveillance is
crucial for understanding the many factors involved in TDR, such asfra&atment failure
occurring in a population, the prevalence of forward TDR from undiagnosed or newly
diagnosed individuals, identification of mutations that are most commonly selected, and
differences in TDR between subtypes/CRFs. It is therefore atiperthat we understand
transmitted resistance, both at an individual and global public health level to create targeted

prevention and control strategi€$.

The second aim of the first study was to identify the prevalence of TDR among B and

nonB subtype cases newly diagnosed between 2000 and 2013.

Part 3
2.15 Phylogeny

Molecular sequences hold muahformation about the evolution of life on Earth,
including the dynamics of populations and diseaZesinovative sequencing techniques,
huge increases in production and availability of digitizedemwlar sequence databases, and
the ever growing number of mathematical and computational analysis tools mean that the

quantitative potential and resolution of evolutionary phylogeny is growing rajsftfy?

Phylogeny is the study and predicted ordering of relationships among living organisms

based on shared, derived similarities.Phy assesses how biological sequences are
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genetically réated and estimates hypothetical common ancestot® mostly based on

DNA or protein sequences. The phylogenetic method assumes differences nbetwee
sequences arise from mutations and not through other evolutionary processes such as
recombination of two or more different strafi&.Recombinant strains have different
genomicregions originating from more than one genetic background and this can affect the
phylogenetic structure when calculating the evolution of a'#feEhe original purpose of
phywas to assess and classify relationships between different species, however phylogenetic
tools have greatly expanded over the years and now can be used to assess diversity within
specied?® This provides invaluable insight into how the life form, in thisdy HIV, has

evolved over time, where it originated from, where it has travelled to and by what¥oute.

Phy has becomite gold standard method for investigating viral transmission, however
it is often undetused both clinically and in research, because of thedoneuming nature
of alignment and analysis and its perceived complexity. In reality, phy is a powerfiliabol
can be used to investigate how viruses change within an individual and within a population,
viral recombination and subtyping, and transmission dynamics (whether viruses share a
common genetic background that arises from the same or similar somete&praanswer

clinical questions such as whether viral genetics influence infection se\érity.

HIV phy has largely been based pnl sequences collected as part of routine drug
resistance testing at the time of diagnosis or before treatment b&p@pol gene is a
targeted drug treatment site and is therefore under intense selection pressure. This was
initially thought to affect phy by grouping unrelated sequences togetheratirgit drug
resistance mutations at the same siteslowever, a study in 2004 found no difference
between phylogenetic trees whether known drugtasce sites were included or excluded

from sequence¥?

Phy provides a method for identifying high risk populations or sexual networks so
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prevention, intervention andontainment strategies can be developed quiéRiBy
comparing viral diversity of patient sequences, it is possible to identify HIV transmissio
clusters, defined as groups of individuals who each have viral populations in them that share
such a high genetic similarity with the rest of the group that they are likely related by
transmissiort®#1%° This allows quick identification of transmission occurring regularly,
rapidly, or through particular network€urrent phylogenetic methods now have the
capability to identify large transmission clusters even in the absence of intermediary
sequence samples, for exampkgveral people may sit within one cluster who have been
infected by the same person, but that person is yet to be diagnosed (and is therefore not part
of the tree). A common example of this is seen when an undiagnosed periserearly

stages of infection rapidly transmits the infection to multiple individtfals.

An example of an intermediary sample is shown below. Figuumdapted from Hartfield,
Murall and Alizon (2014} illustrates a viral phylogeny transmission cluster (Figure 7
explains a phylogenetic tree). The top section shows an aunahtission network, with
each horizontal line representing an individual patient (p) and each broken vertical line
representing a transfer of infection. In the bottom section a phylogenetic tree is displayed
with only four of the seven patient samplegiirthe actual transmission network. Each node
(dot) represents at least one transmission event which led to the creation of a new virus. In
this figure, intermediate infections have not been sampled and therefore the phylogenetic

tree is created with thenlited information availabl&®

Other considerations when constructing phylogenetic trees include the possibility of
large transmission clusters whereintection is occurring beteen people who are already
HIV infected, and viruses that diversify rapidly and impact on the relatedness to other viruses
over time. Therefore, while phy is an important and useful tool to identify transmission

dynamics, it can only approximate transmosshnetworks. It cannot prove that any one
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patient directly infected another, and cannot infer direction of transmission by distinguishing

donor from recipient®®

Combining phylogeetic methods withepidemidogical, demographic, and behavioral
data canidentify the spread of viruses over time, geography, transmission route, and
population groups. These characteristics can be combined with genetic data in a way that
protects individukprivacy while providing valuable information about local and global
transmission of HIV that can be used for research and clinical care. An example is the
reporting of a decrease in the proportion of subtype B infections in developed countries and
a coresponding increase in heterosexually acquiredBanfections from overseds:!!’
Identification of this change can ensure targeted education, prevention and centainm
strategies, and increase the scope for research @ sabtypes and their effect on treatment
and patient care. Phy can also be useful for contact tracing of undiagnosed infections.
Contact tracing is fraught with complications because of the lefgthe between infection
and diagnosis, global population mobility, overseas travel, unknown partners, multiple
concurrent partners, and other high risk behaviors that make it difficult to identify the origin
of infection and onward transmissiol¥$ Patient histories can be inaccurate and phy is a

very useful tool to validate or refute epidetogical linkages!®:163

To use phy, RNA or DNA sequence data need to be generated. Thiegmolmerous
steps such as the design and testing of primers, polymerase chain reaction (PCR)
amplification of the chosen genome regions, sequencing of amplified products and the
uploading and editing of sequence data into various analysis protfafs mentioned
earlier in the chapter, analysis of nucleotide sequence variations of the subgpobmic
region encompassing RT and PR is routinely conducted to determine resistance to
antiretroviral drugs. Classification of viruses into phylogeneticaibyirttt subtypes and

CRFs to track HIV evolution and diversity has largely been based on this Pégioii®
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However, with the rapidly expanding number of global viral seqeetata available in
databanks online, phy of HIV subtypes can be based on multiple subgenomic regions, most

commonly thegag pol andenvregions.

Improved sequencing methods allow full sequencing across the regions chosen or
multiple subgenomic sequengirtan be uset?®1%’ The use of multiple gene regions has

revealed greater genomic subtype diversity than previously reported using one get& alone.
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Figure 6. An actual transmission network and an inferred transmission tree. Top: a
schematic describing a transmission network, with horizontal lines representing individual
patients, and vertical broken lines showing infection. Bottom: how sampling from the
transmission network determines the layout of a clinical phylogenetic tree. Patients are
denoted pl to p7; in this example, patients 1, 3, 6, and 7 are sampled to produce the
phylogeny, represented as viruses A to D on the tips. Patients 2, 4, and 5edd time
transmission network) are not sampled. The nodes of each branch represent the common
ancestor to them. A collection of tips and their nodes is called a clade; the clade for tips A
and B is highlighted in red. The root represents the common and¢estll samples. The
horizontal axis is scaled by the degree of genetic change (for example, nucleotide
substitutions per site) over time. The vertical axis has no scale; spacing is included purely
for clarity. Note that not all tips line up exactly withe present; this is because isolates can
be collected at different times, and this information determines the phylogenetic shape.
(Hartfield, Murall & Alizon, 2014)8
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2.16 Seps in phytogeny

Phy can be timeonsuming because each step may require a different program with its
own file format. Files are often interconverted as they are moved from one program to the
next. However, there are some programs that can perform mutgbs, such as the
Molecular Evolutionary Genetics Analysis program (MEG®)The four main steps of phy

are listed below:
2.16.1 Step 1

The starting point is to identify and acquire a homologous (descended from a common
ancestor, in this case, HY graup M virus) RNA or DNA or protein sequence set.-Pre
aligned reference sequence sets of whole genomes or partial fragments can be downloaded
from online repositories such as GenBank (National Center for Biotechnology Information,
NCBI) or LANL BLAST (Los Alamos National Laboratory), or sequences can be
downloaded from BLAST (Basic Local Alignment Search Tool) by submitting each query
sequence to the tool which then returns the top hits for sequences in the repository that are
most similar. The databases d¢@nsearched a number of ways; by genomic region, country
of origin, subtype, year the sample was taken, or similarity to the query sequence. Once a
complete reference set is obtained, it must be combined with the query sequences in a format

ready for aligment.
2.16.2 Step 2

Phylogenetic trees are determined based on the number of differences in nucleotide
substitutions between them. Therefore the reference and query sequences must be aligned in
order to compare thef®Each site along the sequence is considered a character, which can
be one of the four possible nucleotides: adenine (A), guanine (G), cytosine (C) or thymine
(T), or a gap in the sequence resulting from an insestiokeletion>® Online programs such

as the Cyberinfrastructure for Phylogenetic Research (CIP&&E®s://www.phylo.orgd
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or free installation programs such as Bioedit

Chttp://www.mbio.ncsu.edu/Bioedit/bioedit.htd¢an be used to align sequent¥s.

The most common method used is a progressive alignment such Clustal W or Clustal
X, which aligns sequences in pairs to create a distance matrix based on aligroment sc
The matrix is then used to create a Neighbor Joining guide tree that clusters the sequences
during the stepwise alignment. Only variable sites are phylogenetically informative so it is
imperative that the alignment is correct. Manual analysis shmilshdertaken to improve
the alignment, such as by removing incorrect gaps or shifting specific sequences that are

slightly out of alignment.
2.16.3 Step 3

Once the sequence set is aligned, a substitution model that explains how mutations arise
between elated samples over time must be selected and applied to the sequences, followed
by application of a model of evolution. Software such as MEGA have the capability to
determine the substitution model and estimate the evolutionary tree, cakiargprograns
such as jModelTesthttp://jmodeltest.org/user/dashbo@dan be used to infer the
substitution model®® There are many programs available to estimate the tree, such as
Phylogeny Inference Package HPLIP,
Chttp://evolution.genetics.washington.edu/phylip.i@ml and MEGA

Chttp://www.megasoftware.n€Y/

Sequences on their own are not very informative about viral evolution, rather, the
individual site variation between two or more sequences is exafffhedal diversity
occurs through mutations, including nucleotide substitutions, insertions, deletions and
recombination events that are carried forward inéwv rviruses and which then spread
through viral populations by genetic drift or natural selectiériTo understand viral

evolution, assumptions armade about the rate of these mutations and applied to
62



mathematical modefg€® For example, point mutations may occur either lisaasversion

when a purine nucleic base (A or G) replaces a pyrimidine base (C,videoversaor a
transition, when a purine base replaces another purine base or a pyrimidine bases replace
another pyrimidine basg€®!"*For HIV sequences the number of transitions is often higher
than the rate of transversiol$.Synonymous and nesynonymous substitutions must also

be considered, the former being nucleotide substitutions that do not changecbded

amino acid (often a change at the third codon position) and the latter being substitutions that
do change the amino acid, often with a deleterious effect on protein function leading to cell

deatht®?

Non-synonymous substitutions are far less frequent and thedbdoin position is the
predominant site of substitution. However, substitution rates can also vary by genomic
region, depending on the tolerance level of amino acid change in that particular region. In
critical regions such as active protein coding sitesifations are severely restricted
(functional constraint), while in necritical regions there may be a much higher tolerance.
This difference in substitution rates along the genome can lead to major bias in phylogenetic
inference, and measures have beerldped such as tlgammadistribution (0 jJo account

for substitution distribution bia$®17°

2.16.3.1 Mathematical models of sequence evolution

The first mathematicahodel was developed in the late 1960s and named the Jukes and
Cantor modet’? It assumes an equal frequency of the four nucleotides in any given
sequence and substitutions between all four being equally fiKejre most commonly
used model for the study of HIV sequences was the Kimura 2 parameter model (K2P)
published in 198673 however this model was not found to reflect theitgaf nucleotide

substitutions so other models such as the Hasegawa, Kishino and Yano (HKY) model
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published in 1985%and the General timeeversible (GTR) model publishl in 1986 were

developed/®
2.16.3.1.1 K2P model

Transitions generally occur at a much higher rate than transversions, even though for any
given nucleotide site there are three possible changes: one transition from purine to purine
or pyrimidine to pyimidine, and two possible transversions (either of the purines to a
pyrimidine orvice versi'’®In 1980, Kimura developed a nucleotide substitusilgorithm
that factored in this HBiwhheerre rlatree porfe sternar

transition at any given site and b the rat
2.16.3.1.2 HKY model

This model wadirst published in 1985 by Hasegawa and colleag(fdscombined the
K2P model with another model by Felsentein that was published in 1981 (F81 Hbdel).
The F81 model went a step further than previous models by taking into consideration that
certain bases naturally occur more frequently in some organisms than others, such as A and
T in insect mitochondrial DNA. Other organisms have a higher proportion od G avhich
creates a more thermodynamically stable DNA structure because of the higher number of
molecular triple hydrogen bond%. The F81 algorithm allows for different frequencies of
the four nucleotides when calculating the substitution'f&fEhe HKY model used both the
K2P and F81 models to create an algorithm that accounts for differences in base frequencies

and differences in trangith and transversion rat&s.
2.16.3.1.3 GTR model

The GTR model is the most commonly used model for large datasets. First published by
Tavare in 1986it is regarded as the most general, least biased m8delorks on a

probability matrix constrainelly six parameters in which each possible substitution has its
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own probability (A z C, A z Y@ ThaGTRmoddel C 7z
allows for different base frequencies and different rates of substitutions for all six
possibilities. This model also allows for preferential change of substitutions in both
directions over timé>’ and most frequently reflects the parameters foundquesece data

sets.

Distribution of substitution rates such gemma(2) mentioned earlier, or invariant site
distribution (I) can be added to these evolutionary models, the latter takes into consideration
the probability of sites that are constrained to be invariant compared with those that are free
to varyl’® For very large datasets such as wehbllV genome sequences, the GTRG

model is often the most appropriate.

2.16.3.2 Estimating phylogenetic tress

There are twamain methods of converting sequence information into an estimated
phylogenetic tree: the distance matrix (clustering) method, and the discrete character based

(tree searching) methde®17/0.177
2.16.3.2.1 Distance based method

Distance based (clustering) methods are based on the proposition that the evolutionary
history of a set of sequences can be reconstructed if actual evolutionary distancea betwe
the sequences are known. The method works by aligning sequences into a pairwise distance
matrix, looking for differences between each pair, and then using that matrix to construct an

optimal treet>%170

There are a number of distance measures available that account for bias such as unequal
or saturated substitution rat®8 The most simple distance method is the Unweighted Pair
Group Method with Arithmetic Averages (UPGMA), which works lmking the most

similar pairs of sequences to form a single cluster that is then treated as a single sequence
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and used to calculate distances to other sequences. This is then repeated stepwise with the
next pair of similar sequences and so on. Eventaallgndrogram is created and sequences

with the closest distances are clustered together on the inferréd’ fiése. scale may be
expressed as distance or percent similarity. The tree is rooted at the point where the last two

clusters are joinet?

Neighbor JoinindNJ) is the most widely used distance based method and it
sequentially locates the closest neighbors based on the internal branch lengths ofithe tree.
Is based on cluster analysis like UPGMA but identifies tree nodes rather than sequences or
clusters of sguences. It also allows for unequal rates of molecular change among the

brancheg??®

The clustering method is fast and easy to use, but does not optimize a criterion of fit
between the tree and data. The inferred tree depends on the order in which sequences are
added to thgrowing tree, and the method does not allow for competing hypotheses, that is,

it does not allow for multiple trees to be produced that may explain the data equal{’ well.
2.16.3.2.2 Character based method

The character based method works by examining each site column separately and then
searching for the tree that best explains the sequence data. The most common character basec
methods are maximunapsimony (MP), maximum likelihood (ML) and Bayesian. This type
of analysis is time consuming but information rich, because a hypothesis is created for every
single sequence alignment column (each site in a sequence for all sequences combined) and

thereforethe evolution of specific sites can be analy$éd’°

The MP and ML methods both choose an inferred tree based on the minimum number
of charges required to explain the daf&The MP and ML methods both add branches in
succession at different levels on the tree. These levels are evaluated andfittenbdste

is chosen before the next branch is added. This is called stepwiseradgianches can
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also be rearranged, called branch swapping. There are a number of techniques to do this:
tree bisection and reconstruction, nearesghbor interchange (NNI), and subtree pruning
and regrafting®® However ML and MP methods differ in that the ML method estimates

the tree by choosing the tree thathie most likely to occur given the data available, using
either prior mutation rate estimates or using the data itself to estimate these parameters.
Conversely, MP is a neparametric method that ignores evolutionary models and

identifies the tree with thieast number of mutations between sequehces.

The Bayesian approach is similar to ML but instead of seeking the tree that maximizes
the likelihood of the arrangement of the sequences, this method identifies the tree with the
greatest likelihood, combining the prior probability of a tree based on thesrchos
evolutionary model with the likelihood of the data based on the alignment. The tree that best

represents a phylogeny is chosen based on the highest posterior probability distf#bution.

The MP method ignores branch lengths in building treestlaackfore, if there are
branches that diverge much more rapidly than others, the parsimony method may lead to
incorrect topologiesHowever, unlike MP, only the best tree is produced from the ML
method, so any uncertainty between sequence relationshipmitfat be explained by
another likely tree will not be show?1’8Although the ML method is also the most time
intensive and requires a model of evolution to reconisa&rydiylogenetic tree (i.e. the GTR
model) it is the most appealing because of its capacity to incorporate explicit models of
sequence evolution and calculate statistical tests of evolutionary hypotffe€adine
portals like CIPRES dramatically reduce the computational requirements of sequence
alignment and ML analysis through a simple browser interface that allows access to large

computational resaaesChttps://www.phylo.or@

2.16.3.3 Reliability bootstrapping

To test the robustness of a ttepology, the bootstrapping technique is used. It estimates
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the reliability of each interior branch of a tree, that is, how consistently a node is supported
and whether the entire dataset supports the inferred tree or the inferred tree is one of many
similar alternatives!’ Bootstrapping works by taking random columns (same site across
multiple aligned sequences) and creating a subsamgie dataset with these columns that

is the same size as the original sequence length. The same columns can be used more than
once in a subsample (random sampling with replacement). These subsamples are used to
build trees, and an algorithm is used to ghite the frequency with which various parts of

the tree are reproduced from each subsample. For example, if sequences X, Y and Z cluster
together in every single subsample tree, the bootstrap value for that cluster would be 100%,
in other words, the infonative sites agree that this is a grétfpA number of bootstrap

iterations (subsamples) can be run, most commonly between 100 anti1000.

Bootstrapping is casidered to be a useful and dependable measure of tree accuracy.
Significance of cluster support is usually expressed as a percentage, and 70% is widely
considered to imply the cluster is well support€d.’’For clusters likely related by
transmission, &ootstrap value of 98% or more is widely considered to represent a true
linkage between sequences, as does andiister genetic distance of 1.5% or less from

the nearest neighbor in the clust®r.
2.16.4 Step 4

Tree output needs to be displayed in a way that clearly shows the information to an
audience. There are several programs available to draw trees for analysis and publication,
including  MEGA and Phylodendron Chttp://iubio.bio.indiana.edu/treeapp/treeprint
form.htmIQ*° A dendrogram consists of branches and nodes. The nodes reflect a common
ancestor between two or more sequences which are represented as branches that diverge
from the nodes. Ahylogenetic tree is also known as an additive tree and is usually displayed
so the length of each branch corresponds to the amount of divergence from the common
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ancestor node. The shorter the branches, the less divergent the sequences are from the othet

sequences connected to it by that node.

Branch point

(node)
\ Taxon A

Taxon B ]
Sister
taxa
Taxon C
ANCESTRAL
LINEAGE Taxon D
Taxon E
Taxon F

Common ancestor of
taxa A—-F Polytomy

Figure 7. A phylogenetic tree. The branch point or node represents the common inferred
ancestor of the branches it connects, the further back (to the left) in the tree the older the
inferred ancestral strain. Xan refers to a group of one or more populations of an organism,
for HIV trees each taxa represents a DNA sequence from one person. Two sequences that
split from the same node are called sister taxa. Polytomy occurs when more than two
branches split off ’im a common node. (Pearson Education #c).

Phylogenetic trees can be rooted, with the root representing the oldest common ancestor
within that tree, often as an outgroup or an external point of reference rather than as
member of the sequence group. For example, for-HIM group sequences, a HR/
outgroup may be used to root the tHHowever rooting the tree with an outgroup can be
problematic. If the outgroup is too distantly related the sequences can become randomized
and cause 6l ong branch e fiaf @atingsafong wgroup h C ¢

branches?>® Often tree rooting is used to ensure all ingroupsages (query and reference)
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cluster together with the outgroup sittisgparately on the tree. The outgroup can then be

deleted and the analysis performed with only the ingroup secqgence

Through understanding the way sequences are related to each other and using phy to
infer the evolution of HIV at a population levpleventative and intervention efforts can be
improved to target specific regions, groups and virus t§§3aalith phy we canidentify
viruses that are similar and discover the level of variance between viruses within
subtype/CRF groups, identifyossible transmission clusters including demog@aimd
epidemidogical characteristics, and gain greater understanding of the overall genetic history

of HIV.
2.17 Online subtyping tools

As mentioned previously, phy is the gold standard for determining sequence subtype or
CRF182Phylogeny is quite complex, however, andas widely implemented globally.
Rapid online subtyping tools are being developed and used as an alternative. These are

often free to use and provide very fast restifts.

A number of mathematical models underpin the capability of rapid online tools to
classify viral strainsrito subtypes, CRFs or more compiegombinant strains, although
there is no universally agreed upon approach. The models are broadly categorized into
those that do and do not subtype using phylogeny, whether or not the model performs or

requiresa sequence alignment, and the automation process (full, partial,*fone).
2.17.1 Fully automated tools

Automated online tools approximate a subtype assignment because identification of a
subtype reveals the clade, which is identified through phylogeny. These approximation
tools havebeen developed because of the growing need for fast results and the issues that

arise with increasing viral diversity which make it difficult to identify recombinants using
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a phylogenetic tre® However, these automated methods are not without issue, and often
these tools cannot idefytiunique or complex mosaics, and may ewrunderidentify
recombinants. Some tools also have high levels of discordance with results from

phylogenetic analyses, which is cause for concern, Figure 8.

There are three types of fully automated toolspflylogenetiebased which use a
phylogeny and alignment based algoritsuch as REGE* andSCUEAL,#3thatallow
detection and identification of recombiiastrains with added bootstrap support (REGA)
or the phylogenetic likelihood of a mosg®CUEAL) 18 (2) similarity-based which are
phylogeny and/or alignment free, such as the sliding window analysis loAtie
BLAST tool, or theStanford CPR todt®187or (3) statisticabased toolshat use partial
matching compression algorithms suchresCOMET tool*®8 or employ a probabilistic
jumping alignment approach that uses a Hidden Markov Modaign the query sequence
to the most similar reference smce, such as jpHMM® These online tools are

described in detail in section 3.3.14 of Chafteree

Of the automated tools that rely on an initial alignment step to determine similarity
with the reference set, soroen also identify complex recombinant forms by conducting
phylogenetic analyses, either by using a sliding window approach with bootstrap support
or phylogenetic likelihood of a mosdi An initial phylogenetic bootstrap analysis is run
to assess the query sequence against a given reference set to infer breakgioimg the
are then confirmed by detailed phy of pure subtype and known CRF reference
sequence&® The best match returned is designated as the putative subtype 6¥CRF.
These tools often enable the user to adjust parameters such as the sliding window size and
step size, reference sequences, and alignment parameters. While this can improve detection

of recombination events, it can also owentify events or lead to ambiguous results.
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One of the issues with automated tools requiring alignment is that the one alignment
chosen may not be statistically distinct from other alternative alignments. Aligmnen
also affected by the choice of algorithm and the parameters set (default or user defined).
Alignment confidence is measurable but this can be time consuming, especially when the
query sequence is a complex mosaic. A conserved gene region sotimay not be so

affected by these factors as a more variable region suahva®

Other online subtyping methods do not require an iratighment because they work
on the premise that sequence similarity can be measured by data compression, which
identifies the amount of information shared between two sequ&fiéesamples of
alignmentfree models include the sliding window analysis usetd/AjML BLAST*6 and
Markov models that identify the probability of a given notige at the next site of a
sequence by genomic context by looking at thekasicleotides in the sequence. The two
sequences are then compared by measuring the cepeific base frequencies in the
second sequence to the Markov model built fromitise $equencé®®®9Two alignment
free tools that use Markov models gEIMM 8% and theCOMET tool, which is based on
the Prediction by Partial Matching compression algorithm (PPM). All models are sksicus

in section 3.3.14, Chapter Thr&é
2.17.2 Reliability of rapid subtyping tools

There are limitations when using any rapid online tool. Some tools have limited
capability in which genomic regions they can analyze, with many only analyzipglthe
fragment!®2 The magr limitation is the level of subtype discordance found between tools,
especially those with different algorithms underpinning the method, Figure 8. There is
general consensus in the literature that rapid automated tools are highly sensitive in
identifying subtype B sequencéébut false subtype B can be identified in f®n
sequences. Sensitivity decreases dramatically for the majority of rapid online tools for
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identification of CRFs other than 01_AE and 02_AG, and decreases even further for more
complex mosaic&?192193\hen canparing tools, the overall subtype distribution for a
cohort can be quite different according to which tool is used. This makes it very difficult to
ascertain the molecular epidemiology of HIV globally when there is no gold standard tool
uniformly used wddwide 182:19219%n 2009, Kosakovsky Poret al® described a new
algorithm, asserting adoption of a phylogdrased method was imperative to subtype
sequences accuratelysCUEAL It is considered a reliable and robust subtyping tool that
not only automatically subtypes HYpol sequencebut which caralsomap

recombination breakpoints and assign parental sequences iramdantrarecombinant

strains (with confidence levels), using the most current LANL BLAST reference
sequences, including pure subtypes and CRFs. The method iscligaliesigned to

include upto-date CRF reference strains for identification of not only CRFs, but also more

complex recombinant mosait®8.SCUEAL is discussed in section 3.3.14.6, Chapter

Three.

HIV-1 Variant (no.) PHY Stanford Rega
[J Subtype B (587) 87.6 87.3 75.2
O “Pure” non-B subtypes (13) 1.9 22 3.9
O CRF02_AG (31) 46 43 3.3
[l CRF non-02 (16) 2.4 06 0.4
[ URF (23) 3.4 55 -
[ Not Determined - - 17.2

Figure 8. Distribution of HIV-1 variants according to subtype methBdy is
consideredhe gold standard method to classify HIVKey: no.(number of sequencgs
CREF (circulating recombinant form), UREnique recombinant formsThe automated
tools included were: Stanford CPR v6.0.5 and REGA Wigh concordanceetween phy
and StanfordCPR foridentifying subtype B, but low concordance across all three methods
for nonB pure subtypes and CRFs. REGA could not identify almosfitiheof
sequencegAdapted from Yebra et al. 2011
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The growing number of HIV recombinant viruses has made correct idendficati
strains increasingly complicaté®¥f. Phy is currently the gold standard for identifying
subtypes and CRFs but is time consuming and complex. Online subtyping tools are used
increasingly to identify strains, and although they are fast and easy tdhase,are
limitations, especially with identifying neB variants and complex recombinant
forms1821%® The phylogenetic and online subtyping tool study aimed to extract
epidemidogical information about the evolutionary relationships of newly diagnosed virus
in South Australia between 2000 and 2012, and to assess the usefulness of phy and rapid
subtypingtools for identifying subtype B, neB and complex recombinant sequences from
two separate regions of the HIV genome, given viral diversity is increasing in number and

complexity worldwidet®4192

AIMS OF THE STUDY

A. Investigate the molecular and social epidemiology of v South Australia between 2000
and 2013

B. Characterize changes in Hi¥/genetic drersity and TDR mutations in South Australia
between 2000 and 2013

C. Investigate and characterize phylogenetic characteristics oflHiM andenvgene
sequences

D. Characterize sequences that form part of high reliability clusters and transmission clusters

E. Compare phylogenetic and online subtyping analysgobndenvgene sequences to
determine level of concordance between different tools, and if there is a higher degree of
complexity in subtype distribution than previously reported.

F. Assess the prevalenoéintergene and intragene variation within the study population
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CHAPTER 3: METHODOLOGY & RESEARCH DESIGN
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3.1 Overview

The methodology and research designdascribed in this chapter. The background for
each study is given, followed by the design, materials and sampling methodology, and the
experimental procedures used for epiddagal subtype surveillance, drug resistance

surveillance, and phylogeneticarfacterization of subgenomic sequences.
3.2 Study 1- Molecular Epidemiology and Drug Resistance Surveillance
3.2.1 Background

HIV strains are evolving rapidly, with more and more recomtitirsrains emerging
globally%® There is growing interes understanding the evolution of HIV strains, and how
subtype distribution patterns are changing over #ifié?’4 Research on the importance of
TDR airveillance and the increasing prevalence of TDR globally is expaidifgtl-19
There are still significant gaps, however, in knowledge and understanding €f btbdin

variation, subtype and TDR surveillance in Australia.

Subtype and drug resistansgrveillance of HIV/1 has been routinely conducted in the
US, parts of Europe, and more recently in some Australian $tdtesvever, while there
was a wealth of analysis and discussion of overseas surveillance data, until 2010 only two
molecularepidemiology studies had been conducted in Australia to analyze surveillance
data’*1%’The rationale for this was that until recently, the Australian epidemic had been
largely composed of one particular strain (subtype B), and predominantly transmitted

through one route (MSMY.

In 2000, South Australia became the first state to conduct routine genotypic and drug
resistance testing as part of an enhanced surveillance system. However, these data have not
been used for surveillance research and this provided the opportunity toldsgeass of

HIV-1 data to analyze subtype and drug resistance trends. The belief behind this was that
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Aust r al-1 epidesnic khdy\e changing, mirroring global patterns of increased HIV
strain variation because of an increase in Australian born pegapédling overseas, steady
growth of migrant populations, and increased sexual contact between different population
groups. It was also thought that the pattern of drug resistance mutations may be changing,

with more people transmitting resistant virugreatment naive populations.
3.2.2 Accessing HIM notification and subtype data

Access to the required data was granted by SA Health, which maintains the South
Australian HIV notification and subtype databases. The notification database contains all
HIV notifications in South Australia including newly diagnosed cases and cases diagnosed
outside South Australia. Demographic and clinical information is stored for each patient.
The subtype database contains surveillance information from routine drugiesisisting,
which is used to guide clinical management. Subtypes for the PR and RT regionpalf the
gene are recorded, determined by submitting a 1098bpequence to the Stanford CPR
Drug Resistance online genotyping tool Chttp://sierra2.Stanford
CPR.edu/sierra/servlet/JSieyavhich also lists drug resistance mutations as determined by
the 2009 Stanford surveillance resistance mutation list. Some demographic information is

also recorded in this database.

In 2010, a detéed ethics submission was sent to SA Health and Flinders University
seeking to access these data, which were provided by an independent custodian for the

purpose of surveillance analysis.
3.2.3 Ethics

The ethics submission dealt in detail with confidgity issues arising from using
patient data and the ways in which the information would be used. The main issues were
ethical considerations around Aboriginal/Torres Strait Islapdeple protection of patient

confidentiality including how information euld be presented to protect patient
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confidentiality, the security of the server on which the information would be housed, and the
nature of public health messages that would be conveyed about different population groups
with HIV. All questions raised byhe ethics committees were responded to and the
application was resubmitted. The submission required a full literature review and research
proposal that was independently peer reviewed. Following a favorable peer review, ethics
approval was granted in 2014llowing the study, analysis and publication of 11 years of

subtype and drug resistance surveillance data in South Australia.
3.2.4 Study population and design

Routine AIDS and HIV notification commenced in South Australia in 1985 and 1991,
respectively to facilitate contact tracing and treatment intervention. A standard form
containing demographic, epidertagical, and clinical information is completed for each
person newly diagnosed in South Australia,. Where possible -@epih interview is also

conducted.

As mentioned previously, routine subtype and drug resistance testing commenced in
2000, conducted by SA Pathology. Sequences and subtype information are housed at SA
Pathology and sent to SA Health where they are added to the subtype dataltiakeciwl
the notification system by the patient number. Once ethics approval was granted, the
independent custodian combined the notification and subtype databases to create a new
dataset that linked patient subtype, demographtt clinical informationCaseidentifiers
were removed by the custodian but limited demographic, epid@gigal, and clinical data
were retained, shown in Table 1 below. Initially, the combined dataset contained all new
diagnoses between 2000 and 2010, but after an amendmbatéthics approval this was
expanded to include the years 202013, and the dataset was updated in January 2014 to
include all new diagnoses between 2000 and 2013.

The Stanford HIV Drug Resistance Database houses the mtstage information on
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resistace mutations and subtyp@sttp://hivdb.Stanford.edu/pages/surveillance.rithe

2009 surveillance resistance mutation list (the most current at the time) was used for the
initial datasetanalysis in 2011 to create a catalogue system within the newly created
database, and it was also used for continuity when the database was updated Wa0123011
data. To create the catalogue system emderecord was checked manually, and each
mutationwas checked for removal (mutations reclassified by Stanford as having little to no
effect on drug susceptibility, polymorphic mutations commonly found in untreaisole

or reclassification (mutations that had been major mutations that Stanford fieclassi

minor mutations). New variables were added to define how many resistance mutations each
personcarried and to which drug classes, and these were used for further analysis. The new
classification system was later used by the custodian to updatatiee HIV subtype

database.

The entire dataset was then manually checked for inconsistencies to ensure no data were
missing anccasedemographic data were correct. There werecHs@records with missing
subtype information and for 90 of these the infaiorawas located manually through SA
Pathology and the database updated. This audit of the database took considerable time
because of the number of individual variables, the time taken to request and receive
individual caserecords (minus identifiers) taassreference with the database, and the time
taken to check multiple drug resistance mutations for each individual with resistance, against

the Stanford surveillance mutation list.
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Table 1.Caseanformation housed on the surveillance database

Full Description Stata Code N Missing Full Description Stata Code N Missing
HIV NOTIFICATION INFORMATION Pl major 4 pimajor4 9 504
Patient No patientno 513 OJPI major 5 pimajor5 6 507
Date of most recent rest lasttested 512 1fP! major 6 pimajoré 2 511
Most recent viral load vioad 497 16 |Protease minor piminor 513 0
HIV status status 513 OJPI minor multiple mi_multi 513 0
Date of specimen collection testdate 513 OfPI minor 1 piminorl 156 357
New case notified in SA only newcase 513 OfPI minor 2 piminor2 108 405
EPIDEMIOLOGICAL INFORMATION PI minor 3 piminor3 55 458
Marital status ms 513 OfPI minor 4 piminor4 33 480
Racial origin ro 513 OfPI minor 5 piminor5 13 500
Birthdate birthdate 512 1}PI minor 6 piminor6 3 510
Age groups age25 513 OfPI minor 7 piminor7 2 511
Age groups age30 513 OfPI minor 8 piminor8 1 512
Age groups agrp 513 OfPI minor 9 piminor9 0 513
Age groups agrqu 513 OfPI minor 10 piminor10 0 513
Age groups age50 513 OINRTI resistance mutations nrti 513 0
Age groups agrpl 513 OJNRTI multiple nr_multi 70 443
Age groups agrp2 513 OINRTI 1 nrtil 70 443
Post code postcode 462 51INRTI 2 nrti2 41 472
Suburb suburb 448 65NRTI 3 nrti3 22 491
Gender sex 513 OINRTI 4 nrti4 15 498
HIV country of birth hcob 423 90NRTI 5 nrtis 7 506
Location infection acquired location 513 OINRTI 6 nrtié 4 509
Previous test ptest 513 OINRTI 7 nrti7 3 510
Date of previous test ptestdate 264 249INRTI 8 nrti8 2 511
Testing history th 513 OINRTI 9 nrti9 1 512
Likely mode of infection mode 513 OINRTI 10 nrtil0 1 512
Sex of the source sourcesex 513 ONRTI 11 nrtill 1 512
CLINICAL INFORMATION NRTI 12 nrtil2 0 513
Stage of infection at diagnosis stage 513 OINRTI 13 nrtil3 0 513
CD4 count at diagnosis (grouped) cd42010 513 OINRTI 14 nrtil4 0 513
Viral load at diagnosis vlioaddx 512 1INRTI 15 nrtils 0 513
Current or past blood donor donor 407 106 NNRTI resistance mutation nnrti 513 0
PEP 04/07 pep 513 OINNRTI multiple nn_multi 513 0
Datepep datepep 177 336 NNRTI 1 nnrtil 49 464
CD4 count (grouped) cd42010 513 OJNNRTI 2 nnrti2 18 495
RISK FACTOR INFORMATION NNRTI 3 nnrti3 4 509
Risk factor risk 513 OINNRTI 4 nnrti4 3 510
Heterosexual overseas hetoseas 99 414INNRTI 5 nnrtis 3 510
Immigration status istat 513 OINNRTI 6 nnrtié 3 510
Sero conversion iliness sero 477 36 NNRTI 7 nnrti7 2 511
Sero conversion date serodate 510 3INNRTI 8 nnrti8 1 512
Notifying source ns 513 OINNRTI 9 nnrti9 0 513
RISK EXPOSURE INFORMATION Genotyping recent rgt 382 131
Investigation status is 511 2] Date of recent genotyping recentdate 51 462
Sexual partners exposure partner 513 O0fSequence ID idseq 51 462
Anal sex analsex 513 OJRecent viral load rvl 382 131
Known partner knownpartn 451 62 |Recent Pl major (Y/N) ? rpima 371 142
History of IDU drugs 478 35Recent PI minor (Y/N) ? rpimi 371 142
Shared injecting equipment shared 470 43 |Recent NRTI rorti 368 145
Blood transfusion bloodtrans 477 36 JRecent nnrti rnnrtic 14 499
Date of blood transfusion btdate 513 OJRecent Pl major (list of mutations) rpimac 6 507
GENOTYPE Recent PI minor (list of mutations) rpimic 8 505
Lab Number labn 382 131NEW VARIABLES CREATED FOR STUDY
Date tested gtest 382 131 Treatment status treat 513 0
Viral load genovl 382 131]Been genotyped genodb 513 0
Hiv diagnosis dx 382 131 Age at diagnosis ageyears 512 1
Diagnosis dxwhere 513 OfYear HIV (same as var yr) yrhiv 513 0
Protease resistance (clade) pr 513 OfMonth HIV mthiv 513 0
Reverse transcriptase rt 513 OfQuarter HIV qtr 513 0
Protease major pimajor 513 O0JAids diagnosis adx 64 449
Pl mjaor multiple ma_multi 513 Ojhiv death? hdth 20 493
Pl major 1 pimajorl 77 436 }aids death? adth 9 504
Pl major 2 pimajor2 53 460 Notifying source notsr 513 0
Pl major 3 pimajor3 22 491}Region from region 513 0
Year diagnosed with HIV yr 513 0

Key: Stata codgcode used in statistical program Stata thdinked to variable name), N
(number of cases available), Missingunber of cases with information missing for that

variablg.

This study was a retrospective molecular epidéogioal analysis of H\V-1 in South

Australia. Inclusion criteria for selection were: newly diagnosaskin South Australia

between 2000 and 2013 with a plasdeived RNApol sequence available for genotyping
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and drug resistance profiling taken within 12 months of diagndkere was an additional
inclusion criterion for the drug resistance surveillance, narpelyple had to have a
Otreat ment napveod status at the time the
resistance profiling. To reduce bias p#oplemeeting thecriteria were included in the

analyses.

A total of 656 people newly diagnosed with HIV between 2000 and 2013 was identified
from the South Australian HIV notification database and 569 were retrospectively selected
from this dataset according to the irgitn criteria regarding subtype. Of these 569 cases,

496 were selected for TDR analysis because of their treatment naive status.

Subtype was previously determined and stored in the database, using the calibrated
population resistance (CPR) tool linkedthe HIV-1 Drug Resistance Database (Stanford

University, Palo Alto, CA), available athttp://hivdb.Stanford.ed!®® This tool also

provides a genotypic drug resistance profile. It analyses a contiguous 1098bp sequence
spanning thd®R andRT regions of thegol gene and classifies subtype of the PR Riid
regions separately, using all the pure subtype reference sequencE€®Rifid AE and

02_AG.It does not accurately detect recombinants except 01_AE and 02°AG.

If the PRandRT sequences were phylogenetically concordant, the case was assgned
that particular pure subtype or CRF. If the PR and RT sequences were phylogenetically
discordant, the case was assignedad mtersubtype recombinan@l-ISR). If a PR or RT

region was missing, the case was assigned as the subtype or CRF obthavaigable.

The CPR was also used to determined drug resistance mutations by reading the
sequences and comparing them to an updated list of surveillance drug resistance mutations
(SDRMs) to compute the prevalence of resistance to each of the threectasses of
antiretroviral drug: protease inhibitors (PIs), nucleoside reverse transcriptase inhibitors

(NRTIs) and nomucleoside reverse transcriptase inhibitors (NNR¥f).
82


http://hivdb.stanford.edu/

3.3 Study 2- Phylogenetic Characterization of Partialpol and envSequences
3.3.1 Background

During the course of the first study, 20 cases were found to have phylogenetically
discordant PR and R3equences. These cases were mainly acquired overseas and the people
had been born overseas. These divergent sequences wighgeoa sequenced|) led to
the hypothesis that HIV infections could contain more complex recombinants than
previously shown through the Stanford genotyping capabilities of one gene. An international
study confirmed that sequencing and phy of more thangene showed a higher degree of
recombinatiort®® Phylogenetic tree construction and the use of multiple online genotyping

tools can provide greater precision when identifying subtypes.

It was also apparent from the first study that epidérgioal dai@a collected at time of
diagnosis and during followp appointments can provide valuable insights about the way
HIV is transmitted in the population, and can give an indication of the population groups
most affected. However, most epidefogical data are allected through selfeporting and
case studies, and may not always be accurate. Phylogenetic tree construction of HIV
sequence data can provide biological evidence to compare with eplogicabdata, such
as similarity between sequences and whether thay be part of a transmission pair or

cluster.

The aim of this second study therefore was to sequence a second gene on-the HIV

genome €n\), and conduct phy of theol andenvregions to

a) assess the number of highly reliable sequence clusters andissios clusters and
determine whether these data matched corresponding epidgicaébdata, and

b) compare phylogenetic tree construction using a variety of online tools including
Stanford CPR, to assess whether there was a higher degree of recombination

complexity in South Australian diagnosed cases than identified by Stanford CPR
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alone, and whether any unique recombinant forms were present in the cohort.
3.3.2 Ethics

A second ethics proposal was submitted in 2012, requesting permission to access stored
plasma samples held by the custodian at SA Pathology to conduct further gene sequencing
and phy of thgp41lregion of theenvgene and compare the previously colleg@eHdPR/RT
data with the newly createenvgp4l data. This was approved in 2012. A requiest
variation to ethics approval was then submitted in 2013 seeking permission to combine the
surveillance and demographic data from the HIV notification database wipolthadenv
data obtained from SA Pathology, to conduct phy of HIV strain variaven time. This

was granted in 2013.
3.3.3 Study population and design

Beginning in March 2012, plasma samples stored at SA Pathology were located within
the archived and current sample storage systems. This required identification of eligible
casessothat the availability and approximate location of all samples associated with that
casename could be compiled into a list. Archived samples were frequently located by section
or box only, and only identifiable by sample number and name, so all storptesamthat
region or box had to be individually assessed to locate the relevant sample etk
interest. Where possible, multiple samples taken from ezsdat different time points were
collected to verify accuracy of phylogenetic tree cardion and online subtyping tools.

The inclusion criterion was a new South Australian diagnosis between 2000 and 2013
inclusive. Where possible we collected the original plasma sample that was used to subtype
thepol region at time of diagnosis, or a sdmpbtained as close to that time as possible. In
total, 332 plasma samples were found from 288esvho were diagnosed as HIV positive
between 2000 and 2013, and for whpaot genetic sequence data were available. Of these

samples, 233 (from 22daseywere successfully used to amplify and sequencenhgp4l
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gene sequence.

In brief, samples were extracted then a subgenomic region ehttyene
incorporatinggp41(7816 to 8344 on the HXB2 reference sequence
Chttp://www.hiv.LANL BLAST.gov/content/sequence/HIV/mainpage.lwas
amplified by PCR and sequenced. Multiple alignments were performed for bqtbl the

andenvquery sequences @a&ets, using two methods:

1. Alignment using LANL BLAST reference sequences
a. Input each query sequence in LANL BLASHttp://www.hiv.LANL
BLAST.gov/content/sequence/BASIC_BLAST/
b. Downloadthe 10 most similar reference sequences for each query sequence,
add to FASTA file.
Run an alignment for the separatd andenvdatasets.
d. Cuteach reference sequence to the size of theddl88quence and 53hv
sequence respectively. Ren alignment
2. Alignment using the 2012 LANL BLAST RIP reference sequence set
a. Download complete 2012 RIP reference sequence set
Chttp://www. hiv.LANL
BLAST.gov/content/sequence/NEWALIGN/align.htdfor pol andenv
sequences, input the HXB2 start and end coordinates that match the query
sequence location.
b. Add to query sequences. Perform an alignment.

In total, four alignments were created, tpa alignments (one with LANL BLAST
reference sequences, one with RIP reference sequences) am/alignments. A
maximum likelihood phylogenetic (phy) tree wamstructed fronpol andenvalignments
(both LANL BLAST reference sequence alignments, and RIP reference sequence
alignment) using general time reversal substitution model with ingarsenadistribution
(GTR+G+I) and 1000 bootstrapped datasets, usinlylttiecular Evolutionary Genetics

Analysis software version 6 (MEGA 6Y° Genotyping and cluster analysis was performed
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using the phylogenetic trees, and genotyping was also done using multiple online

subtyping tools (Stanford CPRpHMM, REGA, SCUEAL, NCBI, and COMET), and

compared. Anyol or envsamples found to be recombinant were further analyzed with
SCUEAL to determine recombination breakpoints. Clusters were defined as sequences that
had a common bootstrap value at the shared ancestrabno%e(highreliability clusters)

or 8% and average genetic distance less than or equal to 0.015 (1.5%) nucleotide

substitutions per site (transmission clusters).
3.3.4 Chemicals, materials, equipment and programs

Chemicals, primers, materials, equipment and caerpprograms used are listed in
Tables 25. All chemicals were of analytical grade or higher. The symbols ® and TM
indicate that the particular product names are either registered trademarks or trademarks of

suppliers.

Table 2.Chemicals and commercial phacts used

Product Dilution | Supplier Location
QIA Amp Viral RNA Mini Kit QIAGEN Australia | Victoria,
Australia
Super Scr i {SteERTI Invitrogen Life California,
PCR System with Platinum® Technologies, USA
Taq High Fidelity
Ultra-Pure moleculagrade Life Technologies | Victoria,
Agarose Australia
100bp DNA ladder 1:10 New England Massachusetts
Biolabs USA
EZ vision 3 loading dye (N313 | 1:10 Amresco Ohio, USA
1ML)
QIA quick purification kit QIAGEN Australia | Victoria,
Australia
Big Dye® Xterminator Life Technologies | Victoria,
purification kit Australia
Sequencing primer 3.2pmol/ | Invitrogen Life California,
reaction | Technologies, USA
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Table 3.Primers used for amplification and sequencingafPR/RT &enwvgp41l

Sene Primers Oligonucleotide sequences F/IR

ragment

PR GF1 5 AAGAAGGGGGGCACATAGG3 6 F
GF2 5 €TAGRAAAAARGGYTGTTGGAAATGTG-3 6 F
GF2m 5 &CTAATTTTTTAGGGAARATYTGGCCTTCG3 6 F
PF6 5 €AGACCAGAGCCAACAGCG3 6 F
PF3 5 AGCAGGAGCCGATAGACAAG3 6 F
PF2 5 &TCCCYCTCAGAAGCAG-3 6 F
PR4 5 &CAAATACTGGAGTATTGTATGG-3 6 R
PR4m2 5 ARTCYTGAGTTCTYTTATTRAGYTCYCTRAAATC-3 6 |R
PR2 5 &GCCATCCATTCCTGS 6 R

RT RF1 5 FGATAGGGGGAATTGGAGG3 6 F
RF1m 5 &€CAAAAATGATAGGGGGAATTGGAG-3 6 F
RF3 5 dTAAAGCCAGGAATGGATG-3 6 F
RF6 56CCATAYAATACTCCAGTATTTGC-3 6 F
RF2 5 ®GAAAGGATCACCAGCAATATTCC-3 6 F
RR4 5 AGCTGTCTTTTTCTGGCAG3 6 R
RR2 5 &CTGTTTTCTGCCARTTE3 6 R
RR5 5 &TGCTTTGGYYCCCCTRAGGAGTTTAG3 6 R
RR8 5 GAATCCAGGTGGCTTG3 6 R
RR10a 5 &TTTTCTGCTAGTTCTAGCTCTGCTTE3 6 R
RR10b 5 &GTTCTCTGCCAATTCTAATTCTGCTTG3 6 R

gp4l ENWF2 5 6GAGCAGCAGGAAGCACTATG3 6 F
ENVRIM |5 -&TGAGTATCCCTGCCTAAGC3 6 R

Key: F: Forward primer, R: Reverse primenv Enwlope, PR: Protease, RT: Reverse
transcriptasePol andenvprimer designvasbased on diagnostic needs and performed by
the SA Pathology laboratory.

Table 4.Equipment

Equipment Supplier Location

Micro Centrifuge 5424 Eppendorf Hamburg, Germany
MJ Research PT@200 thermal BIO-RAD California, USA

cycler

Electrophoretic Poer pack BIO-RAD California, USA
Heidolph Reaxop vortex mixer | Heidolph Schwabach, Germany
48- capillary 3730 DNA Analysel Life Technologies | Victoria, Australia
Nikon digital camera Nikon Tokyo, Japan

Corbett CAS2400 Liquid| CorbettLife Victoria, Australia
Handling System Science/QIAGEN
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Table 5. Software packages

Software package Licensed company Location

Statav.11.1 StataCorp Texas, USA

Kodon 2.3 & 3.6 Applied Maths SintMartensLatem,

Belgium

Molecular Evolutionary | Pennsylvania State Pennsylvania, USA

Genetics Analysis University

(MEGA) v.5 & v.6

Recombination Los Alamos National Los Alamos, USA

Information Program Laboratory (LANL

(RIP) v.3 BLAST)

Stanford HIVdb v.7 Stanford University California, USA

Bioedit v.7 Ibis Biosciences Illinois, USA

CIPRES CIPRES Chttp://www.phylo.or@®

NCBI Genotyping NCBI Maryland, USA

SCUEAL v.1 Datamonkey, University o California, USA
California

COMET v.1 Max Planck Institute for | Saarbrucken, Geramy
Informatics

REGA v.2 REGA group Oxford, UK

jpHMM v.1 University of Goéttingen Gottingen, Germany

3.3.5 Specimen collection and storage

Specimens used for this study had previously been collected by medical practitioners and
stored at SA Pathology. Blood wedlected in sterile tubes using EDTA as the anticoagulant
and stored ati25 C for no longer than 24 hours. Plasma was separated from whole blood
within 24 hours of collection by centrifugation at 82600g for 20 minutes at room
temperature. Plasma waansferred to sterile polypropylene tubes and stored irl@BL
aliquots at room temperature for up to one day,i@& @ for up to 5 days, or frozen &t
20 C.

3.3.6 Extraction of HIV for gene sequencing

Samples were handled in a biohazard hood, ustiexgie filtered tips and powder free
gloves. Samples with a viral load below 1000 copies/mL were not testadisg@revious

attempts for routine genotyping had proved problematic and cost ineffdetivesamples
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with a viral load between 1000 and 1®@Q0tbpies/ml, 508L was taken from each thawed
sample and centrifuged at@at 21,00025,000g (16,000 rpm), for 8@5 mins. The upper

300nL of serum was removed and discarded, and the remaining-2@pt for extraction.

For concentrated samples (abovesamples with a viral load abovel0,000 copies/mL,
200nL plasma was placed into a labelled 2ml Sarstedt tube and extracted using the QIA Amp
Viral RNA Mi ni Kit, foll owing t he
Chttp://www.euresist.org/c/document_library/get_file?uuid=829758080-40abb298
32a7198e1671&groupld=85965Briefly, the viral lysis buffer (AVL) was placed in a 56°C
water bath for 10 minutes until resuspended and then cooled to room temperature. Next,
800nL of AVL buffer was added to 20 of sample, vortexed for 10 seconds then incubated
at room temperature for 10 minutes. Th@@0OnL of 100% ethanol was then added to each
tube and vortexed at maximum speed id 8econds, 60 of the plasma/ethanol mix was
added to the top of a labelled spin column, and centrifuged at room temp at 8000 rpm for 1
minute. The collection tube wakanged, and this process was repeated twice, until all the

plasma/ethanol mix had been spun through the column.

Once complete, 500 of wash buffer 1 (AW1) was added to the spin column and
centrifuged at 8000 rpm for 1 minute, and the collection tubegathagain. Next, 50
of wash buffer 2 (AW2) was added to the spin column and centrifuged at maximum speed
(8000 rpm) for 3 minutes, changing collection tube after and centrifuging again at maximum

speed (8000 rpm) for a further minute.

The spin column wathen placed into a labelled, 1.5mL Sarstedt tube antl 60
elution buffer added directly onto the spin column membrane, left at room temperature for
1 minute to dissolve the RNA, then centrifuged at 8000 rpm for 1 minute. The spin column

was then disaaled and the RNA sample stored 20°C if not used immediately.
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3.3.7 PCR aplification and sequencing of partial pol and env fragments

Pol gene PCR amplification and gene sequencing was previously performed by SA
Pathology, spanning the HXB2 region 22633350, incorporating the PR and RT regions.
Envgp41PCR and gene sequencing was performed as part of the PhD study, the 530bp
sequence incorporated taevgp4lregion, spanning HXB2 7816 to 8344. Primers used for
pol andenvsequences and other relavanformation is summarized in Tables 3 and 4. All
PCR experiments were performed on the MJ ResearchZB0Ghermal cycler (BidRad,
California, USA) us-BtepRTPER SystenSwith Pladinui® Tagg | O

High Fidelity (Invitrogen Life Technolgies, California, USA).

3.3.7.1 Single round PCR, or step 1 of nested PCR

A single round RTIPCR was attempted initially with specific primers. If this failed a
nested approach was attempted fforonly). Positive and negative controls were included
for each PCR experiment. Specifically designated laboratories or rooms were used for master
mix preparation, PCR and all post PCR manipulations, RNA extraction and inoculation.
Reagents and primers for PCR were thawed, except the enzymes. Tithen20b-tubes
were labelled for each reaction, and 1.5mL tubes labelled for the forward and reverse primer
mixes. Prenested and nested PCR reactions fopthl@ndenvregions contained 2x buffer
(made up of 0.4mM dNTP, 2.4mM MgSo4), RT/Tpglymerase, 100mM of DTTand
20e M of each pr i mernL The®CRamixtwas naadle uyas shovwmen o f

Table 6.

The master mix was pulse spun andiziided to the bottom of each 20tube, then
2nL of nucleasdree water was added to the negative control in the cls@m.rThe tubes
were transferred to a biohazard hood, amtd @f known HIV positive sample added to the

positive control, andrf. of casesample RNA added to the remaining tubes.
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Table 6.PCR master mix

x1 conc x1vol.
i)

Nucleasefree HO 7.10
2x Buffer 12.50
DTT 100mM 1.90
Forward Primer (F2) 20mm 0.50
Reverse Primer (R1M) 20mm 0.50
RT/Tag mix 2 units 0.50
RNA, HIV-1 positive (or
negative control) 2.00
Total 25.00

The PCR microtubes were briefly microfuged and placed into the theyalal, which
was set for a 28 volume and heated lid. The following cycling conditions were used for
both pol andenvPCRs: one cycle at 50°C for 30 minutes to perform reverse transcription,
one cycle at 94°C for 10 minutes to deactivate reverse trptisorand activate the Taq,
followed by amplification of 60 cycles of: denaturing at 94°C for 30 seconds, primer
annealing at 50°C for 1 minute, and extension at 72°C for 2 minutes. There was one final
step of elongation at 72°C for 5 minutes then the@asnwere cooled to 11°C until the PCR

tubes were removed and stored at 4°C.

3.3.7.2 Step 2 nested PCR

Nested PCR was attempted for thed regions that could not be amplified using normal
PCR. The PCR mixes were made up as shown in Tables 7 and 8dslethi@ the same as
for first round PCR, exceptnl of the prenested product, including the negative and
positive controls, was carried over to the nested reaction. Cycling conditions were the same

as above minus the first step (50°C for 30 minutes ioadetRT).
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Table 7.PCR prenested mastenix

Prenested master im x1 conc. x1 vol.
()
Nucleasdree HO 6.10
2x Buffer 12.50
DTT 100mM 1.90
Forward Primer F3 20mm 0.50
Forward Primer F4 20mm 0.50
Reverse Primer R3 20mMm 0.50
Reverse Prirar R4 20mm 0.50
RT/Taq mix 2 units 0.50
RNA 2.00
Total 25.00

Table 8.PCR nested master mix

Nested master ix x1 conc. x1 vol.
()
Nucleasdree HO 9.10
2x Buffer 12.50
DTT 100mM 1.90
Forward Primer F2 20mm 0.50
Reverse Primer R1M 20mm 0.50
RT/Tag mix 2 units 0.50
RNA 1.00
Total 25.00

3.3.8 Gel electrophoresis and cleamp of PCR sequences

3.3.8.1 Visualization of PCR products

PCR products were visualized on 1.5% agarose gel, prepared by mixing 1.3g agarose in
90mL of 0.5X TBEto make a 2 x 20 well gel. Nexty2 EZ vision loading buffer andri
PCR product for each sample, including controls, were mixed and loaded onto the gel and
8nL of 100bp DNA Marker, (. marker, 2i. EZ vision loading buffer andri. water)
was loaded in t first well of each of the two lanes. The gel underwent electrophoresis at
constant 80mA until dye had migrated at least-thuads of the distance down the gel (~50
minutes for a fully loaded gel). The gel was then examined under UV light and

photographée. If bands were found at the correct size (~1100bpdbr~530bp foreny) and
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the negative control was clean, the PCR product was purified ready for sequencing.

3.3.8.2 Column purification of PCR products

The QIA-quick PCR purification kit (QIAGEN, Viwria, Australia) was used to purify
PCR product s foll owing manuf act
Ovww.giagen.com/au/resources/downl@adror each reaction to be purified, a 1.5mL
Eppendorf tube was latbet! with casenumber and date and the spin column was labelled
with the same number as the tube from the PCR template. Each PCR product had 5x volume
of PB buffer added to it and mixed by pipetting, then the total volume was directly applied
to the membramof the spin column. The sample was centrifuged at 13,000 rpm for 1 minute,
and the collection tube emptied. Next, #&0f PE buffer was added to the spin column,
centrifuged at 13,000 rpm for 1 minute, and collection tube emptied, followed by further
centrifuging for 1 minute. The spin column was then placed in the labelled Eppendorf tube,
and 30rL of elution buffer directly pipetted onto the membrane of the spin column. This was
incubated for 1 minute at room temperature then centrifuged at 13,00@rdmfinute.

The column was discarded and the sample storedCamdtil needed for sequencing.
3.3.9 Sequencing of partial env fragments

Amplified pol-PR/RT and enwgp4l fragments were directly sequenced in both
directions using the respective amplificat primers shown in Table 3. Every sequencing
reaction contained approximatelynl of purified PCR product, 1M of sequencing
primer, Il of Big Dye terminator enzyme mix, and 5x sequencing buffer diluted to 1x
(made up of 400mM Tris HCI pH 9.0 and 10m\igCl>). Nucleasdree water was added to
the reaction mix to give a final volume ofiQ The size, purity and concentration of each
PCR product was assessed fromtheageld 1, 2 or 4¢l was used |

based on this assessment. Figure 9 illustrates this.
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Figure 9. Agarose gel electrophorese)+gp4lsequences. From left to right, lane 1: 100bp
ladder, lanes 2 6,-8: empty, lane 3:riL of purified product would be used, lane 4: product
would not be used because of artefact present, lamd.50dbe used, lane 7nd, lanes 10

12: Im.

A 200m tube was labelled for each sequencing reaction, and a master mix made up

separately for forward and rage primers as shown in Table 9.

Table 9.Sequencing master mix

Sequencing master mix x1 conc. x1vol. Multiplier

(ni)
Big Dye Mix 1.00 (template 1, 2, 3 or
5x Buffer 1.50 4nL. H20 adjusted
Primer F2 or R1M 1.6mm 1.00 accordingly)
Nucleasefree HO 5.50
Template 1.00
Total 10.00

The Corbett CASI2 (QIAGEN, Victoria, Australia) was used to dispense the master
mix and templates into a 9@ell plate. The required volume of master mix from both the
forward and reverse mixes was placatbiseparate wells. The required volume of each
purified PCR product was placed into one forward and one reverse primer well. The plate
was sealed and placed into the themgoler, which was set for a ) volume and heated
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lid. The following cycling coniions were used for bothol andenvsequencing: 30 cycles

of denaturation at 96°C for 10 seconds, primer annealing at 50°C for 5 seconds and
elongation at 60°C for 4 minues. The samples were then cooled to 11°C until the tubes were
removed and stored 4tC. Samples were then taken to the onsite sequence analysis facility

to be cleaned up and run on thectillary 3730 DNA Analyser (Victoria, Australia).
3.3.10 Contiguous assembly and analysis of env sequences

Forward and reverse sequence chromatogedphs were imported into Kodon v.2.4
and 3.61 (Applied Maths, SkMartensLatem, Belgium), and aligned to create one
contiguous 530bp sequence. Both primer sequences were excised, ambiguities corrected,

and SNPs annotated.
3.3.11 Multiple alignment®f partial pol and env reference and query sequences

Multiple aligments opol andenvquery sequences were done by two reference sequence

methods.

3.3.11.1 Method 1Query sequences submitted fFNL BLAST analysis

Reference sequences were obtainedomfr the LANL BLAST database
Chttp://www.hiv.LANL BLAST.gov/content/sequence/BASIC_BLAST/basic_blast.xml
by testing each query sequence and downloading the 10 mostydlekded reference
sequences for each query sequence. Reference sequences differed in size, ranging from

partial gene sequences spanning eithepther envregion, to whole genome sequences.

3.3.11.2 Method 2Query sequences aligned with RIP refere sequence set.

A complete reference sequence set was obtained from the LANL BLAST database
Chttp://www.hiv.LANL  BLAST.gov/content/sequence/NEWALIGN/align.htinl  This
provideda complete alignment of HRL group M genome sequences including a consensus

for each subtyperal reference sequences for all CRFs (current as at 2012).
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All reference sequences in the LANL BLAST database are specifically classified and
annotated. For example for strain M.CM.95.YBF30.AJ006022, the M stands for Group M,
CM the country of origin (Cammeon), 95 the year the sample was collected (1995), YBF30

is the name of the virus strain and AJ0O06022 is the GenBank Accession number.

Four separate FASTA sequence files were compiledetwbles and twapol files. One
env and onepol file contained dl the query sequences and LANL BLAST reference
sequencesThe otherenvandpol files contained all the query sequences and 2012 LANL
BLAST RIP reference sequences. The FASTA files were submitted to CIPRES online
Chttp:/www.phylo.ord to undergo multiple alignment using ClustalW and default

parameter€http://www.phylo.org/tools/clustalw.htrl

The ClustalW output files were transferred to Bioedit v.7 for magditihg. The 9719bp
HBX2 whole genome reference sequenGer{Bank accession numb&03455 was
included in botlpol and theenvdatasets, to determine lehgind location of the quepol-
PR/RTandenvgp41PCR sequences. Tpel- PR/RTsequence stretched from 223350
(1098bp) andenwvgp4l sequence stretched from 788844 (530bp) relative to HXB2

respectively.

Once manual editing was complete, the refezesequences (including HXB2) in each

of the four datasets were trimmed to the same length as the query sequences.
3.3.12 Construction of NJ and ML trees using Kodon and MEGA

An initial neighbor joining phylogenetic tree was created in Kodon for eactedbtin
files to ascertain which reference sequences were sufficiently unrelated to query sequences
to be excluded. Reference sequences, including BLAST sequences afasibsm LANL
BLAST, were excluded from the dataset if they were not clustered myjtuery sequences,
or if they clustered but had a bootstrap value less than 50%. This excluded some pure subtype

and CRF reference sequences and LANL BLAST sequences. The isolate SIVcpzCAMS5
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(Genbank accession numb&i271369 was included as an egtoupin the pol andenv
alignments to ensure the tree structure was properly rooted. Fopddi@hdenvtrees the
out-group lay outside the rest of the tree and was also removed so as to not bias subsequent

ML analysis.

The bioedit files were too large for Meltest to ascertain the model of best fit. The files
were imported into MEGA v.6, converted to MEGA format (.meg) then used to find the
model of best fit, using the o6find best DN
for bothpol andenvdatagts was the general time reversible model. Each pair of nucleotide
substitutions has a different rate, each of the nucleotides can occur at different frequencies,
and the model assumes a symmetrical substitution matrix (time reversible), that is, for

exampe, that C changes into T at the same rate that T changesifto C.

The .meg files were then used to create maximum likelihood trees, using the following

parameters:

Statistical method: Maximum Likelihood

Test of phylogeny:Bootstrap method, 1000 replications.
Substitutions type: Nucleotide

Model/Method: General Time Reversible Model

Number of discretegammacategories:5

Gaps/Missing Data treatment:Use all sites

Select codon positions:1%, 2", 39, & Noncoding sites

ML Heuristic method: Nearest Neighbour Interchange (NNI)
Initial tree for ML: NJ/BioNJ

Branch swap filter: Very strong

In total, four trees were created, amevand onepol tree with query sequencesdatine
LANL BLAST sequences, and oe@vand ongol tree with query sequences and the LANL
BLAST 2012 RIP reference sequences. Only the LANL BLAST 2012 RIP reference trees
were used to determine subtype and conduct statistical analysis. The LANL BLAST
reference trees were created as comparison trees, to see whether query sequences were

clustered in the same way whichever reference sequences were added. Both sets of trees
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showed a similatopology, and the LANL BLAST reference trees were excluded from

further analysis.
3.3.13 Phylogenetic tree analysis

Phylogenetic analyses were performed ugiogandenvsequences of 2Xdasesewly
diagnosed in South Australia between 2000 and 2012, to ascertain subtypes and to explore
subtype and demographic characterssbf cases with sequences that cluster together with
high reliability (O70% bootstrap value fro
characteristics of cases whose sequences did not cluster together with high reliability.
Demographic informatio for cases that formed part of transmission clusters was also
examined, transmission clusters are defined below. The 2012 RN custom background
reference sequence dataset used in the analyses was obtained from the LANL BLAST
databasehttp://www.hiv/LANL BLAST.gov/content/sequence/NEWALIGN/align.html
The pol sequence was 1096 base pairs long, beginning at HXB2 position 2253 and ending
at 3350, which spans the entire pre@ene and the first 800bp of the RT gene (RT gene
is 1319bp long$®? Thepol gene is under intense selective pressure by antiretroviral therapy,
which may affect phylgenetic reconstruction. However, we did not remove codons
associated with drug resistance as per resultslly et all®? who found congruence

between trees with anditivout target sites removed.

The env sequence was ~530 base pairs long, beginning at HXB2 position 7816 and
ending at 8344, spanning part of g@llgene, including the entire transmembrane domain
(gp4lis 1034bp long, beginning at position 7758 and endirB792)Enwgp41is involved
in the fusion of the virus particle with host cefl8 The region ofgp41 sequenced also
spanned the -RO drug HR1 and HR2 sites, which are under seleet pressure by fusion
inhibitors. However studies have found that ¢jp& 1 gene remains highly conserved even
throughout longeerm therapy so these sites were retained in the seqtfénce.
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Subtype/CRF classification was based on proximity to the closest reference sequence/s
within the tree. Query sequences were considered to be of the subtype or CRF of the

refererce sequencelustered with or near it.
3.3.13.1 Cluster analysis

Phylogenetic tree bootstrap values reflect the frequency with which a sequence sits in a
certain position on the tree after a number of bootstrap replications, for this study, 1000
bootstrp replications. A 70% cutoff value at the common ancestral node is considered
highly reliable for determining sequences that cluster together and have evolved from the
same clade. They may be directly or distantly related, reflected by the branch |€ogths.
the purpose of this study, sequences that clustered together with an ancestral node bootstrap
value of 07 0% wer e <call ed oOhi gh -clusers werebdefinédtag ¢ |
sequences with an ancestral node bootstrap val@g0ash located withirthe largerO70%

clusters.

Transmission cluster membership was defined as two or more sequences with bootstrap
values of 98% or higher, and each sequence had a genetic dist&icg&%ffrom at least
one other sequence in the clusf8These sequences may be directly related, related through
shared transmission (two people infected by the same person), or related by intermediary

transmission (pean A infects person B, person B infects person C).
3.3.14 HIV-1 online subtyping tools
3.3.14.1 Overview

As mentioned previously, phylogeny is the gold standard for determining sequence
subtype or CRF? however it is quite complex, and not widely implemented globally.
Rapid aline subtyping tools are increasingly being developed and used as an alternative.

These are often free to use, and provide very fast ré&ttstomated online tools
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approximate a subtype assignment, as to define a subtype is to know the clade, which is
identified through phipgeny. These approximation tools have been developed due to the
growing need for fast results, and the issues that arise with increasing viral diversity which
makes it difficult to identify recombinants using a phylogenetic'ffédowever, these
automated methods are not without is@ften these tools cannot identify unique or

complex mosaics, and may over or under identify recombinants. Some tools also have a
high level of discordance with results from phylogenetic analyses, which is cause for

concern.

A number of mathematical modelinderpin the capability of rapid online tools to
classify viral strains into subtypes, CRFs or more comgdegmbinant strains, though
there is no universally agreed upon approach. The models are broadly categorised into
those that do and do netibtype using phylogeny, whether or not the model performs or
requires a sequence alignment, and the automation process (full, partiat®A®he)e are
three main types of toald) similarity-based tools which are alignment free and work on
sliding window analysis, such as Stanf@®#R and LANL BLAST!®1872) statistical
based tools that use prediction by partial matching compression algorithms such as
COMET® or jpHMM; 8 both tools measure sequence similarity by data compression
schemes that do not require sequence alignraadt3) phylogneticbased tools such as
REGA"®*and SCUEAL® which work onphylogeny and alignment based algorith#ns
tha allow detection and identification of recombinant strains with added bootstrap support

(REGA) or the phylogenetic likelihood of a mosaic (SCUEAR).

Currently, the REGA, SCUEAL and Stanford CPR online subtyping tools do not
have the capability to analysavsequences, and REGA cannot detect recombination

events forenv sequence€B800bp.
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To identify recombinationan initial phylogenetic bootstrap analysis is run to assess
the query sequence against a given reference set in order to infer breakpoint locations
which are then confirmed by detailed phy of pure subtype and known &&Ence
sequence&3 The best ratch returned is designated as the putative subtype or€RF.
Thee tools often enable the user to adjust parameters such as the sliding window size and
step size, reference sequences, and alignment parameters. While this can improve detection

of recombination events, it can also ciaentify events or lead to ambiguoresults.

One of the issues with automated tools requiring alignment, is that the one
alignment chosen may not be statistically distinct from other alternative alignments.
Alignment is also affected by the choice of algorithm and the parameters sett(defaul
user defined). Alignment confidence is measurable but this can be time consuming,
especially when the query sequence is a complex mosaic. A conserved gene region such as

pol may not be as impacted by these factors as a more variable region snufas

Other online subtyping methods do not require an initial alignment, they work on
the premise that sequence similarity can be measyrddta compression, which
identifies the amount of information shared between two sequ&fié&samples of
alignmentfree models include the sliding window analysis used by the Basic Local
Alignment Search Tool (BLAST}®, and Markov Models that identify the probability of a
given nucleotide at the next site of a sequence by genomicxtdoteking at the lask
nucleotides in the sequence. The two sequences are then compared by measuring the
contextspecific base frequencies in the second sequence to the Markov model built from
the first sequenc¥®!89Two alignment free tools which use Markov models are jpHfM
and COMET, the latter ofwhich is based on the Prediction by Partial Matching

compression algorithm (PPN}

Six HIV-1 online genotyping tools were useddentify and evalate the proportion of
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pure subtypes, CRFs and possible unique I§RIMM, REGA, Stanford CPR, SCUEAL,
COMET and LANL BLAST). The use of more than one tool enabled analysis of the degree
of similarity/difference between the tools in assigning subtypes]imited the number of
incorrect subtype identification§he subtype decided upon using the online tool parameters

(see below) wildl beinfered subtypedd t o hereafter

Five of the six online tools provided percentage support values thathsubtype:
bootstrap model averaged support (SCUEAL), % similarity to reference sequence (LANL
BLAST and Stanford CPR tool), and bootstrap support (REGA and jpHMM). Subtypes with

a support value of 70% or over were defined as reliable.
The online tooparameters for assigning subtypes were as follows:

- All six online tools were used f@ol sequences. If five of six tools assigned the same
subtype then thpol sequence was assigned as that subtype.

- Four online tools were used fenvsequences (jpHMM, RGA, LANL BLAST and
COMET). If three of four tools assigned the same subtype themtilsequence was
assigned as that subtype. SCUEAL and Stanford CPR do not have the capability to

subtype theenvgene.

It should be noted that REGA has the capabilitpedorm recombination analysis on
sequence€B00bp, but currently only uses up to reference CRF47_BF (there are currently
60+ CRFs listed on LANL BLAST). REGA does not have the capability to perform
recombination analyses on sequer@@80bp, so thenvsequences were only analyzed for
pure subtypes by this tool. JpHMM is capable of pure subtype and recombinant analysis for
theenvr e gi on, but may incorrectly classify s
results for jpHMM assignednvsubtypes weréherefore interpreted with caution. Subtypes

assigned by online tools were then compared to phy to assess the degree of similarity.

3.3.14.2 Stanford HIVdL calibrated population resistance (CPR) tool
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The CPR tool is a free online tool linked to thdV-1 Drug Resistance Database

(Stanford University, Palo Alto, CA) availableGtttp://hivdb.Stanford.edd'®8 It estimates

genotypic drug resistance and can subtype sequences using algorithms to match reference
sequaces to query sequences. It currently only acqagtsequences, and assigns subtypes

by constructing pairwise alignments using the PR and RT regions pblthaery sequence

and each of the reference sequences (subtyizdAd, J and K, CRFs 01_AE ait@_AG).

Each gene region is assigned to one of these subtypes/CRFs according to the highest shared
percentage identity. Separate assignments are reported for PR d&fidl tRdoes not

accurately detect other recombinants besides 01_AE and 02°AG.
3.314.3 jpHMM

The jpHMM method from the University @ottingenChttp://jphmm.gobics.d&is
a generalisation of the Markov model and the jumping alignment (JALI) mbaelatter
works by aligning each position in a query sequence to one sequence of a multiple alignment
set using a scoring matrtk® The reference sequence can change within an alignment (a
jump), and each jump incurs @enalty jumpcost similar to a gap penalty in standard
sequence aligmef#®2°2The jpHMM tool therefore works by aligning each positio a
column of the multiple sequence alignment, or to a certain reference sequence within the set.
This model incorporates both horizontal and vertical information in the sequence

alignment!&®

It uses a probabilistigeneralization of the jumping alignment approach to subtype
sequences and identify recombination breakpoints. The query sequence is compared and
aligned to individual sequences from a large reference alignment. A sliding window moves
over the alignment,rel compares regions of X with different reference sequences, finding
breakpoints between different subtyp@sit creates a report of assigned subtype and
bootstrap support value. The limitations of jpHMM are thatay incorrectly classify short
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sequence fragments | ocated near the 306 enc

to detect subtypes H, J, andR.
3.3.14.4REGA V.3

The Rega tool aligns query sequences wptire subtype and CRF reference
sequences up to 47_BF using clustalW, and constructs a phylogeny using Phylogenetic
Analysis Using Parsimony (PAUP) and the Neighbor Joining (NJ) method (100 bootstrap
iterations, 400bp sliding window and 20bp step size), thedws likelihood mapping with
TreePuzzle. It creates a report of assigned subtype and bootstrap supponiovedwe; the
efficacy of Rega is limited by a threshold which prevents the identification of a subtype or
CRF when there is not strong statistisapport, sequences that do not meet the criteria for
confident assignment ( O%P%nother limitaticm ofiIREGA) ar ¢

v.3 is that it only includes reference CRF sequences up to 473 BF.
3.3.14.5 COMET v.1

COMET v.1 is an alignmefrftee tool that detectsubtype and recombination events
using the Prediction by Partial Matching compression algorithm. It was used to subtype both
thepol andenvregions, and uses the complete 2010 subtype/CRF reference set from LANL

BLAST, which includes CRFs up to 44 _B%¥.

Markov models are built for a set of reference sequences, theravwhery sequence
is entered, COMET uses the models to create a matrix in which the rows correspond to the
reference subtype, and the columns reflected the estimated log likelihood of observing a
given nucleotide in the query sequence for each of theerefe subtypes. A decision tree is
then applied to the matrix which determines the final subtype assignment; either a reference
type (pure subtype or CRF), a pure reference type (which may come frorrecoarbinant

region of a CRF), or unassigned (noragombinant form or ambiguous query sequette).
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3.3.14.6 SCUEA

The SCUEAL tool is another phylogeimwased model, run within Datamonkey
Chttp://www.datamonkey.of@ The method uses maximum likelihood mukimodel
inference approach to assestsequences. It is a completely automated tool with a
complex algorithm that allows quick analysis obkadatasets, including those that
potentialy containmosaic structurest does this byscreening single query sequences
against a fixed reference alignmdémat is updated regularlit. assigns gredicted subtype,
CRF or more complex variariyut also dentifiesdetailed information about
recombination, including specific breakpoint locations and the percent likelihood of the
presence of inteland intrasubtype recombination, including assignment of parental/sister
lineages so the user can objectivehglaate the robustness of the estimaf&$his tool

was used to classify unique recombination events in the present study.
3.3.14.7 LANL BLAST

The LANL BLAST (hereafter referred to as LANL BLAST) program is used widely to
search the LANL BLAST HIV database. This is comprised pringppali sequences
submitted to GenBankhttps://www.ncbi.nlm.nih.gov/genbar@®and is used to find protein
and DNA sequences most similar to the submitted query sequence/s. The BLAST program
uses a sophisiated algorithm to maximize sensitivity to weak similarities while minimizing
execution time. A query sequence is submitted as a FASTA format, search parameters are
entered (output style: pairwise; number of BLAST matches to display: 25; Run BLAST
against all subtyped sequences; show location of match in genome: tick yes) then the
BLAST program searches through all database sequences using the algorithm and finds the
matches most similar to the query. Bulk query sequences can be submitted, and notalignmen
is needed® BLAST returns the best hits from the database (number decided by the user),
including accession numbers for each sequence, name of the sequence, subtype, country the
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sequence came from, the sampling year, the GenBank sequence description, and a score
(bits). The score is calculated by the BLAST algorithm and takes into consideration the
length of the alignment and percentage of matching bases, E value (likelihood of this match
occurring by chance), identities (the number and percent identity between thigtesdibm
query and the matching query across the longest continual alignment), and location of match

in genome'8®

The Blast searching tool is very good at matching a query sequence with the most
similar sequences in large reference sequence repositories, and useg avsidiow and
step increment along the query sequence. However depending on the size of the sliding
window and step size, this can lead to an over or under representation of recombination,
which is further complicated when multiple highly similar referenseguences are
included, especially some CRFs which are very similar and difficult to discriminate in the

particular region of the sequence being quel¥éd.
3.3.15 Detection of recombinant viruses

Pol or envsequences were considered to be recombinants if at least onetoanline
detected a recombinant virus and there was discordance between the other online tools for
thatpol or envsequence. Sequences were considered to be unique recombinants if SCUEAL
detected an ISR with breakpoints that did not correspond with any kn®&#s,Gvith
evidence of recombination support values of more than B@&esvere considered to have
intergene recombination if there was discordance betweémféneed pol andenvsubtypes
(decided by usig the online tool parameters). Case=e considexd to have intrasubtype
recombination if SCUEAL detected recombination of multiple strains of the same pure

subtype with an intrasubtype recombination support vale of more than 50%.
3.4 Statistical analysis

For the molecular epidemamical subtype studyHIV-1 data were analyzed using
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subtype as the dependent variable, and year of diagnosis, country of origin, location of
acquisition, reported risk exposure, and age as explanatory variables. Categorical variables
were analyzed using cbguared or Fisherexact test to identify subtypspecific

characteristics. Multivariate analysis was performed using logistic regression.

For the drug resistance study, data were analyzed using resistance mutations as the
dependent variable, and the same explanatory vasdhit with the addition of subtype.
Notification data were aggregated by year of diagnosis {ZBt, 20052009, and 2010
2013) into three time periods of relatively equal numbers and sufficient size to conduct

statistical tests. Categorical variablesevanalyzedising theFisher exact test.

For the phylogenetic and online subtyping tool study, data were analyzed by comparing
clustered and neolustered sequences. Explanatory variables compared were subtype, year
of diagnosis, country of origin, locatiaf acquisition, reported risk exposure, sex, and age.
Sequences were aggregated into two time periods by year of diagnosis2@0®@&nd
2007 2013) to ensure there were adequate numbers to conduct statistic&isbstsexact

test wvasused to comparelustered vs. noglusteredcases

Significance |l evels were set at p O 0.0
package Stata 10.1 (StataCorp LP, College Station, TX) or VassarStats

Chttp://vassarstats.nét/
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4.1 Overview

The monioring of HIV subtype distribution is important for understanding transmission
dynamics. Historically, HIV subtypes and CRFs have been broadly linked with geographic
location and risk grouf, with subtype B dominating the Australian epidemic. However,
subtype distribution in the global HIV epidemic has diversified extensively through mutation
and recombination, partly driven by a combination of population mobdiersity of

sexualcontacts through travel and migratj@md the impact of antiretroviral therapfes.

Surveillance systems have been in place since the beginning of the global epidemic and
in recent years these have incorporated molecular epidemiology as a tool édtaswa® of
HIV-1 genetic diversity and to monitor transmission and geographic pathways of genetic

variants8 73:108,109

In 2000, South Australia becameetfirst state to integrate drug resistance testing into
routine HIV reporting and surveillance. The resulting molecular epidegical analysis
shows the changing HN subtype distribution in South Australia and risk factors associated

with different sulbypes.

In the following four results chapters t he word O6cases6 is used
personand he i nfectioemaFercasampl eegf éfs to p

wher thepsl-l 8 R A E/ r8ferstatiseevitus.
4.2 South Australian HIV population: subtype and clinical notification data.

Between 2000 and 2013 there were 656 newly diagnosedLidBses. For 569 of these
(87%; 482 males and 87 females) subtypes were determined by analyzing two separate

sequences from thml region, the PR and RT genes.

The PR and Reneswere phylogenetically concordant for 96% (549) of cases. There

were 75% (413) subtyped as pure subtype B &t (A3 nonB cases; the latter comprised
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43% (58) pure subtypes (5 subtype A, 49 subtype Cb®se D and 2 subtype G) and the

remaining 57% (78) were CRFs, 59 01_AE and 19 02_AG.

In the remaining 3% (20) of cases there was phylogenetic divergence between the PR
and RT sequences. The Stanford CPR subtyping tool

(http://sierra2.Stanford.edu/sierra/serviet/JSi@matected 12 intersubtype/CRF patterns,

Table 10. These cases will be referred to hereaftpplstersubtype recombinantpdl-

ISRS).

The annual number of new diagnogesluding subtyped and nesubtyped cases) has
more than doubled since 2000, from 23 new cases in 2000 to 56 cases in 2013 (mean =
47lyear). Demographic and other characteristics of those for whom subtypes were obtained
(n = 569) were very similar to thedor the total diagnosed population (n = 656, Table 11).

Only subtyped cases will be discussed in the remainder of this chapter.

There has been a significant change in subtype distribution in newly diagnosed
individuals. The proportion of neB cases angol-ISR cases combined increased from 19%
(33/171; 2000 2004) to 24% %2/216; 20052009) and 39% (71/182;02Gi2013;p O

0.00Q). Figure 10 shows the proportional increases split byBisobtypes angol-ISRs.

In 2010, the proportion of neB/pol-ISR cags rose to 47% but it has decreased each
year thereafter, to 39% in 2011 and 34% in 2013, Figure 11. Subtype distribution can be
seen in Figure 12. The proportion of locally transmitted cases that wei® oopol-ISR
increased significantly from 2% (3/&Rin the first time period, 6% (9/155) in the second
and 12% (12/104) in the thirgh & 0.01), Figure 11Just over half (13/24) of these nBn
locally acquired cases were female, all of whom reporteertstxual transmission (one
with IDU risk and one werseashorn partnerisk). Of the 11 males, seven reported MSM
transmission, three reported heterosexual transmission (one IDU risk) and one occurred

through MTCT.
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Table 10.Proportion of newly diagnosed cases by pure subtypes, CRFs and mixed pattern
ISRsin South Australia, 2002013

PR RT N %
Sequence  Sequence

A A 5 0.88

B B 413 72.58

Pure subtypes | C C 49 8.61
D D 2 0.35

G G 2 0.35

, 01_AE 01_AE 59 10.37
CRF's 02_AG 02_AG 19 3.34
A 01_AE 5 0.88

B A 1 0.18

B 01_AE 1 0.18

B 02_AG 3 0.53

B C 2 0.35

Mixed pattern | B D 1 0.18
ISRs B G 1 0.18
C B 1 0.18

D A 1 0.18

01_AE A 1 0.18

02_AG B 2 0.35

02_AG 01_AE 1 0.18
569 100.00
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Table 11.Characteristics of newly diagnosed HiMected cases in South swalia 2000

2013
T_otal SL\JAéItt)}:pe Female sul\tgl'?yl Se d ME Proportion
n=656 _ subtyped _ : B
. (%) n=569 n=87 (%) n=482 Ratio =413 (%)
Characteristics (%) (%)
Year Diagnosed
2000 2004 198 (30) 171 (30) 22 149 6.8 138 (81)
2005 2009 266 (41) 216 (39 27 189 7.0 164 (76)
20102013 192 (29) 182 (32) 38 144 3.8 111 (61)
Gender
Male 547 (83) 482(85) - - 384 (79)
Female 109 (17) 87 (15) - - 29 (33)
Age at diagnosis (yrs)
24 and under 71(11) 62(11) 20(23) 42 (9) 2.1 36(58)
2550 470(72) 408(72) 58(67) 350(73) 6.0 307(75)
51 and over 112 (17 97 (17) 8(9) 89 (18) 11.1 69 (71)
N/A 3 (.45) 2 (.35) 1(1) 1(.2) 1.0 1 (50)
Region of birth
Australia 371(57) 335(59) 32 303 9.5 298 (89)
SubSaharan Africa 74(11) 64 (11) 27 37 1.4 4 (6)
Asia 56 (8) 42 (7) 17 25 15 12 (29)
Central AsialMiddle East 11 (2 11 (2) 3 8 2.7 1(9)
America 10 (1.5 9 (2) 2 7 3.5 8 (89)
Europe 50 (8 36 (6) 0 36 n/a 28 (78)
Unknown 84 (13 72 (13) 6 66 110 62 (89
Risk exposure
Heteosexual 169(26) 138 (24) 56 82 15 50 (36)
Heterosexual/IDU 42 (6) 39 (7) 9 30 3.3 33 (85)
Heterosexual (o/seas
born partner) 21(3) 21 (4) 10 11 1.1 1(5)
MSM 355(54) 311 (55) - 313 n/a 294 (95
MSM/IDU 36 (6) 29 (5) - 29 n/a 28 (97)
Blood/MedicalProcedure 15(2) 15 (2) 5 10 2.0 3 (20)
MTCT 8(1.5 6 (1) 4 2 0.5 1(17)
Unknown 10(1.9 10 (2) 3 7 2.3 4 (40)
Location acquired
Australia/Australia 425 (65 387(68) 39 348 8.9 364 (94)
Overseas 219(33) 174 (31) 48 126 2.6 44 (25)
Not repated 12(2) 8 (1) - 8 n/a 6 (75)

Key: Data represents number (%) of cases within each category. Percentages in the last column are
the proportion of B cases compared withiboases (total subtyped/total B cases for each individual
variable within a catgory). Subtyped sample was representative of the total population diagnosed.
MSM (men who have sex with en), IDU (intravenous drug ugseMTCT (mother to child

transmission)Unknown (Insufficient information in database).
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These 24 nonB cases acquired inAustralia comprised 19 noB infections,
predominantly 01_AE (n=13), followed by 02_AG (n=3), subtype C (n=2) and subtype D
(n=1).Seven people carrying 01_Afere born in Asia, foubornin Australia, and one each
in Europe and Africa. Three people cad02_AG viruses, two of whom were born in Africa
and one in AustraliaBoth subtype C viruses were carried Adystralianborn people and
one Australiarborn person carried subtype D. The remaining five people, all male, carried
pol-ISR viruses. Three wergorn in Australia and two in Africa, only one person was

diagnosed in 2008, the other four were diagnosed between 2010 and 2013.
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Figure 10. Proportion of newly diagnosed ndhand pol-ISR cases in South Australia,
2000 2013.
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2013, including local transmission of n@ninfection.

Figure 12.Subtype distribution, 200@013.
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4.3 Maleto femaleratio

There has been a change in the ratio of male to female HIValiagnBetween 2000
and 2004 there were 6.8 males newly diagnosed with HIV for every female, but between
2010 and 2013, there were only 3.8 males to every female newly diagnosed, Table 11. This
reflects theincrease in the proportion of newly diagnosed sésengfemales, from 13%
(22/171;2000 2004) to 21% 38/182;2010 2013) though the finding was not significant
using the Yates chi square corrected for continjpty 0.06). Female cases outnumbered or
were almost equal to male cases in some populgtmps: childrenadolescents and young
adults people born in SuBaharan Africa and Asia, and those with heterosexual and MTCT

transmission risk, Table 11.

There was a correlation between the proportional increase in female infections and the
increasen the proportion of nodB andpol-ISR infections, with the proportion of ndh
cases who were female being significantly higher (37%, B}/ttan B cases (7%, 29/413;
p 00.0001). Females with a ndhinfection predominantly acquired their infection owears
(78%, 45/58), whereas 26 of the 29 subtype B infected females acquired the infection in

Australia (90%).

Transmission in the female cohort was predominantly heterosexual (86%, 75/87),
including ninefemales who listed heterosexual contact Mk risk, and 10 females who
reported infection byn overseaborn partner. Five females had a medical procedurel liste
as transmission risk, four were reportedVA&CT and three were unknown. In contrast, the
male population mostly consest of MSM transmissio(¥1%, 342482), ircluding 30 males
who listed MSM withIDU risk, while 2% of males reported heterosexual transmission
including 30 who reportetDU risk, and 11 who reporteldeing infected by aonverseas
born partner. €n malesreported direct blood exgure, twomale childen wereinfected
through MTCT, and seven had unlisted transmission risk.
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4.4 Infections acquired in Australia or overseas

Almost onethird of cases were reported as being acquired overseas (31%, 174/569), with
the proportion incresng from 24% (41/171) in 200Q004, 28% (61/216) in 2002009
and 40% (72/182) in 2012013 ¢ O0.005), Figure 13a. Subtype B was predominant in
Australiaracquired cases over the entire time period, (94%, 363/387), while the majority
(75%) of those acared overseas were ndh or pol-ISR (130/174). The subtype profile

between the two groups was significantly differgn©0.0001).
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Figure 13a.Proportion of cases by place of acquisition, 2Q@A 3.

120%
100%
80%

60%

Proportion

40%

20%

0%

B Non-B pol ISR

m Acquired overseas m Acquired Australia

Figure 13b.Proportion of B, nofB andpol-ISR cases acquired overseas or in Australia.
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There were six main subset groups, shown in Figure 13b. They are listed below in order
of prevalence from the total cohort of people who had a location listed for infection

acquisition (n=561):
1. People with a Birus who acquired their infection in Australia (=363, 65%)
2. People with a neB virus who acquired their infection overseas (n=115, 20%)
3. People with a B virus who acquired their infection overseas (n=44, 8%)
4. People with a neB virus who acquiretheir infection in Australia (n=19,.8%)
5. People with @ol-ISR virus who acquired their infection overseas (n218%)
6. People with @ol-ISR virus who acquired their infection in Australia (n83%)
4.5 Subtype distribution by reported transmision risk exposure

There were 60% of subtyped cases transmitted through MSM exposure (340/569) with
8.9% also reporting IDU risk. However, MSM cases declined from 67% in 120!
(114/171) to 61% in 2002009 (132/216) and 52% in 2012013 (94/182) ff = 0.01).
Correspondingly, the proportion of reported heterosexual transmission cases increased from
31% (53/171) to 35% (75/216) and 38% (70/182) respectively. MTCTdaedt blood
exposure cases also increased over the same time periods, from 0.6094¢13%7 {7/216)

and 7% (13/182)p(= 0.004).

Subtype distribution was uneven among different risk exposure groups. Subtype B
infections predominated in the MSM group (94%, 321/340), while therelasseumbers
of B compared to no andpol-ISR cases in # heterosexual population (B 42%, 84/198;
nonB 52%, 103;pol-ISR 6%, 11) and mostly neB/pol-ISR cases in the MTCT/direct

blood exposure populations (B 19%, 4/21; 167% 14;pol-ISR 14% 3).
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Each risk exposure group is discussed further balodvshownn Figure 14a.

Unknown risk
Direct blood contact

MSM with IDU risk

Hetero with IDU risk
Hetero

MSM

0% 10% 20% 30% 40% 50% 60%

Figure 14a.Proportion ofinfections acquired by reported transmission route.

4.5.1 MSM population

Sixty percent (340/569) @l subtyped cases were MSposures, including 29 cases
with IDU risk. The majority of MSM cases were aagal in Australia (86%, 294), and were
Australiarrborn (69%, 236), or had region of birth unlisted (16%, 54). AimoM&M cases
with IDU risk were acquired in Australigp3%, 27/29), and 28f theseMSM/IDU cases
were Australiarborn. All MSM with IDU risk cases carried subtype B virus except one,

an Africantborn male with a subtype C virus.

Only 15 people in the MSM grougarrieda nonB virus. Eleven MSMcarried 01_AE
virus, three carriedubtype C and onearriedsubtype G. Four MSM also hadpal-ISR
virusi all subtype B recombinants (2 AG/B B/D, 1 B/G). Eleven of the total 19 infections
were carried by Australiaborn males; four acquired in Australia and seven overseas. Seven

were carried by oversed&®rn males, three acquired in Australiaee overseas, and one
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unknown. There was also a male of unknown origin who acquired the infection overseas.
4.5.2 Heterosexual population

Just over onghird of the cases were transmitted through heterosexual contact (35%,
198), including20% @9) caseswith IDU risk, and 21 cases in which transmission by an
overseashorn partner was reported. Just over half of the heterosexual population carried a

nonB virus (52%, 103), 6% carrigubl-ISRs and 42% carried subtype B viruses.

4.5.2.1 Heterosexuasexwith IDU risk

IDU risk was reported for 39 cases, with the majority acquired in Australia (82%, 34).
Of the five that were reported as being acquired overseasyareésianbornpeople one
wasAustraliarrborn and one had region of birth unlisted. Thedemnant subtype was B

(85%, 33/39)Four of the six noB/pol-ISR cases were among the five acquired overseas.

4.5.2.2 Heterosexual transmission from an overdEan partner

A subset of 21 heterosexual cases was reported as being transmitted by partmer
were born overseas in areas of high HIV prevalence. Only one of the 21 cases was reported
as being acquired in Australia, an Africbarn male infected with a 01_AE virus. The
remaining 20 people reported acquiring the infection overseas, and i&sefwere born
overseas themselves. All bf theseoverseasorn people had a ne or pol-ISR virus,
predominantly 01_AEr 02_AG(n=7) and subtype C (n=6). Three Australaorn males

reported being infected overseas; one had subtype B, the otherdWa haE.

4.5.2.3 Australianand oversasborn heterosexual populations

The heterosexual population was split into threegralips: Australiafborn, overseas
born, and those without a listed region of birth (8% of total heterosexual infections). Almost
half the heterosexual cases were people born in Australia (47%, 94/198), of whom 66% (62)

were male. Within this Austranborn heterosexual cohort, @3 68) acquired the infection
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within Australia, of whom 92% carried a subtype B virus. Of those whaioh the
infection overseas (27%, 25), 28% carried a subtype B virus. Two people did not report

where they had acquired the infection.

Forty-five percent of the heterosexual populatiorswarn overseas (90/198), and/84
(75) of these acquired the infemt overseas. Of these, 84% (63) carried aBamrus and
10% (9) carried @ol-ISR virus. Sixteen percent (14) acquired the infection within Australia,
of whom 64% (9) carried a ndd virus and 7% (1) carried@ol-ISR virus. One person did

not reportwhere the infection has beacquired Figure 14).
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Figure 14b. Proportion of heterosexually transmitted infections acquired overseas or in
Australia, by personés region of birth.

4.5.3 Population infected by direct blood contact including MTCT

Only 4% (21) of infections were transmitted through direct blood contact, including
MTCT. Three of these were acquired in Australia. One was an A/0O1_AE MTCT case
diagnosed in 2008 at the age of 2, and the other two were adult males with subtype B who

reported diect blood contact, both diagnosed in 2010. The remaining 86% (18/21) were
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cases acquired overseas and all were ovels@asexcept two with unknown region of birth.

Sixteenof the 18 overseasorn cases carriealnorB subtype opol-ISR.

Of note were tree cases reported as medical procedure exposures, diagnosed in 2009,
2010 and 2012 respectively. They were all subtyped as 02_AG and occurred in children aged
10 years at time of diagnosis who were born in a part of Central Asia where there was a

known hepitatbased transmission epidemic at the tffhe.
4.6 Subtype distribuion by age at diagnosis

The average age at diagnosis was 39 years old, being 40 years for males and 32 years for
females. Average age at diagnosis varied by subtype, as seen in FegureelBl_AE and
subtypeB groups had the highest mean age at diagnediile thepol-ISR and 02_AG
groups had the lowest. The age range for each categasyfalows:pure subtype B (18
80 years), pure subtypes nBn(4i 70 years)pol-ISRs (3 55 years), 01_AE (202 years),

and 02_AG (843 years)Proportions of diagnoseby age groups are reported below.

. N=59
N=413
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o a1 o (631
1 1 1

N=19

Age in years
= = N N w
o 6] o (63}
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a1
I

0 x
pure subtype (B) pure subtype pol ISR 01_AE 01_AG
(non-B)

Figure 15a. Average age at diagnosis by subtype
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4.6.1 Children and adolescents/young adults infected with HIV

There weré?2 child, adolescent and young adult cases, defined as any person aged 24 or
under at time bdiagnosis. They comprised% of the subtyped cohort. The proportion of
child and adolescent cases increased slightly over time, ¥i®m(19/171) in 20002004,
to 9% (20/216) in 20052009 andl3% (23/182) in 20102013. There were significantly
more femées in this young cohort 236, 20/62) compared with those diagnosed at agéds 25

50 (14%, 58/408), or over 50 years of age (8%97), (&= 17.41p 00.006), Figure 15b.

Twenty-six cases were of a ne® or pol-ISR subtype 42%). The overall observed
frequency of nofB infections in the under 25 years cohort was over double the expected

frequency p O0.00B).
Child and adolescent casesre/éurther broken down into the following groups.

4.6.1.1 Characterization of child cases (birfhyears)

This age group represented 0.9% of total cases (5/569) consisting of three females (all
born overseas) and two males (one born in Australia, onseagr All were MTCT cases.
The only case acquired in Australia was the one male born in Australia. Four cases-had non

B viruses (2 02_AG and 2 C) and one casedwdSR (A/AE).

4.6.1.2 Characterization of child case$ 18 years)

This age group represtd 0.7% of total cases (4/569) and there were three males and
one female. All were born overseas and acquired a 02_AG virus overseas, three through
medical procedures in Central Asia and the fourth was an unknown transmission from

Africa.

4.6.1.3 Charaterization of adolescent and young adult case$ Z45/ears)

This age group represent®t of total casesb@d569) and 70% (B were male. All but

one of the & females reported heterosexual exposure (including thitedDU risk), while
12%



one reported a tBct blood exposur@.enacquired their infection in Australiaieborn in
Australia, one in sui$aharan Africa), ansix acquired it overseasolr born in subSaharan

Africa, two born in Asia).

Eight of the males reported heterosakexposure (includg one withiDU risk), the
remaining29 males repded MSM exposure, including fivwho reported dual IDU risk.
Thirty maleshad a subtype B infection and 25 males acquired their subtype B @ non

infection in Australia.
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Figure 15b. Proportion maleand femaléoy age group.

4.6.2 Adult cases (250 years)

This age group represented 72% of total cage¥%89) and 8% (35) were male. Most
cases were subtype B%%6, 307) of whom 93% (287) were male. Of those males with
subtype B, 75%2414/287) repated MSM exposure within Australia, and 76% (1@402of

them were also Australiamorn.

The majority of norB cases in the entire cohort were in this age brackeg,(@51/156),
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which included 75% of totglol-ISR cases (15/20). Thidgightpercent (8) of these non

B cases were female, and all but five females reported heterosexual transmission (two were
unknown and three were from direct blood exposuxdarge proportion of females (82%;
31/38) with norB viruses acquired them overseas, while 85%2Q)7 of females with

subtype B virus acquired the infection within Australia.

Of the 8 males with a notB or pol-ISR virus, only % (10) reported MSM exposure.
The majority (5%, 48) reported heterosexual exposure. Almost alPA85) males with a
non-B/pol-ISR virus acquired the infection overseas and 75% of all males with-B/poh

ISR virus were born overseas/(@3).
4.6.3 Middle aged¢asesand over (51 years and over)

This age group representedA of total cases9(?/569) and 92%89) were maleThe
predominant subtype in this age category was subtypé&®,@9), and of thessubtype B
cases, & (54) were transmitted through MSM risk exposur&%il (13) through
heterosexual exposure, and one through direct blood contact. The transmissios nsk wa
reportedor one person. Nearly all of these subtype B cases were acquired in Australia (93%,
64), mostly by people who were born in Australid¥g 43/64), but there was also a subset
of overseadorn people who acquired a subtype B infection intilis (2%, 14). Nine

people did not have birth region listed.

This age bracket accounted 8% of total norB casesin the entire study cohort
(25/136 and 15% of totapol-ISR cases (3/20). Of the28 non-B/pol-ISR cases &% (23)
were acquired overas; %% (15) were carried by Australiaborn people, 3% (12) were
carried by oversedsorn people, and one person did not have birth region listes of the

eight women in this age group carried fidipol-ISR virus.

People with nofB or pol-ISR casesn this age groupeported transmission as follows:

68% (19) heterosexuak5% (7) MSM, 4% (1) direct blood exposure, adéo (1) unknown
12t



exposure.
4.7 Subtype distribution by region of birth

People born in Australia constituted 59% (335/569) of total c2886 (162) were born
overseas while 13% (72) had no recorded country of birth. The ratio of male to female cases
differed by region of birth, see Table 11. Tdeere no femak in the Europeaborn cohort,
thehighestmale to femaleatio was seen in th@hort of unknown birth regignvith a ratio
of 11.0 males to every femal@his was followed by the Australidsorn cohort (9.5:1),
Americanborn (3.5:1)Central Asian/Middle Eastern (2.7:1), Asia (1.5:1), andSabaran

Africa (1.37:1).
4.7.1 Australan-born population

The majority of the Australiaborn cohort had subtype B viruses (89%, 298/335) and
92% (275) of these were also acquired in Australia. Those in the AustoaliapnAustralian
acquired cohort were predominantly males who reported M&smission (76%,
210/275), including a subs of 22 males who reportd®DU risk. The remaining 26%
(65/275) were reported as follows: 23% (62) heterosexamsmissions (including 3OU

risk), 0.4% (1) direct blood exposure, and 0.8% (2) unknown ex@osur

Eleven percent (37) of Australidoorn people had neB or pol-ISR viruses, 68%
acquired the infection overseas (25) and the remaining 32% (12) acquired the infection
within Australia. Males comprised 78% (29) of ABncases. The primary transmission
exposure was heterosexual (65%, 24), followed by MSM (30%, 11). There was one MTCT
exposure, and one unknown exposure. The eight female cases were all transmitted through

heterosexual exposure, six in Australia and two overseas.

The majority of the 37 Austlian-born people with a neB virus had 01_AE (62%, 23)

followed by subtype C (6 cases) 02_AG (2 cases) subtype D and G (1 case equi and
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ISR variants (4 cases).
4.7.2 Overseaborn population

The majority of the oversed®rn population had a ne® or pol-ISR virus (67%,
109/162) and acquired it overseas (87%, 95/109). Only-tbirel of the oversealsorn
cohort had a subtype B virus (33%, 53/162) and 70% (37/53) of these had acquired it in
Australia. Of those that acquired a subtype B virus overdbasregion of birth was as
follows: US/Europe (n=9), Asia (n=3), st8aharan Africa (n=2) an@entral Asia/Middle

East (n=1).

4.7.2.1 Central Asia/Middle East

There were 11 casesiginating from Central Asia or the Middle Eastree following
medicadprocedures, four heterosexual transmissions, two MSM and two unknown. Ten were
acquired overseas and one stated unknown. There was only one subtype B and it was

acquired overseas through MSM.

Three cases were 02_AG, all from medical procedures overadaallaaged 10 at
diagnosis (central Asia cases). Two cases were 01_AE, both heterosexual transmissions, and
one case was subtype C in MSM. The remaining four cases ppéi8Rs, diagnosed
between 2009 and 2013; one A/D and one A/B (both unknown risies)2 AG/B and one

A/AE (both heterosexual).
4.7.2.2 Asia

Over 70% (30/42) of Asiaborn people had neB/pol-ISR viruses. Of the 30 ne
cases 77% (23) were acquired overseas and the predominaBt sicain was CRF_AE
(61%, 14), C (22%, 5), followedytCRF_AG (9%, 2), G (4.5%, 1), apdl-ISR B/C (4.5%,

1). The seven neB cases acquired in Australia were all 01_AE, comprising five females

through heterosexual transmission, and two males through MSM.
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Twelve people had a subtype B virus, 11 through M&Wsmission and one female
through heterosexual transmission. Nine of these Astan people were infected in

Australia and three infected overseas (including the female).

4.7.2.3 Europe/America

There were 4people born in Europe or Americ8)% (36)of these had a subtype B
virus and35 of these were male. The female acquired a subtype B infection overseas through
heterosexual transmission agightmales also acquired the infection oversesasthrough
MSM, andone through blood exposuamd hetercsxual contact respectivelywenty-six

males acquired subtypeiBfection locally predominantifthrough MSM exposure.

There were nine noB casesincludingayoung Americariemale with a subtype C virus
who acquired the infection overseas through divkxid exposureand eight older European
males, seven of which reported heterosexual contact overseas. One male reported direct
blood contact overseas and had an AE/B recombinant virus, the other male reported IDU

risk within Australia.

4.7.2.4 Suibahaan Africa

Just over 10% (64) of all subtyped cases were people borni8ahdran Africa, 37
males and 27 females. Almost all (89%, 57) acquired the infection overseas. There were
80% (51) norB cases, 14% (Pol-ISR cases and 6% (4) subtype B cased thie latter all

contracted through MSM exposure.

The main route of transmission for Africémorn people was heterosexual (77%, 49),
followed by MSM (9%, 6), direct blood contact (4.5%, 3) and MTCT (4.5%, 3), with the

last two of these all acquired oversea
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4.8 Demographic analysis of subtype distribution

Casecharacteristics differed by subtype. Subtype B was predominantly an MSM
infection, acquired in Australia by men born in Australia. NBnnfections were
predominantly acquired overseas by peoplamverseas. There was overlap between the

two. Each subtype/CRF is reported separately below.
4.8.1 Subtype A (n=5)

All five subtype A cases were Africasorn people who acquired the infection overseas
through heterosexual transmission. Four were femalesaged 25 and under, and two aged

in their 50s.
4.8.2 Subtype C (n=49)

Of the 49 C cases, 61% (30) were people born irSaltaran Africa, 12% (6) born in
Australia, 10% (5) Asia, 4% (2) Europe, 2% (1) America, 2% (1) central Asia/Middle East
and 8%¢(4) birthplace unknown. Only one of the 48btypeC cases was acquired in
Australia (Australiarborn female through heterosexual transmission). The 48 overseas
acquired cases were transmitted primarily through heterosexual contact (77%, 37), followed
by blood contact or medical procedure (8%, 4), MSM (5.5%, 3), MTCT (4%, 2) and

unknown risk (5.5%, 3).
4.8.3 Subtype D (n=2)

There were two D cases, one an Afridaorn male infected overseas and the other an

Australiarrborn female infected in Australia. Boteported heterosexual transmission.
4.8.4 Subtype G (n=2)

There were two G cases, one a male born in Australia and infected overseas through
MSM transmission, and one a female born in Asia and infected overseas through

heterosexual transmission. Thenfd@e was diagnosed in 2012, the male in 2013.
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4.8.5 CRFOL_AE (n=59)

Of the 59 01_AE cases, 39% (23) were people born in Australia, closely followed by
36% (21) born in Asia, then 8% (5) Europe, 5% (3)-Sabaran Africa, 3% (2) central

Asia/Middle East ath 8% (5) of unknown origin.

Nearly onequarter (22%, 13) of 01_AE cases were acquired in Australia, seven by
Asianborn people, four Australiaborn, one Europeanorn and one Africaorn. Ten

were acquired through heterosexual transmission and thoeggthMSM.

The 78% (46) overseacquired cases were transmitted primarily through heterosexual
contact (78%, 36), followed by MSM (17%, 8) and blood contact or medical procedure (4%,

2). Year of diagnosis for all 01_AE cases ranged from 2000 to 2013.
4.8.6 CRF02_AG (n=19)

Of the 19 02_AG cases, 63% (12) were people born irSsillaran Africa, 10.5% (2)
born in Australa, 10.5% (2) Asia, and 16% (3ftral Asia/Middle East. Only three of the
19 cases were acquired in Australia, (one Austrddarn femalepne Africarborn female

and one Africarborn male, all through heterosexual transmission).

The 16 overseaacquired cases were transmitted primarily through heterosexual contact
(56.5%, 9), followed by blood contact or medical procedure (25%, 4), MTE®%d, 2) and

unknown risk (6.5%, 1). Year of diagnosis for all 02_AG cases ranged from 2004 to 2013.
4.8.7 polISR cases (n=20)

Of the 20pol-ISR cases, 12 ISR patterns were detected, see Table 12-gUiareers
(15) of pol-ISR cases were reported asngeacquired overseas while 75% (15) of persons

were born overseas. Thirteehthese casedgll into both categories.

The 20pol-ISRs accounted fd3.5% of all subtyped cases and 13% of all-Bocases.

The proportion opol-ISRs has increased across tinge periods, from 1.2% (2/171) of all
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subtyped cases diagnosed between 2000 and 2004 to 6% (11/182) between 2010 and 2013
(Figures 16 and 17Pf the nonB cases, the proportion pbl-ISRs increased from 6.1%
(2/33) to 15.5% (11/71) during the same tiperiods, and accounted for 26.3% of #i®n
cases in 2013 alone (5/19). Correspondingly pttogortion of other noiB subtypes/CRFs

has declined, Figure 16.

Of the 15pol-ISR cases in persons born overseas, 45% (9/20) were froBasiavan
Africa, 20% (4/20 from Central Asia/Middle East, and one each (2/20; 5%) fEumope
and Asia. The remaining 25% (5/20) were either born in Australia (four cases) or were of
unknown origin (one case). Three of the four Austraban cases acquired the infection in
Austrdia, one child through MTCT and two were MSM. One MSM acquired the infection

overseas.

Five of the 20pol-ISRs occurred in females; all these women were born overseas and
contracted HIV overseas. All but one had A/AE variants, which accounted for folue of
six pol-ISR A/AE cases in the dataset, Table 12. One diagnosis occurred in 2004, two in
2009 and one in 2013. The other female had the ofidys&ain in the dataset. She was born

in the Middle Easaind diagnosed in 2013, Table 13.

Of the 15 males witlpol-ISRs, 14 were diagnosed between 2008 and 2013, and nine
were diagnosed between 2010 and 2013. The complex variants in the male cohort were more

diverse than in the female cohort.

Four males were born in Australia and three of treespiired the infé@n in Australia,
one through MTCT (A/AE), one through MSM (B/D), and one through MSM (02_AG/B),
Table 13. The other Australlzorn male acquired the infection overseas (MSM, B/G

variant).

Ten males were born overseas and one male did not list courimgbofEight of the

overseasorn males and the male of unknown origoquired the infection overseas/ot
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reported blood exposure or medical procedure (01_AE/B and A/01_AE), four reported
heterosexual transmission (two 02_AG/B, one B/C, one 02_AG/0]1 tAB)eported dual
heterosexual and IDU risk (both B/C), and one did not report risk (A/B), Tabléh&3nale
with the A/B recombinant originated from the same country in the Middle East as the female

with the A/D recombinant, diagnosed one year apart.

Two remaining two oversedasorn males originated fromAfrica but acquired the
infection in Australia, both diagnosed with B/G variants; one in 2011 through heterosexual

contact, and one in 2013 through MSM, Table 13.

Table 12.Subtype and CRF pattern vations ofpol-ISRs.

No of No of
Subtype and/or CRF different diagnosed
patterns cases
A & 01_AE 2 6
B&C 2 3
B & 02_AG 2 5
01_AE & 02_AG 1 1
D&A 1 1
B&G 1 1
B&D 1 1
B & 01 AE 1 1
B&A 1 1
12 20
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Table 13.Charactestics of PR/RT discordant recombinant casesyly diagnosed in South
Australia 20002013.

Location

Sex Yrdx Age dx infection Tran;m:(ssmn ReBg_l?r? of
Subtype: PR/RT acquired 'S "
B/C M 2001 35 Overseas Het/IDU N/A
A/01AE F 2004 40 Overseas Hetersexual SSA
A/ O1AE M 2008 3 Australia MTCT Australia
B/C M 2008 26 Overseas Het/IDU Asia
A/ 01AE F 2009 29 Overseas Heterosexual CA/ME
A/ O1AE M 2009 51 Overseas Blood/Procedure SSA
A/ O1AE F 2009 46 Overseas Heterosexual SSA
02_AG/B M 2009 21 Oversas Heterosexual SSA
02_AG/01_AE M 2009 35 Overseas Heterosexual SSA
02_AG/B M 2010 39 Australia MSM Australia
B/01_AE M 2011 38 Overseas Blood/Procedure Europe
B/02_AG M 2011 26 Australia Heterosexual SSA
B/D M 2011 53 Australia MSM Australia
B/A M 2012 33 Overseas Unknown CA/ME
C/B M 2012 29 Overseas Heterosexual SSA
B/02_AG M 2013 28 Overseas Heterosexual CA/ME
B/02_AG M 2013 27 Australia MSM SSA
B/G M 2013 32 Overseas MSM Australia
01_AE/A F 2013 55 Overseas Heterosexual SSA
D/A F 2013 43 Oveseas Unknown CA/ME

Key: Yr dx (year of diagnosjs Het/IDU: (heterosexualith IDU risk), N/A (not availablg,
SSA (subSaharan Africa CA/ME (Central Asia/Middle Ea3t MTCT (mother to child

transmission).
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4.8.7.1 Timeline of pdSR diagnosed cases

Table 13 and Figure 17 show the fimil-ISR case was diagnosed in 2001 and was a
B/C recombinant. Thpersonwas a maldetween 250 yearsvho acquired the infeicn

locally either by heterosexual contact or IDU, Table 13.

In 2004, the first of fivgpol-ISR females was diagnosed. She ais® aged between 25
50 years,African-born and diagnosed with an A/AE strain through heterosexual contact

overseas.

In 2008, &3-yearold boy was diagnosed with an A/AE strain contracted through MTCT
in Australia, this was the first reportpdl-ISR local transmission. An Asidoorn male aged
between 25%0 yearswas also diagnosed in 2008, with a B/C strain reported as being

acqured overseas through heterosexual contact or IDU.

In 2009 there were 5 diagnospdl-ISR cases. Four were Africdborn peopleand one
Central Asian-born personall reported overseas transmissioibe Central Asia-born
personwas the second fematml-ISR case aged between 250 years andiagnosed with
an A/AE strain and reported heterosexual contact overseas. Of tidrican-bornpeople,
one was a femalalso aged between & years,diagnosed with A/AE who reported
heterosexual contact overse@ao of themales weralso in the 250 age bracket, while
the other was under 2djagnosed with A/AE, AG/AEBndAG/B respectively. The A/AE
male reported an overseas medical procedure as the transmission risk, while the AG/B and

AG/AE males reported hettosexual contact.

In 2010 a second AG/B strain was diagnosefécting a male also in the Z® year age

bracket who waborn in Australisandreported local acquisition through MSM transmission.

In 2011 there were three variations of subtyg®BISR infection two carried by males

in the 2550 year age brackefA Europanborn malewas diagnosed with B/AE strain,
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reported as acquired overseas through blood contact or a medical procedAfdacan-
born malewvas diagnosed with a B/AG strain, reporésda local acquisitioby heterosexual
contact, while armAustralianborn maleover 5tyearswas diagnosed with a B/D strain,

acquired locally through MSM transmission.

There were a further two subtypepBIl-ISR infections in 2012, again carried by males
in the 2550 year bracketA CentralAsian-born maleacquired a B/A infection overseas,
transnission risk undisclosed, and African-born maleacquired a C/B infection overseas

through heterosexual contact.

There were a further five diagnoses of thesepex pol-ISR strains in 2013. Only one
was reported as being acquired in Austrai&/AG strain carried by afsfrican-born MSM

malei n his | ate 206s.

The remaining four cases were acquired overseas, two males and two females. The males
wereboth betweerthe age of 285 years, one wdsorn in Australiaeand carried B/Gstrain
transmitted by MSMandthe other wa®orn inthe Middle East and carried a B/AG strain

transmitted heterosexually througtpartner born overseas.

The females weraged between 48nd 55 years, one akrican-born woman with a
01_AE/A strain transmittedheterosexudy via a partner born overseas, and the other a

Central Asia-born woman with an undisclosed transmission risk carryiDffastrain
4.9 Multivariate regression: subtype associations with comparator variables

Multivariate logistic regression analyses were conducted to see if significant differences
remained between the subtypes when other variables were controlled for. The subtype B
group was used as the baseline fomparison and other independent variables (acquired
Australia/acquired overseas,etérosexudMSM transmission Australiarrbornboverseas

born, age< 25 years/ 25 and overandmalefemale) were controlled for.
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As shown in Table 14, there was a strong a@ssion between subtype C and overseas
acqusition, with subtype C cases 34ifmes more likely than subtype B cases to be acquired
overseas (95% 05.3i 188.8, p O 0.001). NorB cases were 20 times more likely to be

acquired overseas compared with B c496&6 C19.4i 434, p 00.001).

Non-B cases were eight times more likely than B cases to be acquired through reported
heterosexual transmission (95%3C6i 182, p 00.001), which rose to 36mes more likely
for subtype C cases (95% 6412037, pO 0 ) ahd3Mtimes more likely for subtype A,

D, G and 02_AG cases combined (95%3C3 4103, p = 0.0(B).

Non-B cases were almost six times more likely (95%2@& 110, p ©0.001) among
people born overseas, and this stayed significgmOét05 for 01_AE subtype Cpol-ISRs

and subtype A, D, G and 02_AG cases combined.

Non-B cases were three times more likely (95%1CI 8.5, p = 0.(2) among females,
thiswas just undestatistical significance for 01_AE (95% CI 019.8,p = 0.06),and not

statisticaly significantfor the other categories.

The age at diagnosis of HIV infection was noteliéint between B and ndhcases.



Table 14. Multivariate Odds Ratios in newly diagnosed Hédses, 20002013, when

compared to the proportion of subtype Bsffei ons . A
Characteristics
(Comparator group)
Clade Acquired | Heterosexual | Overseasborn Age <25 Female
overseas (MSM) (Australian - (O 2 (Male)
(Acquired born)
Australia)
Non-B 202 8.1 5.4 11 32
(9.41434) (3.61182) (2.61110) (0.4 3.7 (1.218.5)
CRF_AE 239 9.3 43 0.8 33
(8.8 65.0) (34i251) (1.81106) (0.22.9)| (0.9113)
C 34.5 36.1 106 09 1.8
(6.31188.8) (6.41203.7) (2.544.3) (0.215.7) (0.39.2)
pol-ISR 6.5 6.6 104 0.6 1.0
(1.5'27.8) (1.5128.7) (2.3147.5) (0.056.5) (0.215.7)
Other 117 370 15.6 4.3 4.5
(2.2162.8) (3.34103) (28i885) | (0.7125.3 | (0.824.2)
Key:A95% Cls are indicated in brackets. Proj

baseline for comparison. All associations in the first three columns were statistically
significant atp 0.05. Thee were nostatistically significantassociationsn the fourth
column (age)age and nofB (p = 087), age ad 01_AE (p = 0.73),age and C(= 0389),
age andpol-ISR (p = 0.66), age and othep (= 0.10). The only association thavas

statistically significa?rBtd p@i0o5tSexcandOol ABH( c ol
= 0.06), sex and (p(= 051), sex angol-ISR (p = 0.9%) and sex and othep € 0.(8) were
nonsignificant O-Bld ni nc | u-Beubtypad includmgorISRsand CRFs. The
cat e@Pohgr @ consi sts of Gubtypes A, D, G an

4.10 Summary

Peopleinfected with B or nofB virus subtypes represented highly distinct populations,
with subtype B virus predominantly acquired in Australia and-Barus prelominantly
acquired overseas. These two groups combined comprised 85% of all newly diagnosed

infections.

The majority of people with subtype B infections were MSM who acquired their

infection within Australia, while nof8 infections were mainly acquired teeosexually
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overseas and almost 40% were in females. Although the majority of subtype B infections
were acquired in Australia by Australidmorn MSM, onefifth of subtype B infections were
heterosexually acquired by males and females who were predomibantland infected in

Australia.

The majority of norB infections were acquired overseas by people born overseas or
people traveling to areas of high HIV prevalef2&’ These figures are comparable with
findings by Chalmeet al (2010) in Belgium, in a similar sized coh&tt.The number of
newly diagnosed pdiSR strains is increasingver time, reflecting growing global genetic

variability, especially in LMICg!2204.205
4.11 Discussion

This is the first Australian study to investigate genotypic diversity and trends in subtype
distribution of the HIV epidemic spanning the past&drs. At present, no formal national
HIV-1 molecular surveillance program exists in Australia. In 2000, South Australia
implemented routine baseline drug resistance testing, providing viral sequence data
combined with notification information to yield esiced comprehension of South
Australian HIV molecular epidemiology. As HIV continues to evolve, and migration
patterrs change and tourism increases, it is important to monitor this geographic diversity in

order to understand and respond to transmission patt€rns.

Despite ongoing programs and improved access to testing and treatment, the number of
new HIV diagnoses has increased in South Australia, from 23 in 2000 to 56 in 2013. Further,
there has been a significant change in subtygeliition among newly diagnosed people
in South Australia, with the proportion of n@&infections increasing over the past 14 years
from 9% in 2000 to 34% in 2013, including the emergence of a numpei-t8R variants.

These nofB infections are predomantly carried byindividuals born overseas or

Australiarrborn people who were infected overseas.
13¢



Differences were identified by place of acquisition, region of birth, gender and age at
diagnosis. NofB infections represented almost 30% of all cases sstioidy, including 4%
that werepol-ISRs. This proportion rose to nearly half of all new diagnoses in 2010 but had
dropped to just over ordhird of all cases by 2013. This increase in 4Bomfections is

similar to reports from other developed countPié¥.
4.11.1 Route of infection

Australianborn MSM with locally acquired subtype B continue to represent the largest
HIV risk group in South Australissimilar to recent findings in Asi¥ This proportion is
decreasing over time, however, because of the increasgarobexual infections acquired
within Australia and overseas, supporting epiddogical trend analyses in Australia,
Canada, Europe and the United Stafdg3109.165194206 The number of HIV infections
diagnosed in the MSM IDU community is growing and a small but increasing number of
MSM males are acquiring ne infections locally and overseas, reflecting findings in the
UK’%and the recent Victorian stu@$Although national HIV incidence has remained stable
in the MSM population over thgast decade, the proportion of undiagnosed infections in the
South Australian MSM community is estimated to be around,Z20%nd this figure may
actually be higher with the introduction of new infections from overseas and circulation of

subtype B among intravenous drug users.

Globally, heterosexual transmission is the major route of HIV infeéfion South
Australia we are seeing a shift in the epidemic toward this, with a decrease in the number of
cases among MSM and an increase among heterosexual men and women, including a large
proportion from sukBaharan Africa. This shift has also beeted in Europé® Since 2000,
hetepsexually acquired infections in South Australia have almost doubled from 20% of all
new diagnoses to 39%, but this is not as high as-fleéd4ncrease seen in the UK since
199614
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Corresponding with an increase in heterosexual infections, there has been a significant
increase in noiB infections from overseas. These infections were acquired through
unprotected heterogeal sex by people born overseas who migrated to Austfaiom, by

Australiarborn people who travelled to counsiehere there is a high prevalence of HIV.

There has also been a relatively recent increase in newly diagnosed infections acquired
through direct blood exposure including MTCT. These are mostly-Bn@ubtypes
transmitted overseas, including a rising numbé infections transmitted by IDU in
Asia®??Yand a high prevalence of iatrogenic and MTCT infections in children in central

Asia and Africa®®

Twenty-one people were infected through direct blood exposure in this cohort and nearly
all were diagnosed from 2008 onwards. Three infections occurred in South Australia. Two
of these were in adult res with subtype B through direct blood contact with origin not
reported, and the other in a young boy infected withBdhrough MTCT. The child was
diagnosed at three years of age and his mother was born overseas but newly diagnosed in
Australia when th child was aged two. Genotypic resistance testing at time of diagnosis
found no drug resistance in the mother and multiple drug resistance in the infant, suggesting
that infection occurred through breastfeeding or that the mother had been previously
diagrosed and treated overseas and the virus she carried had reverted backyypenald

time of resistance testirtgt

All other direct blood exposure infections were acquired oastggredominantly nen
B or pol-ISR and the majority were acquired in sbaharan Africa or Asia, including four
MTCTSs. It is well documented that HIV infection transmitted through intravenous drug use
and unsafe medical practices including during birta ieajor concern in both Africa and
Asia$220921%There were three child castrom central Asia in children aged10 years at time
of diagnosis, with medical procedures reported as the transmission risk. HIV infection in the
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child population is still fairly rare in Central Asia, but of those that have been reported, the

majority arenosocomiaf?
4.11.2 Infection by sex

The proportion offemales in the HIMnfected population has also changed and over
20% of newly diagnosed infections between 2010 and 2013 occurred in females. The relative
proportion of females infected with subtype B was low, explained at least in part by the high
repregntation of MSM in the B cohort. In addition, the majority of females in the study were
born overseas and acquired their infection overseas wherd rsubtypes are more
frequently circulating. Australiaborn females predominantly had subtype B infections

acquired in Australia.

All but one of the female subtype B infections were heterosexually acquired (including
seven dual IDU risk) while one woman reported direct blood exposure overseas. It is likely
these women were infected through bisexual maleswehne infected through MSM contact

or intravenous drug use.

The majority of female neB infections were also heterosexually acquired (including
two dual IDU risk). However, eight females from high prevalence couttf¥<!! were
infected overseas through direct blood exposure, which cdestépproximately half of all
direct blood transmissions overse@ke proportion of females compared with males was

highest among children seven and under, young adults, and people born in Africa or Asia.
4.11.3 Multivariate analysis

When the other varides were controlled for,am-B cases werstill eight times more
likely to be transmitted through heterosexual contact than subtype B cases, and this increased
to 37 times more likely for subtype C and 26 times more likely for all otheBntypes

excludng 01_AE. There was also a small number of-Barases transmitted through male
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to-male sex, predominantly 01_AE infections acquired by Asian or Austiatiem males

in Australia and overseas.

Despite the increase in South Australia in heterosexuailyigd norB HIV infections,
MSM are still a critical atisk population. Targeted prevention, intervention and treatment
strategies are needed for MSM and heterosexual populations, with continued surveillance
and discussion about best practice and tre@togions for direct blood exposure infections

from overseas®

As well as a growing number of imported rRBrinfections, there is evidence of local
non-B transmission, includingol-ISR variants. These infections are predominantly 01_AE,
but subtypes C, D and 02_AGvVe also been diagnosed, and there were five people with
pol-ISR infections. The first diagnosis of a locally acquired-Bomfection occurred in
2001, but the prevalence has increased from 2006 onward, predominantly transmitted to
Australian, Asian and #ican-born people through MSM or heterosexually. Research
suggests that people predominantly form sexual partnerships with those in their own ethnic
group?'? but evidencerom Europe shows both migrant and roigrant populations are
infected with norB subtype£!? The findings from the current study mirror both findings.

HIV infection seens to occur between migrants within ethnic groups once they are settled
in Australia, but there is also evidence of sexual contacts between migrants and Australian

born people.

The average age at diagnosis was 40 years, but females were diagnosed gea youn
average age. Age at diagnosis also differed by subtype and a significantly higher proportion
of nonB caseswas diagnosed under the age of 25 compared with the B cohort. When
location acquired, country of birth, and risk behavior were controlledifowts significant
only for persons with subtype A, D, G or CRF_AG. These clades are common in Africa and
Asia, where over onthird of these young people were born. Young people born in Africa
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reported heterosexual contact or MTCT as the risk exposule yching Asiarborn people

reported heterosexual, MSM and direct blood exposure.

A significantly higher proportion of people under the age of 25 with subtype A, D, G or
02_AG was female. Just over half of these young females were born8abkaban Afria,
and all young females regardless of birth region were infected heterosexually. It is likely the
young Australiarborn women were infected with a n@8nsubtype by males born outside
Australia. It is well documented that gender inequity is associatedinveithased rates of
HIV in women, and regions like staharan Africa have a strongly patriarchal culture that
celebrates and promotes male dominance. Men often have multiple sexual partners and
women are not empowered to refuse sexual intercétitdieis important to address and
navigate these risk factors and cultural issues with sensitivity while caring for yoamgnwo

infected with HIV.

Transmission of noiB subtypes and CRFs is rapidly expanding geographically, and the
rise in norB diagnoses may be a marker of more recent transmission &\t
attributable to tourism and some to importation by people borigimgrevalence countries

where multiple subtypes and CRFs circulate.

Over half of the global HIV population is infected with subtyp&&;2>which isstill
widely circulatingin Africa and India. Subtypes A and B follow, then CRF_AG and
CRF_AE, the latter predominating in ASf2°In our cohort, subtype C accounted for fewer
than 10% of total infections butver onethird of nonB infections. All but four of these
were reportedly acquired overseas, the majority in people who originated from Africa but

also in people originating from Australia, South America, Asia, and Europe.

The predominant neB infection inthe current cohort was 01_AE, with prevalence
twice that of the 5% global average, and almost all cases were reported as being acquired

overseas. Almost 40% of 01_AE cases were people born in Australia and 36% in Asia.
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01 _AE infections were mostly acquireoverseas through heterosexual and MSM
transmission, but there was some evidence of local transmission in Australia including
through dual IDU risk. Hemelaat al. found global CRF infections increased by over 50%
between 2000 and 20072 and a more recent study bymirosioniet al found CRF
infections increased significantly between 1997 and 2&1Phe currenstudy reflects this
temporal increase in CRF: 01_AE and 02_AG infections comprised 9% of all new infections
between 2000 and 2004, and almost 20% of all new infections between 2010 and 2013.
Unlike subtype C and 02_AG infections, however, almostthitd of CRF cases occurred

in Australianborn people and were most likely to have been acquired during overseas travel

to Asia.

Subtypes A, D, G and CRF_AG are predominantly found in Africa, with a combined
global prevalence rate of 10% Although prevalence in our cohort was only 5%, the
majority were diagnosed from 2007 onward and were acqouweseas by people of African
origin, possibly reflecting the increase in Australian immigration from this region. All people
with subtype A infections were Africamorn, and all were acquired overseas heterosexually.
A number of Australian and Asidoorn people also imported or acquired locally subtypes

D, G and 02_AG through heterosexual transmission or direct blood exposure.
4.11.4 Intersubtype recombination

Consistent with epidemiogical studies from other countries and within Australia, an
increasng proportion of nofB cases were recombinant viral subtypfes:204.218218 There
were twelve differenpol intersubtype patterns detected. People \wibkISR infections
were approximately six ties more likely to have acquired the infection overseas, almost
seven times more likely through heterosexual acquisition and were 10 times more likely to
have been born overseas. @parter of all cases withol-ISR infection were female.

The firstpol-ISR was diagnosed in South Australia in 2001, and another in 2004, with
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different variants. No further intersubtype variants were diagnosed until 2008, but in
subsequent years there has been a small but steady increase in the proportion of these

infections, wth an increase in new variant patterns.
4.11.5 Strengths and Limitations

This study has a number of strengths. South Australia was the first state to implement
routine drug resistance testing as part of an enhanced surveillance system for all new HIV
diagnoses. It was also the first state to link subtype data with demographic information for
eachcase This gave the opportunity to analyze all new diagnoses oveyeak4ime period
and report accurate data on prevalence rates in the HIV infected poputasiking this the

largest epidemiogical study of the HI\¥1 epidemic in South Australia.

There were, however, some limitations. Our analyses focused exclusively on subtypes
from a section of thpol gene because the standard practice is to sequenctherr and
RT region for drug resistance testing. Therefore, more complex recombinant viruses may
have been undetected and the proportion of pure subtypes and CRFs may-be over
represented. Further subtype validation should be conducted with alterna#ivgehids,
such asenv®® or, even better, the whole genome should be determined if full genome
sequencing is economically viable. Phylogenetic tree construction and online subtype
analysis of multiple genes would be beneficial to explore whethes iha higher degree of
viral complexity than is currently known. It would also allow us to verify the accuracy of

selfreported demographic information.
4.11.6 Recommendations

The findings from the current study have public health implications, botiarfgeting
specific atrisk populations and for assessing the potential increase 6B rsubtypes
including new recombinant variants within the domestic HI\épidemic Targeted

approaches ameeeded, including increased access to HIV testing upon entry to Australia
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and subsidized access to treatment for people eligible for Medicare, including students,
people on working visas, and those awaiting determination of permanent residency status,
sud as people born overseas with Austrakamn partneré?’ Routine baseline subtype and

drug resistance testing should be conducted for all newly diagnosed people Austialia

and for those who have been previously diagdoserseas but are new cases in Austratia.

Other targeted approaches should include education about prevention, HIV testing for
Australians travelling overseas to highk areas, and targeted intervention strategies for
MSM and heterosexual populations including specific interventions for peoplg usin
intravenous drugs. Education about and use efgme postexposure prophylaxis is another
strategy that could be enhanced, together with revised policies and practices in LMICs for
treatment and management of HIV during pregnancy, birth and breastfé&d?>A review

of unsafe medical practices is needed to address the high rates of iatrogenic infection,

especially in Asia and Africa.

There are limited data available on subtype differences and even fewer data available on
nonB subtypes in countries where they are the major infection type. There is growing
evidence, however, that suggests HIV strains differ in terms of virulence, transmission, and
rate of progressiohA 10-year prospective study in Senegal found female sex work#rs wi
a norA subtype had significantly shorter AIEf&e survival time$® A 2010 London study
found the CD#4 cell decline was four times faster in subtyped3esand there was a higher
virologic rebound at six mohs, after adjustment for baseline, gender, and ethifcay.
study of Kenyan women found a greater than-teld highe risk of mortality and faster
rate of CD4 cell decline in Dcasesompared with A after adjustment for viral loHdind
in a Ugandan cohort, subtyped@segended to develop AIDS earliétln Rakai, Uganda,
the median time to onset and risk of progression to death were significantly shartesefor

with subtype D or CRF compared with?&. Each of these studies concluded thiy
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disease progression is affected by subtype and that this may have an impact on treatment

decisions angolicy in terms of initiation of therapy and future vaccine tridi§.224

Understanding genetic diversity is very important for the treatment eBreubtypes.
Many researchers now agree that although subtypes and CRFs appear equally sensitive to
treatment, transmitted polymorphisms predagfore therapy may affect subtyppecific
pathways of secondary resistafitéhis, combined with suboptimal therapy and poo
adherence in developing countries, makes them a prime target for accelerated drug
resistance, both acquired and transmitfe@urrent drug regimens targeted against subtype
B may not be as effective in the long term for +Bsubtypes and may lead to faster drug

resistancé&?

Reporting and interpretation of surveillance data can be problematic. Reporting of newly
acquired infections does not necessarily mirror actual rates in the wider community because
HIV diagnoses represent only the subgroup of people who have been tedtad andHI\/
positive result. These are people who have relatively easy access to health services and feel
confident to access those servié&dn Australia and elsewhere, immigrants, visa holders,
and refugees face major barriers when accessing health services for screening and treatment
of HIV, arising from stigma, financial restrictions, limited support systems and English
skills, and residence concerf{§2?°Refugees in particular may be difficult to reach because

of traumatic life experiences before arrival in Australia.

This major concern has prompted the UN to recognizeamigras one of the groups
most vulnerable to HIV, and oversdasrn people now comprise oftterd of HIV
notifications in Australig®-22®This figure has increased to 40% in South Australia as of
2010. Problems with access to testing and the steady influx of new arrivals from low and
middle income countries with high HIV prevalence are likely to lead to an underestimate of
HIV infections in these populations, a possible increase in local transmission-Bf non
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subtypes, and poor treatment adherence that could lead t6-#PR.

The global spread of HIV diversity is highly dynamic with regard to epidegical
factors such as risk group and geographic locafibe.virus continually generates through
mutation and recombination, and travel and migration assist in the transfer of this diversity
between population$. This study provides evidence that the HlVepidemic in South
Australia is changing from predominantly subtype B infections in the AustiatiemMSM
population to an increasing number of fidmfections within theneterosexual population,
initially in those born overseas but increasingly with transmission to Austizdiam
persons. While 01_AE transmissions may relate to risk behaviors pursued during travel to
high-prevalence areas, there appears to be an incge@sidency for transmission to occur
within Australia, and within groups not previously the target of relevant and focused anti
AIDS education. It is also clear that over time the historical segregation between clades in
terms of geography and risk grogdiecoming less distinct, with ndhinfections occurring
in the MSM population and subtype B infections occurring in overiseas MSM males

and Australiarborn females.
4.11.7 Conclusion

The impact of the increasing number of #®nnfections in the Sdh Australian
population on prevention efforts and treatment outcomes is as yet unclear. Ongoing
surveillance and a deeper understanding of HIV variation, including factors and molecular
mechanisms that affect transmission, replication, and resistance;ruani@l for the
development of appropriately targeted subtgpecific prevention and treatment options for
populations most at risk!*>2214Fyrther evidence of subtype differences could drastically

change the way we respond to the HIV epidemic.
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5.1 Overview

The increased availability of antiretroviral treatment includtagy HAART and later
triple combination therapies and the problems associated with monitoring adherence to
treatment has led to growing concern about TDR. Infection with a drug resistant strain of
HIV can affect the number of treatment options offeredaamdalso lead to further

transmitted drug resistant strains being circulated in the population.

The immense genetic diversity within the HIVvirus may also present additional
challenges because antiretroviral therapy has predominantly been develofsesdezhasing
subtype B virus! There is scant research on subtype diversity and drug
susceptibility/resistanc®’ although the research that has been condustggests that
subtypes and CRFs are equally sensitive to treattr&hilowever, transmitted mutations
present before treatment may affect subtypecific pathways of secondary resistance to
treatment'®? Subtypespecific transmitted resistance could affect treatment efficacy,

particularly in countries where treatment options are limited or suboptirffal.
5.2 South Australian HIV population
5.2.1 Current or pst treatment

Of the 656 reported HAL cases between 2000 and 2013, 569 (87%) had a drug
resistance profile. Of these, only 2% of cases (nine males, four female$¢deporent or

past treatment.
5.2.2 Treatment status unknown

There were 26% of cas€b47; 134 males, 49 females) with a recorded treatment status
of ounknowndé. Al most half (49%; 72/ 147) we
areportedsubtype(19 were norB). Of the 70 cases acquired locally, 32 (46%) had

reported genotypes, 3tere subtype B.
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5.2.3 Treatment naive at time of genotype test

There were 72% of cases (496; 427 males, 69 females) with a reported treatment status
of 6napved (never been treated for HIV inf
70% (348/49%reported acquiring the infection in Australia, 28% (141) overseas and 2%

(7) st at e8ultypesofkreatment riaive cases are presented below.
Only treatment naive cases are includethe remainder of this chapter.

This chapter reports on thegpalence of transmitted drug resistance ustumgesllance
mutationsfrom the 2009 Stanford University HIV drug resistance database and other non

polymorphic mutations that occur at the same positions as the surveillance mutations.
5.3 Resistance mutatns in the treatment naive cohort
5.3.1 Prevalence rates

Of the 496 treatment naive casesdisplayed resistance mutations indicative of TDR
according to the WHO list of surveillance drug resistance mutations
Chttp://hivdb.Stanford.edu/pages/WHOResistanceList@tmith the inclusion of non
polymorphic mutations that also ocat the same sites asrveillance mutations. The
overall TDRprevalence rateas15%. Of the 7 TDR cases, 72% (56) had higvel
regstance to at least one drug class, and four hadleigh resistance to two drug classes,

see Tables 15 and 17.

TDR prevalence foNNRTIs, NRTIs and Pls was 9% (&% (35) and 2% (12)
respectively, and overall TDR prevalence decreased significarghtiove from 29% in
2000 2004 (43/150) to 4% in 2012013 (6/142p 00.001). TDR prevalence declined
significantly for PIs from 6% (9/150; 2002004) to 0.7% (1/142; 201@Q013,p = 0.02),
NNRTIs from 17% (8) to 2% (3,0 00.001) and NRTIs from 13% (20) to 1.4% ()

0.001).
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5.4 Subtype/CRF distribution in the treatment naive cohort

The subtype/CRF was concordant between the PR and RT regions in 481 of the 496
treatment naive cases, with a distribution as follows: subtype B (74%; 365/496), 01_AE
(10%; 51), subtype C (8%; 41), 02_AG (3%; 16), subtype A (0.8%; 4),sailiyand G

(each 0.4%; 2).

There remaining 15 casegrepol-ISRs.The Stanford CPR tool
Chitp://sierra2.Stanford.edu/sierra/servlet/JSi@deatected nine intersubtype/CRF patterns
with a distribution as follows: A/01_AE variants (1%; 4/496), 02_AG/B variants (1%; 4),

and one case each of B/A, B/C, B/D, B/G, 02_AG/ 01_AE and B/01_AE (0.2%; 1)
5.5 Resistance mutations by subtype/CRF

The prevalence of TDRMs was 19%8(865) for subtype B cases, 6% (7/116) fornon
B cases, and 13% (2/15) fpol-ISR cases. The proportion of TN subtype B cases
harboring TDRMs decreased significantly from 33%waetin 2000 and 2004 (40/121) to
7% between 2010 and 2013 (6/880.001), and TN no#B cases (includingol-ISRs)

decreased significantly from 17% (3/29) to 0% (0f54,0.04).
5.5.1 Subtype B cases

The following sections under 5.5.1 report single and ralas drug resistance for all
treatment naive people carrgisubtype B infections. Resistance to each drug class is then

reported according to demographic characteristics.

5.5.1.1 Single and multlass drug resistance

The majority ofTN cases with TDRMs (88%, 68/77) were subtype B. Spercent
(41/68) carriedNNRTI mutations, 8% (31/6) carried NRTI mutations ancb% (10/6B)
carried Pl mutationslwelve subtype B cases carried mutations to malilig classes,

TablelO.
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Single class NNRTI resistance occurred Irs8btype B cases. Abut threehad a
single muétion (Table 15) and of those, ®6(27/28) carried the N mutation at position
K103. Single class NRTI resistancecurred in 2kubtype Bcases and 62% (18ad a
single mutation. Single class Pl resistance occurred in four subtype B cases, all with single

mutations.

There were 12 subtype B cases (2% of all TN cases) with dual or triple class resistance.
Dual NRTI/PI resistance and dual NNRTI/PI resistance occurred in two cases each, while
dual NNRTI/NRTI resistance occurred in six cases. Two subtypesB carried triple
resistanceboth of which had the M mutation at position L90 (P1), the N mutation as
positions K103 (NNRTI) and D67 (NRTI), and tBemutation at positioT69 (NRTI).

One of the twadriple resistanceases also carried the Q mutation aifpon K219 (NRTI)

and therevertantL mutation at position T215Table 15.

5.5.1.2 Demographic information by druqg resistance class

5.5.1.2.1 NNRTIs

Of the41 subtype B cses carrying NNRTI resistance 93% (88re acquired in
Australia,and78% (32) of these subtype B case®rereporedMSM transmissioa Eight
cases were people reporting heterosexual contact antixnyerefemale.One person

reported an unknown exposure route.

Only six subtype B casesere people whoeported being boraverseasind all of
them had NNRTI resistancall were MSM and fivereported acquiring the infection in
Australia.Each of thentarried the K103N mutation, including one persarrying triple

classresistance witmutationsD67N, T69D (NRTIs) and_90M (PI).
5.5.12.2 NRTIs

Of the 31 subtype B cases with NRTI resistance, 90% (28) were people who acquired
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the infection in Australia, and 94% (2@f) the subtype B casegere male. Twenty people
were Australiarborn, one person was born overseas and 10 cases hatedabuntry of

birth. Twenty of the 31 cases (65%) reported MSM transmission.
55.1.2.3 PIs

Ten subtype B cases carried Pl resistance, all were male, all reported MSM
transmission, and eight reported acquisition in Austrglize people were born in
Australia, one person was born in Europe and the other four cases had an unlisted region of

birth.
5.5.2 NonB cases (including peISRs)

The following sections under 5.5.2 report single and ralas drug resistance for all
treatment naive people carryingn-B infections, including those carrying recombinant
and complex recombinant forms. Resistance to each drug class is then reported according

to demographic characteristics.

5.5.2.1 Single and multlass drug resistance

Of the 131Inon-B casesn this TN cohort 7% (9) carried TDRMs (Table L6Six cases
carried a single mutatioftwo cases from each drug class), one case caridelNNRTI
mutationsand a single NNRTI mutatigrone casearried two NNRTI mutations and one
NRTI mutation. One casearried fourNNRTI mutationsonly. Of the eightdifferent
positions wher&dlNRTI mutations occurred, fiverere affected in noB cases, plus three

of the 10 NRTI positions and two of the seven PI positions.

Single class resistance to each drug class occurtbéd following casesNNRTI : 1
subtype C1 01_AE and 1 A/ABol-ISR case NRTI: 1 subtype C and 1 subtypecase

Pl: 2 01_AEcases

Dual class resistance to NNRTIs and NRTIs occurred in two cases, a 02_AG case with
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two NNRTI mutations and one NRTI mutan, and an A/ABol-ISR case with two

NNRTI mutations and one NRTI mutati¢hable 15).

5.5.2.2 Demographic information by drug resistance class

Three of the noiB cases with TDR acquired the infection in Austraieo females
carrying 01_AE and singlel mutations, botlorn in Australia who reported acquisition
through heterosexual transmissere weradiagnosed in 2006 and 2007 respectively. The
other case was a MTC transmission occurring in Australia, a male pghl8R A/AE

variant that carriedual resistance to NNRTIs and NRTIs.

The remaining six cases were born overseas, four in Africa (subtype A, subtype C,
02_AG andpol-ISR A/AE), one in Europe (subtype C) and one in Asia (01_AE). All
reported heterosexual transmission except the 02_AJwakeown), and theol-ISR
case (blood contact overseas). All six reported acquiring the infection overseas. Only one

case was female (subtype C), diagnosed in 2001.

Three of the four Africasborn people carreéthe Y181C mutation, the fourdarried

K70E andwas the only paon in the entire cohort to carry that mutation.

Of note is the high resistance carried by mihISR cases. One carried hitgvel
resistance to NVP, EFV, RPV, ETR, 3TC, and FTC andlixel resistance to ddl and
ABC, while the othecarried highlevel resistance thlVP, intermediate to higlevel

resistance to ETR and EFV, and level resistance to RPV.
5.6 Single or multidrug class resistance

The following section reports the overall prevalence of single or{tlais resistare
within the population of people with TDR the 77TDR cases, resistance was confited
a single drug class (NNRTNRTI or PI) for 63sequences (82%) an of these (8%)

had a single mutation. Almost half the TDR cases harbored resistance oMNRTIN
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(44%, 3A), 29% (23) only to NRTIs, and 8% (6) only to Pls. Single class resistance with
multiple NNRTI or NRTI muations occurred in four and eigtdses respectively. All

cases with PI resistance carried single mutations.

Dualclass resistance to NBS/NNRTIs was found in eight (1.6%) of the 496 TN cases
(10% of TDR cases) and dualbss resistance to both NNRTIs/Pls, and to NRTIs/Pls
occurred in two cases respectively. Triple class resistance also occurred in two cases. Table

15 and 168hows TDRMs bserved in the 7Zases.
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Table 15.Genotypic TDR mutations detected and predicted phermotgsistance in HIM casesliagnosed in South Australia 20013

yvr Location | Region Predicted phenotypic resistance (level of resistance is
ID Sex | Age Risk Subtype . Resistance mutations classified by mutation with highest resistance)
Dx acquired born
NNRTI | NRTI Pl NNRTI NRTI Pl
}?2612'\(5 AZT(L), d4T(L),
1015| 2000| M 50 U B Australia N/A T69D ABC(U), TDF(U),
T215L ddii(U)
D67N SQV(R),
T69N AZT(I/H), FPV(R), IDV(R),
1046 | 2000| M | 25 MSM B Australia| N/A K70R | L9OM d4T(I/H), ABC(L), LPV(R),
T215F TDF(L), ddI(L) NFV(R),
K219Q ATV(R), TPV(R)
NVP(H),
. Y181C ETR(I/H),
1051| 2000 M 36 MSM B Australia N/A v188L RPV(I/H).
EFV(H)
M41L and T215Y
confer AZT(H),
MA1L d4T(H), ddi(l),
1057 | 2000 M 25 | MSM/IDU B Australia N/A ABC(l), TDF(I).
T215E ;
T215E is revertant
mutant of
T215F/Y.
NVP(H),
1072| 2001| F 25 Het C Overseas SSA Y181C ETR(I/H),
RPV(L), EFV(L)
SQV(R),
526175“E AZT(L), d4T(L), | FPV(R), IDV(R),
1087|2001 M | 38 MSM B Australia | Australia| K103N K219Q L90M | NVP(H), EFV(H) | ABC(U), TDF(U), LPV(R),
To15L ddi(U) NFV(R),
ATV(R)
NVP(H),
1100( 2001| M 26 Het/IDU 01_AE | Overseas Asia G190E RPV(H),
ETR(H), EFV(l)




Predicted phenotypic resistance (level of resistance is

ID r Sex | Age Risk Subtype Loca.tlon Region Resistance mutations classified by mutation with highest resistance)
Dx acquired born
M41L and T215Y
confer AZT(H),
MA1L d4T(H), ddlI(l),
1107| 2001| M 44 MSM B Australia N/A ABC(I), TDF(I).
T215D ;
T215D is revertant
mutant of
T215F/Y.
DRV(R),
. FPV(R), IDV(R),
1117| 2001| M 19 MSM B Australia N/A 147V LPV(R),
NFV(R), TPV(R)
'\D"g%,'\'l daT(l), ddi(L),
1126 | 2001| M 46 MSM B Australia | Australia| G190S V75M NVP(H), EFV(H) [ AZT(L), ABC(U),
T215S TDFU)
1132|2001 | M 52 MSM B Australia N/A K103N NVP(H), EFV(H)
NVP(H), Reducs susc. to
1139| 2002| M 49 MSM B Australia N/A G190E V82A RPV(H), IDV, LPV, ATV,
ETR(H), EFV(l) NFV
V179D NVP(H), EFV(I), | 3TC(H), FTC(H),
1159 2002| M 24 MSM B Overseas N/A V106A M184V ETR(L), RPV(L) | ddi(L), ABC(L)
3TC(H), FTC(H), | PVH) NFV(H).
DEIN 1 (1461 ddi(L), ABC(L) FPV(H),
1164 | 2002| M 61 MSM B Overseas N/A K70R 184V AZT(L,) d4T(L), SQV(H),
M184V TD1F(L) * | ATV(H) LPV(I),
TPV(l), DRV(L)
1166 | 2002| M 53 MSM Australia N/A M41L Unknown on own
1169 | 2002| M 35 MSM Australia N/A M41L Unknown on own
AN AZT(L), d4T(L),
1175| 2002| F 26 Het B Australia | Australia K219Q ABC(U), TDF(U),
T215L ddi(U)
D67N AZT(L), d4T(L),
1178| 2002| M 34 Het/IDU B Australia N/A T69D ABC(U), TDF(U),
K219Q ddi(U)

16C




Predicted phenotypic resistance (level of resistance is

ID r Sex | Age Risk Subtype Loca.tlon Region Resistance mutations classified by mutation with highest resistance)
Dx acquired born
T215L
1186 | 2003| M 26 MSM B Australia| Asia K103N NVP(H), EFV(H)
1187| 2003| M | 39 MSM B Australia | Australia| K103N NVP(H), EFV(H)
1188| 2003| M | 32 MSM B Australia | Australia| K103N NVP(H), EFV(H)
. . Revertant Mutant
1192| 2003| M 46 MSM B Australia | Australia T215S of T215Y/F.
1198 2003| M 45 MSM B Australia N/A M41L Unknown on own
1201| 2003| M | 31 MSM B Australia | Australia| K103N NVP(H), EFV(H)
NFV(H),
ATV(H),
1203| 2003| M | 32 MSM B Australia | Australia| K103N N88S | NVP(H), EFV(H) IDV(L), SQV(L),
FPV(Increased
SUSC)
1207 | 2003| M 38 MSM B Australia | Australia| K103N NVP(H), EFV(H)
K70R
G190A T215I NVP(H), AZT(I), d4T(L),
1209 | 2003| M 55 MSM B Australia | Australia Y181C T215F ETR(I/H), TDF(L), ABC(L),
T215S RPV(L), EFV(l) ddi(L)
K219Q
SQV(R),
FPV(R), IDV(R),
1212| 2003| M | 50 | MsMm B | Australia| Europe | k103N | 28N | Loom | NvP(H), EFV(H) | AZT(D). 44T(L), LPV(R),
T69D ddi(U)
NFV(R),
ATV(R)
Reduces susc. td
IDV, NFV, FPV,
1213| 2003| M 38 MSM B Australia | Australia M46L LPV, TPV when
other mutations
present
1214| 2003| M | 32 | MSM/IDU Australia | Australia| K103N NVP(H), EFV(H)
1215| 2003| M | 40 MSM Australia | Australia T69D ddi(U), d4T(U)
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Predicted phenotypic resistance (level of resistance is

ID r Sex | Age Risk Subtype Loca.tlon Region Resistance mutations classified by mutation with highest resistance)
Dx acquired born
1216| 2003| M | 23 MSM B Australia N/A K103N NVP(H), EFV(H)
1226| 2003| M | 44 MSM B Australia | Australia| K103N NVP(H), EFV(H)
1245|2004 M | 27 MSM B Australia| Asia K103N NVP(H), EFV(H)
1246| 2004| M | 53 MSM B Australia | Australia| K103N NVP(H), EFV(H)
ddI(H), ABC(l),
1247 | 2004| M 46 Het C Overseas Europe L74V AZT(U), TDF(U)
1249| 2004| M | 58 MSM B Australia | Australia| K103N NVP(H), EFV(H)
1253| 2004| M | 22 MSM B Australia | Australia| K103N NVP(H), EFV(H)
1267| 2004| M | 43 | Het/IDU B Australia | Australia| K103N NVP(H), EFV(H)
Reduces susc. tq
1270| 2004 | M 48 MSM B Overseas Australia V82A IDV, LPV, ATV,
NFV
1274| 2004| M 39 MSM Australia | Australia M41L Unknown on own
1275| 2004| M 57 MSM Australia | Australia| K103N NVP(H), EFV(H)
iy AZT(L), d4T(L),
1276| 2004| M | 43 MSM B Australia | Australia T215C ABC(U), TDF(U),
K219Q ddi(U)
Reduces
1307 | 2005| M 31 MSM B Australia | Australia T69D susceptibility to
ddl
. .| K103N
1324 | 2005| M 52 MSM B Australia | Australia V179T NVP(H), EFV(H)
. . NVP(H/I),
1338| 2005| M 28 MSM B Australia | Australia| K103S EFV(L/)
KIO3N [\ o) NVP(H),
1374 | 2005| M 36 Het B Australia | Australia| K103S T69N EFV(H), Unknown
K101P RPV(H), ETR(I)
1382| 2005| M | 46 Het B Australia | Australia| K103N NVP(H), EFV(H)
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Predicted phenotypic resistance (level of resistance is

ID r Sex | Age Risk Subtype Loca.tlon Region Resistance mutations classified by mutation with highest resistance)
Dx acquired born
Reduces susc. tq
IDV, NFV, FPV,
1412| 2006| F | 49 Het 01_AE | Australia | Australia M46L LPV, TPV when
other mutabns
present
NVP(H), ETR(),
Y181C 3TC(H), FTC(H),
1432| 2006| M 13 U 02_AG | Overseas SSA G190A M184V RPE\'/:(\IE&I;;md ddi(L), ABC(L)
1446| 2006| M | 37 MSM B Australia | Australia K219E AZT(U), d4T(V)
}?26179'\('2 AZT(L), d4T(L),
1462| 2006| M 35 | MSM/IDU B Australia | Australia T69D ABC(U), TDF(U),
T215L ddi(V)
1466 | 2006| M | 46 U Australia | Australia| K103N NVP(H), EFV(H)
1476 | 2007| M 33 | Het/IDU Australia | Australia| K103N NVP(H), EFV(H)
K219E NVP(H),
1500| 2007| F | 48 | Het/IDU B Australia | Australia | Y181C L74] ETR(I/H), AZT(U), d4T(V)
RPV(L), EFV(L)
. K103N
1509 | 2007 69 MSM B Australia | Europe V106 NVP(H), EFV(H)
1522| 2007 47 MSM B Australia | Australia| K103N NVP(H), EFV(H)
L76V reduces
susc. to 1DV,
1537| 2007| F | 36 | Het | 01 AE | Australia | Austalia L76F LPV, DRV and
FPV. Increases
susc. to ATV,
SQV and TPV.
(L) to TDF,
ABC, DDI &
1538| 2007| M | 48 Het A Overseas SSA K70E possibly 3TC and
FTC. Increases
susc. to AZT.
. : T69D ddlI(H), ABC(l),
1568| 2008| M 38 H/IDU B Australia | Australia L74V AZT(U), TDF(U),
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Predicted phenotypic resistance (level of resistance is

ID r Sex | Age Risk Subtype Loca.tlon Region Resistance mutations classified by mutation with highest resistance)
Dx acquired born
d4T (V)
1569 | 2008 71 MSM Australia | Europe | K103N NVP(H), EFV(H)
1570| 2008| F | 31 Het Australia | Australia| K103N NVP(H), EFV(H)
1577|2008 M | 35 Het Overseas Australia| K103N | K219 NVP(H), EFV(H) | AZT(U), d4T(U)
Revertant mutation
. . emerging from
1585| 2008| M | 43 MSM B Australia | Australia T215S T215Y in the
absence of NRTIs
NVP(H),
. | k103N EFV(H), 3TC(H), FTC(H),
1590| 2008| M 3 MTCT A/AE | Australia | Australia M230L M184V RPV(I/H), ddi(L), ABC(L)
ETR(I/H)
1591 2008| M 36 | MSM/IDU B Australia | Australia| K103N NVP(H), EFV(H) Unknown
1596 | 2008| M 38 MSM B Overseas America | K103N NVP(H), EFV(H)
) ) 3TC(H), FTC(H),
1652| 2009| M | 48 | MSM/IDU B Australia | Australia M184V ddi(L), ABC(L)
1655| 2009| M 56 MSM B Australia | Australia T69D ddi(U), d4T(U)
1656| 2009| M | 39 MSM B Australia | Australia| K103N NVP(H), EFV(H)
Blood Y181C NVP(H),
1678| 2009| M 51 contact A/AE Overseas SSA G190A ETR(I/H),
overseas V106l RPV(L), EFV(I)
SQV(R),
FPV(R), IDV(R),
1708 | 2010 M 37 MSM B Australia | Australia L9OM LPV(R),
NFV(R),
ATV(R)
1728 | 2010 40 | MSM/IDU B Australia | Australia| K103N NVP(H), EFV(H)
1734 | 2010 40 MSM B Australia | Australia D67N AZT%()]I’I(?J‘;T(L)’
1785]| 2011 37 MSM B Australia | Australia| K103N NVP(H), EFV(H)
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yvr Location | Region Predicted phenotypic resistance (level of resistance is

ID Dx Sex | Age Risk Subtype acquired born Resistance mutations classified by mutation with highest resistance)

. . 3TC(H), FTC(H),
1868| 2012| M 39 | MSM/IDU B Australia | Australia M184V ddi(L), ABC(L)

2030| 2013| M 63 Het B Australia | Australia| K103N NVP(H), EFV(H)

Key: NNRTIs (nornucleoside reverse transcriptase inhibitors); NRTIs (nucleoside reverse transcriptase inhibitors); Pls (protease inhibitors)
M (Male); F (Female); Het (Heterosexual); Het/IDU (Heterosegerlwith IDUrisk); MSM (Men who lave Sex with Men)MSM/IDU (MSM

with IDU risk); U (Unknown risk); SSA (SuBaharan Africa); H (high level resistance); | (Intermediate level resistance); L (Low level
resistance); R (Reduces susceptibility to inhibitors); | (Increases susceptibility totarg)ioNVP (neviapine); EFV (efavirenz); ETR
(etravirine); RPV (Rilpivirine); 3TC (lamivudine); FTC (emtricitabine); ABC (abacavir); ddl (didanosine); TDF (tenofeNir)sthvudine);

ZDV (zidovudine); ATV (atazanavir); DRV (darunavir); FPV (fosamprenavir); IDV (indinaLPV (lopinavir); NFV (nelfinavir); SQV
(saquinavir); TPV (tipranavir).
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Table 16.NNRTI, NRTI and PI resistance by subtype

TN cases T/N subtype Multi -class NNRTI NRTI Pl
Genotype N with TDR resistance  resistance resistance resistance
N (%) N N N N
B 365 68 (19) 12 41 31 10
C 41 2 (5) 1 1
AE 51 3(6) 1 2
AG 16 1 (6) 1 1 1
D 2 0 (0)
A 4 1 (25) 1
AIAE 5 2 (40) 1 1 1
A/B 1
AE/AG 1
AE/B 1
AG/B 4
B/C 1
B/D 1
B/IG 1
G 2
Total 496 77 14 45 35 12
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5.7 Amino acid substitutions by drug class

Amino acid substitutions leading to drug resistance can differ between subtypes and CRFs.

The following sections reports substitutions by each of the three drug classes, and analyses

demographic linkbetween mutations and the population.
5.7.1 NNRTI Mutations

Thirty-sevenTN cases carried one surveillance mutation to NNREightcases
carried two an@ne casearried three (Tables 15 and 17). The most prevalent sites for

NNRTI mutations were K10@6 cases), followed Y181 (6 cases) and G190 (6 cases).

5.7.1.1 Mutations at position K103

Nearly half of all @ases harboring resistance (36/¢&rriedmutations at position
K103; 34 with the N mutation, oneith the S mutatiomnd one with botlihereafer
referred to as K103N and K103S redpesty). K103N reduces susceptibility to NVP
(~50-fold) and EFV (~26fold) while K103S causes intermediate to highel resistance to

NVP, and low to intermediate resistance to EFV.

The majority of K103 cases wereagnosedetween 2003 and 2004 (44% ordfell
K103 cases) and another spike occurred between 2007 and 2008 (25% or 9 of all K103

cases), Figure 18.

Thirty-five (97%) of the 36 K103 cases were of a B subtgpeyere males (the one
female had subtype B33 were people whacquired the infection within Australia and 28
were Australia-born The two subtype B cases acquired overseas were malesriah,
one Americarborn who acquired HIV vidMSM transmissionthe other Australiafvorn
via heterosexuatontact. Both cases formed part of the 2Z@AWD8 spike (Figure 18). The
one norRB case was pol-ISR A/AE variantcarried by a male infant who was infected via

MTCT in Australia.
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Figure 18.Proportion ofcasesvith mutations at position K103 from tof8DR cases
(n=78) over the entire period.

Just over twehirds of @ses with a mutation at K103 were M&M transmission
(67%, 24/36), and all 24 cases were a B subtype. In 23 cases the person acquired the
infection in Australia and in 16 cases the para@s born in Australia. The overall

prevalence of K103 mutations in the TN MSM cohort was 8% (25/302).

The remaining twelve K103 cases were reported as being transastteliows: three
through MSM withIDU risk, two through heterosexual contact WithU risk, five through
heterosexual contact, otl@oughMTCT and one unknown. All twelve cases were people

born in Australia, and all but one acquired the infection in Australia.

5.7.1.2 Mutations at positions Y181, Y188 and G190

Mutations at positions ¥81, Y188and G190 were identified in nirmases. Three cases
carriedboth the G190A and Y181 mutatiot®,o cases carried a singtd81C mutation,
three cases carried a single E or S mutatidhl®X0, and one case carrigg Y181C and

Y188L mutations
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Together, mutations at positions Y181 and G190 reduce susceptibility to®S@P (
fold), ETR (Q10-fold) and RPV (3fold). Y181C reduces susceptibility to EF\Wfd@d,
G190A reduces it-&o 10fold, and G190ES reducesd0-fold. G190E also confers high
leve resistance@.0-fold) to RPV and ETR. The L mutation at Y188 reduces

susceptibility to NVP and EF@0-fold, and RPV Sold.

Just over half (5/9) of the cases were subtype B, all diagnosed in Australia, and three of
them carried varioullRTI accessoryrad TAM mutations (K219EQ, T215IS, K70R,
D67N, M41L). One case also carried the F mutation at position T215, which usually
occurs with TAM mutations. Of the four ndhcases, all were acquired overseas and were

people born overseas.

Dual resistance occurreal five of the nine cases, four cases carried dual NRTI
resistance and one carried dual Pl resistance, Table 15 and 17. Of note is one case in which
the person was born and infected in Africa and carried mutations Y181C, G190A, H221Y
(not shown in datadnd the NRTI mutation M184V. H221Y often occurs in combination
with Y181C and is commonly selectedpaoplereceiving RPV. M184V causes higgvel

resistance to 3TC and FTC, and Hmvel resistance to ddl and ABC.

5.7.1.3 Mutations at positions K101, \61@&nd M230

A single P mutation at position K101 occurred in the same case that harbored
mutations N and S at position K103 (ID number 1374). K101P and K103N both cause
high-level resistance to NVP and EFV, and K101P also causedevghresistance to

RPV and intermediate/high resistance to ETR.

Another case that was also carrying the N mutation at K103 also harbored resistance to
the L mutation at position M230D number 159Q)This is an uncommon mutation usually
selected irpeoplereceiving EFV, NVPand RPV combination therapy. It causes

intermediate to higievel resistance to all NNRTIs. This case was a child diagnosed at 3
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years of age, with pol-ISR A/AE variant that had been transmitted through MTCT. The

child also carried the NRTI V mutation bsition M184.

Only one case carried the A mutation at position V106 that causetehighresistance
to NVP and EFV. This was a male diagnosed in 2002 who acquired the infection overseas

and whose country of birth was listed as unknown.
5.7.2 NRTI Mugtions

NRTI resistance occurred in 35 (7%) TN cases, and 49% of these (17) had two or more
mutations. Eight cases carried dual resistance to NRTIs and NNRTIs, two cases carried
dual resistance to NRTIs and PIs, and two cases carried multi resistandbeadalig

classes.

The most prevalent sites for NRTI surveillance mutations were D67 (11 cases), T69
(11), T215 (10), and K219 (11), followed by M41 (9), M184 (6), K70 (4), L74 (3) and V75
(1)

5.7.2.1 Mutations at positions D67, T69, M184 and K219

Six of the 35 NRTI resistant cases had mutations at positions D67 (N), T69 (D), and
K219 (Q), all of which confer resistance against AZT, d4T, and ddl. All cases were a B
subtype, and all but one were male cabewotal, 11/77 (14%) cases carried a K219
mutaton, eight carried mutation Q and three carried mutation E, 11 (14%) cases carried a

D67N mutation and 11 cases carried a T69D mutation.

Six cases carried mutation V at position M184. Three of these carried a single NRTI
mutation while the other three hddal resistance with multiple NNRTI mutations.
M184V causes higlevel resistance to 3TC and FTC and {mwel resistance to ddl and
ABC. However, this mutation also increases susceptibility to AZT, TDF and d4T and is

associated with clinically significaméductions in HIV1 replication.
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5.7.2.2 Mutations at positions M41 and T215

Nine cases carried mutation L at position M41 with seven carrying single class
resistance including four who harbored a single mutation only. The remaining two cases
had dual reistance to NRTIs and NNRTIs. Eight of the nine cases were reported as MSM
transmission, all acquired in Australia, all subtype B, and diagnosed between 2000 and

2005.

Four cases that carried M41L also carried a T215 revertant, which emerges from
T215Y orF in the absence of NRTI treatment. The presence of these revertant mutations
suggests that a) the person may once have harbored a T215T/F mutation as a result of
treatment, b) the person may once have harbored a T215T/F mutation transmitted to them
during infection which then revertad the absencef NRTI treatment, or c) the revertant
mutation was transmitted to them during infection from someone who was either on
treatment or had been on treatment. In the presence of treatment is it possibleTidabthe
revertants could mutate to the Y mutation. Together, M41L and T215Y confeleligh

resistance to AZT and d4T, and intermediateel resistance to ddl, ABC and TDF.

One case that carried M41L and a T215 revertant also carried the N mutation at
postion D67 and the Q mutation at position K219. All four of these mutationSAS
that, when combined, reduce susceptibility to AZT, d4T, ABC, TDF and ddl. TAMS are

selected by AZT and d4T and facilitate primerhlacking.

Another case carried all tharse mutations as the one above except at K219, with an
additional mutation (M) at V75 which reduces susceptibility to d4T and ddl, and the
NNRTI mutation S at position G190 which causes more thaiol8deduced

susceptibility to NVP and EFV.

Another M41Lcase also carried mutation T at position T69, as well as three NNRTI

mutations, N and S at K103, and P at K101. This Austril@n person was the only one
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of the M41 cases that reported heterosexual transmission acquired in Australia. The
combined mutatins confer extremely high level resistance to a number of NNRTIs and

NRTIs.
5.7.3 Pl mutations

In the protease gene a high frequency of various naturally occurring polymorphisms
and nonsurveillance mutations was recorded, but only seven different Banoei

mutations, the most common of which were L90M (4 cases) and M46L (3 cases).

Twelvecases carried resistance to Pls. Four carried the L90M mutation, which confers
resistance t&QV, FPV, IDV, LPV, NFV, and ATV. Three of these cases also had NRTI
mutétions that confer low to intermediate resistance to AZT, d4T, ABC, TDF and ddI and
two of these three cases carried triple class resistance, also harboring the NNRTI N
mutation at position K103, which confers hilgivel resistance to NVP (§0ld) and EFV

(20-fold). All four L90M cases were MSM with subtype B acquired in Australia.

Two cases carried the L mutation at position M41 and one case carried the | mutation,
both of which reduce susceptibility OV, NFV, FPV, LPV and ATV when present with
other muations. M46L also reduces susceptibility to TPV. Only one of the three cases
carried other mutations, the Pl mutation 184V that causes high resistance to ATV, FPV,
IDV, NFV and SQV, intermediate resistance to LPV and TPV, and low resistance to DRV,
and thhee NRTI mutations D67N, K70R and M184V, which cause high resistance to 3TC
and FTC, intermediate resistance to AZT and low resistance to d4T, ddl, ABC and TDF.
The first diagnosis of a case with the M46 mutation was in 2002, through MSM
transmission acqred overseas. The next case was diagnosed in 2003 also through MSM
transmission but acquired in Australia. The last case was diagnosed in 2006, a female who

reported heterosexual acquisition in Australia.

One Pl resistant case carried N88S, which caugedéwvel resistance to NFV and
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ATV, and lowlevel resistance to IDV and SQV, a B subtype transmitted by MSM contact
within Australia. One case carried 147V which reduces susceptibility to all Pls except SQV

and ATV, another B subtype transmitted througBN¥within Australia.
5.8 Demographic analysis of treatment naive persons with TDRMs

This section reports demographic characteristics associated with the transmission of drug

resistant HIV strains, in order to elucidate possible prevention strategies.
5.81 Transmission Risk

Of the total TN cohort, 86% (427/496) were male. MSM was reported in 71%

(301/427) of male cases, including 25 MSM who also reported IDU risk.

Eighteerpercent (5/301) of TN MSM carried at lesh one mutation, and of the MSM
with IDU risk subsegroup 28% carried at least one mutation. The proportion of TN MSM
carrying TDRMs has decreased over time, fro386/99; 20002004), to 11% (1427,
2005 2009) to 7% (5/75; 201@013 p O0.0001). Age at diagnosis ranged from 19 to 71

years.

Of the 187males who reported transmission risk other than MBMnknown 10%
(19) carried mutationsSeventeenvere reported as heterosek transmission (including
six with IDU risk) and of theséeterosexual transmission cadase were acquired
overseas antlvelvein Australia. Overall TDR prevalence among TN heterosexual males
(not including IDUrisk) was9% (11/125). TDR prevalence among t3& heterosexual

males with DU risk was19% (6). Age at diagnosis ranged from 26 to 72 years.
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Table 17. TDR distribution in 77cases

Proportion of

Cases with aITDR at Proportion of TDR TN cases (%)
position N cases (%) (N=7Y (N=496)

Any 77 100% 15.5%
Multiple Drug Classes 14 18% 2.8%
NNRTI
At least 1 46 60% 9.3%
Two or more 9 12% 2.0%
K101 1 1% 0.2%
K103 36 47% 7.3%
V106 3 4% 0.6%
Y181 6 8% 1.2%
Y188L 1 1% 0.2%
G190 6 8% 1.2%
M230 1 1% 0.2%
V179 2 2% 0.4%
NRTI
At least 1 35 45% 7.1%
Two or more 18 23% 3.6%
M41 8 10% 1.6%
D67 12 15% 2.4%
T69 11 14% 2.2%
K70 4 5% 0.8%
L74 3 4% 0.6%
V75 1 1% 0.2%
M184 6 8% 1.2%
L210 1 1% 0.2%
T215 11 14% 2.2%
K219 11 14% 2.2%
Pl
At least 1 12 15% 2.4%
Two or more 1 1% 0.2%
M46 3 4% 0.6%
| 47 1 1% 0.2%
L76 1 1% 0.2%
V82 2 3% 0.4%
184 1 1% 0.2%
N88 1 1% 0.2%
L90 4 5% 0.8%
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Key: TDR (Transmitted Drug Resistance), TN (Treatment Naive).

Two male cases were not sexually transmitted, a MTCT acquired in Australia and a

blood exposure/medical procedure overseas.

Female TDR prevalence was 9% (6/69) and all acquired their infection throug
heterosexual contact, including one female who reported dual IDU risk. Five cases were
acquired in Australia and they were females born in Australia. One female acquired the

infection overseas and was born overseas (Africa).
5.8.2 Region of birth

TDR prevalence for people who were Australiaorn was 17% (51/298). All but three

were subtype B cases, and of these subtype B cases all but two were acquired in Australia.

Of the three noB cases that were Australidorn, all were acquired in Australia, and
two were female 01_AE cases through heterosexual transmission. The male was a child

with an A/AE variant transmitted through MTCT.

TDR prevalence fooverseasorn cases was 9% (120). Of these Aoverseasorn
cases, one was Americhiorn (16.5% of ttal TN Americanborn people)threewere
Asianborn @%), four were Europeaborn (11%) and four were Africamorn (7.5%).

Half (6/12) of the overseaborn cases had subtype B virus, all reported MSM transmission
and all but one was acquiradAustralia.One American two Asian and three European

born males accounted for these cases.

Non-B cases accounted for the other 46% (6). These comprised one 01_AE, two C, one
02_AG, one A, and ongol-ISR (A/AE variant). These six neld cases were all people

bornoverseas who acquired the virus overseas, only one was female (heterosexual
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exposure). Of the five neB male cases, three reported heterosexual transmission, one a

blood exposure and one unknown exposure.

Nearly onefifth (18%, 14/77 of cases carrying atations did not have a country of
birth listed. They were males with subtype B diagnosed between 2000 and 2003, all but

two were acquired in Australia and all but two were MSM transmission.
5.8.3 Location infection acquired

TDR prevalence for casesquired in Australia was 18% (66/350), and’8%f these
cases (6Bhad a Bsubtype. Two cases wefiemales with 01_AEandwerediagnosed
between 2006 and 2007. The last case was a male child potH3R A/AE variant, MTC

transmission and the only n@ TN case to have a K103N mutation.

Just over threquarters (7%, 51/66) of cases acquired in Australia were MSM (69%
born Australia, 11% overseas, 20% unknowWiyelve cases were heterosexual

transmissionigcludingfive females), one was MTCT and two wer&nmwn.
5.8.4 Sex and age

TDR prevalence in TN females was 9% (6/69) aéd% (71/429) in TN males. The

ratio of males to females carrying mutations was 12:1.

The majority of mée cases were subtype B (92%),6%early all acquired in Australia
(92%, @). Four of the 72 males (6%) were RBrcases, all born and acquired overseas.
Two males wer@ol-ISR cases, both A/AE variants diagnosed between 2008 and 2009 and

with one born in Australia (MTCT).

Five of the six females were Australiaorn, and all acqred their infection in
Australia (three subtype B cases and two 01_AE cases). One carried single NNRTI
resistance, two carried single Pl resistance, one carried single NRTI resistance and one

carried dual NNRTI/NRTI resistance. The other female was Afibmaxn and infected
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overseas with a subtype C virus that carried single NNRTI resistance.

Tenpercent (8/77 of TDR carriers werender25 years of age. Onearriedpol-ISR
A/AE and one carrie€RF®_AG. All cases were male, and sieported MSM exposure.
The other two males were aged three at diagnosis (MTCT acquired in Australssjezhd

13 (Africanmalewith unlisted risk and infection acquired overseas).

Sevenof these young people carried virus with highel resistanceo at least one
NNRTI or NRTI. Two young MSM also carried Pl mutations that conferred resistance to

all Pl drugs except TPV and DRV for operson and SQV and ATV for the other.

Seventeen percent (13)70f TDR carriers were aged 51 and over. All were male and
all but one had subty@. One Africanborn male had an A/AE ISR, contracted through
direct blood exposure overseas. This male had high level resistance to two NNRTIs and

intermediate/low resistance to two others.

Of the 12 subtype B males, 11 reported MSM exposure and sktresse carried

K103N, which confers high level resistance to two NNRTIs.

One male reported heterosexual exposure and had a subtype B virus that harbored the

K103N mutation only.
5.8.5 Year of diagnosis

The majority of TN cases carrying TDRMs were diaggd between 2002 and 2009
(Figure 19), with the annual proportion of new diagnoses carrying TDRMs decreasing over

time (Figure 20).
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5.9 Summary

The prevalence of TDR in the treant naive cohort was high at.3%, with rates
significantlydecreasing over time. The predominant TDR mutation was K103N, most likely
because of the use of NVP as a mono or dual therapy and seleesisarprduring the early
HAART era. TDR was highest in the MSM population and the majority of MSM cases were

males born and infected within Australia.

The prevalence of TDR in ned subtypes was moderateZéb, and has alssignificantly
decreased over tim&he moderate levels reflect the emergence of drug resistance mutations
when HAART was first introduced in LMICs and were caused by the use of drugs with a
lower genetic threshold for resistance, guideliased treatment rather than individualized
care,issues with treatment adherence, the extended period between infection and diagnosis,
and absence of regular viral load testing for rapid changeover from first to second line

treatment in the case of treatment failure.

The decrease in TDR in both subtyBeand noRB cases over time corresponds with
more robust treatment regimens globally, improvements in HIV testing and early diagnosis,

regular viral load checks and improved care of people diagnosed with HIV.
5.10 Discussion

Almost 30 years after the imttluction of antiretroviral therapy in Australia it is timely
to analyze the prevalence of TDR among treatment naive people newly diagnosed with HIV
in South Australia. Approximately 15 million people are now receiving ART worldwide,
and in 2004 WHO begangobal surveillance program to measure acquired and TDR as
ART access was expanded to those in need. Surveillance is crucial to gauge how drug
resistance may affect future treatment options, including the best commencement regimen
and which treatments shlol be excluded, along with careful monitoring of HIV viral load

and regular genotypic resistance tests to assess how a particular subtype is reacting to various
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treatmentg?®

Currently, WHO defines the prevalence of TDR within a geographic area as follows:
5% (low), 5 15% (moderate) an@15% (high)*?® The present study demonstrates a high
but decreasing rate of TDR in newly diagnosed individuals in South Australia between 2000
and 2013. This high TDR prevalee rate is not surprising given ART has been widely
available since the late 1980s when serial mono and dual therapies were used, which often
led to high levels of circulating drug resistance mutations, as did early HAART regditnens.
The overall high prevalence rate in this study mirrors findings in Victbaiad other high
income countrie$® A systematic review by Phaet al found TDR prevalence was greatest
in North America, followed by Western Europe and South AméfiGtudies in Latin
Americal?’ Germany®®, and San Francisé® have all reported relatively higtrevalence
rates similar to the present study. A Latin American study of approximately 100 people
living in the Santo Domingo discovered a similarly high prevalence of the K103N mutation,
although the majority of the K103N infected population were hstenaal males?’ unlike
the South Australian population in which the K103N mutation was prgdmtly found in
viruses harbored by MSM. Recent TDR surveillance in Asia and Africa shows relatively
low prevalence rates, which was supported by findings in the current study for those born in
these region&®However, within specific regions such as Uganda there is growing evidence
of a surge in TDR, most likely because of the earlieraotlof ART than in other regions
and rapid expansion of a standardized public healthlimstART regimen using a NNRTI
and dual NRTI backbone, rather than individualizing treatment for each person through

genotypic resistance testihty>

The decline in TDR from 2000 to 2013 is almost certainly related to the introduction of
NNRTIs and Pls to ART, whereas before 1996 treatment optionsliweéted to the NRTI

drugs ZDV, DDI or DDC This two- or threedrug class combined HAART regimen raised
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the genetic threshold to resistance by increasing the antiviral potency, thereby decreasing
the prevalence of acquired resistance and hence TDR as aofloeffect. Improved
treatment adherence may have also affected TDR prevalence, because of a higher level of
education about resistance, a decrease in severe side effects of the antiretrovirahdrugs

the change from mulpill regimens multiple times a day to triple combination therapy

contained in one tablet taken once a tfay.
5.10.1 Type of resistance

Although current treatment regimens in South Australia use a combination of NNRTI,
NRTI, Pl and INSTIS? only the first three were examined in this cohort, with INSTIs only
introduced into treatment regimens relatively recently. Almost thueeters of people with
TDR carried higHevel resistance to at least a single drug class, many withldugh
resistance to multiple drugs within that class. This reduces the availability of treatment
options for current firstine triple combination regimens for treatment ngieeple, with a
higher risk for subsequent restrictions on second and third line regimens in the event of

treatment failure.

While the prevalence of TDR to all three drug classes decreased significantly over time,
single NNRTI mutations were most prevaléoitowed by multiple NRTI mutations. This
reflects the widespread use of these two drug classes, firstly NRTIs as standard serial mono
and dual therapies in high income countries, then later worldwide as HAART NNRTI/NRTI

combination regimens-19113.230

The high NNRTI mutation prevalence was because of a large number of people with the
K103N mutation, being 7% of all treatment naive cases and nearly half of all TDR cases.
This mutations known to develop ipeopleexposed to NVP or EFV as a monotherapy and
leads to high level resistance to the entire drug éRstigh rates of K103Nnutated virus

have also been found circulating among untreated HIV carriers in Victoria and it is thought
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to be preferentially transmittéd Globally, the K103N mutation is found in approximately

37% of NNRTI treated people with a subtype B virus, but only 1.1% of the TN popui&tion.

In this study, K103N prevalence among TN people was simetimes higher than that
reported in the Stanford drug retsince database. All but one K103N cases were subtype B
virus and predominantly transmitted through MSM. There were also subsets of K103N
containing viruses transmitted through MSM and heterosexual contact with IDU risk. All
these subtype B K103Nontainirg viruses were contracted by people born in Australia and

all but one acquired the infection in Australia. Most were diagnosed between 2003 and 2004
or 2007 and 2008, although there were diagnoses spread across the entire time period. The
K103N mutation fist rapidly spread through the MSM population, most likely because of
multiple concurrent partners newly infected with the TDR strain and quite possibly
undiagnosed at the time of transmission. The crossover between the MSM and heterosexual
populations irSouth Australia (including some with IDU risk) suggests one overall sexual
network, with forward transmission of K103N most likely through bisexual men and sharing

of needles or other drug paraphernalia.

Only one norB case carried K103N, pol-ISR A/AE variant originating from sub
Saharan Africa transmitted through MTCT. The child was aged 3 years at time of diagnosis,
and he had the rare NNRTI M230L mutation and the K103N mutation, effectively
eliminating an entire drug class as a treatment option. bte led the NRTI M184V
mutation, which is selected by 3TC and FTC. In Africa, the K103N mutation is often caused
by the use of NVP during pregnancy, which has been widely implemented sinc&2.999.
The single dose NVP protocol used during childbirth is also thought to inhibit HIV strains
susceptible to treatment, which leads to a selection presstelzddckground drugesistant
strains and compromises use of subsequent standasihrS8INRTI/NRTI regiment3>232

However, although the mother was born in Africa, gaee birth in Australia and was not
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diagnosed with HIV herself until the child was aged two. The child also carried the M230L
mutation which is uncommon globally, but in a recent Ghana study a prevalence rate of over
50% was found amonpgeoplewith predomnantly 02_AG or URFs who had been on a
standard firstine treatment regimen for six months, along with the K103N mutatfoA.
genotypic drug resistance profile was undertaken for the mother one year before the child
was diagnosed that showed no evidence of drug resistance mutations. It is possible that the
mother experieced treatment failure during firihe therapy while breastfeeding, although

it is more likely she had been previously diagnosed and treated in Africa, and upon ceasing
treatment to come to Australia carried a virus that had reverted back ttypeldttime the

genotypic resistance testing was done.

The M230L mutatiormentioned abovevasthe only NNRT mutationfound in nonB
cases only. Though not a surveillance mutatit21Y was also noted in one Africdyorn
personjn conjunction with Y181C and GOD@. These three mutations are commonly found
together and are indicative of treatment failure of a regimen containing?Nmame
African origin nonB cases carried181C and G194 togetherand one also carried106l.
When these mutations are combined they confer significant resistance to etravirine, a drug
normally used for secordde treatment after virologic failure while on first generation

NNRTI treatment such as EFV andiWP, both widely used in suBaharan Africa?%234

Only 24% of treatment naive people in the South Australian cohort carried Pl mutations
and all but two of them were M with subtype B diagnosed between 2000 and 2004. This
low overall prevalence of Pl mutations is consistent with findings in Victbaad it is a
consequence of a number of factors such as higimatig threshold for resistance, increased
antiviral potency because of combination treatment versus monotherapy and increased
treatment adherence following improvements in the number of pills needed per day, size of

pills, etcl® There may also be a smaller proportion of people using Pls compared with
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NNRTIs and NRTIs because of their propensity for side effects such as gastrointestinal

upset, and problematic drug interactions with other medicatfons.

Pl resistance in untreated individuals is indicative of infection with a virus that had been
exposd to early HAART, shown by the dual or triple class resistance seen in the majority
of PI resistant cases. New PI drugs have a higher genetic threshold to drug resistance
compared with those used during early HAART regimens, which also supports thisdecrea
in Pl mutation prevalencg® L90M was the most prevalemutation among Pls, followed
by M46l/L. These mutations are often found among those with Pl resistance, and confer
resistance to NFV, IDV and LPV, all of which were used in Australia during this time period
Chttp://arv.ashm.org.au/ayuidelines/appendik-drug-characteristicgables/pis

characteristic®

People with NRTI resistance and a B subtype virus were more likely to carry multiple
NRTI mutations. The majority of these were diagnosed between 2000 and 2004, while those
with a nonB subtype only caied single NRTI mutations, diagnosed between 2004 and
2008. Again, this is indicative of pte@AART serial NRTI mono and dual therapy in
Australia where subtype B predominated, compared with the later implementation of

HAART where norB subtypes originatgdm.

TAMs were the most common NRTI resistance mutations among subtype B viruses, and
this is mainly explained by the extensive use of ZDV as mono and dual therapy during the

1990s and as part of firshe HAART regimens.

Two NRTI mutatiors, K70E and LBF werefound in nonB subtypes only. While the
K70E mutation is uncommon across all subtypes ovétait, was harbored by a person
originating from sukSaharan Africa, where mutation prevalence among those on treatment
canbe as high as 25%° 1t is found inpeoplewho are receiving regimens that include d4T,

TDF and ABC. It reduces susceptibility to these drugs and can cau$evielwesistance to
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3TC and FTC while increasing AZT susceptiyiliThe L76V mutation is known to reduce
susceptibility 26 fold to LPV, DRV, APV, and IDV, but a-8 fold increase in susceptibility

to ATV and SQV2*" The effect othe F mutation at position L76 is unknown.

M184V isthe most common mutation among people with NRTI resistance in Australia,
but rates remained low with an overall prevalence rate of 1.2% in the TDR cohort. Onward
transmission of M184V may have beaeryented by a number of factors including low viral
titre and poor replicative fitness of this mutation in the transmitter, and impaired fitness of
the mutation in the treatment naive person because of the absence of drug selection

pressure?

Serial NRTI monotherapy or concurrent dual treatment failure during thd AR T
and earlyHAART era contributed significantly to the emergence of high levels of acquired
drug resistance which seems to have ¢epid onward transmission of these drug resistant
forms of HIV through the treatment naive populafi#hiThe emergence of newer, more
potent drugs that are now used in fiige triplecombination regimens has led to a decrease

in NRTI resistance.

Between 2000 and 2003, the only dual class resistant viruses were found in MSM and
were a mixture of PI, NNRTI and NRTI resistance, including two cases with triple class
resistance. Between @0 and 2013 there were only five dual class resistant cases, all to
NNRTIs and NRTIs. Three were subtype B heterosexual transmissions (one with IDU risk)
and two norB cases transmitted naexually. This disappearance of dual and triple class
TDR in the M5M population and introduction of NNRTI and NRTI dual class TDR through
other modes of transmission reflect the early introduction of successful triple combination
therapy regimens in Australia where MSM were the predominantiifB¢ted population.

The clanges also reflect the increasing proportion of HIV imported from regions of high
infection prevalence where the use of firse NNRTI/NRTI HAART is relatively new and
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issues such as treatment adherence, limited treatment options, no regular viraetded c
and poor quality patient care all increase the risk of TDR. This finding emphasizes the
importance of conducting genotypic drug resistance profiles before treatment begins both
for cases acquired overseas and within Australia, ensuring people aresngdb therapy

and having regular viral load and Cb4 cell testing to monitor the effectiveness of

treatment.
5.10.2 TDR and subtype

The treatment naive cohort for this study was comprised of around 75% subtype B cases
and 10% 01_AE cases, with thenma&ning 15% either subtype A, C, D, G and 02_AG, or
pol-ISR cases. The latter were predominantly variants containing subtype B, 01_AE and

02_AG.

TDR prevalence was significantly higher for people with subtype B virus compared with
non-B/pol-ISR virus becase of the high number of Australimorn MSM with K103N
mutations. Given that subtype is highly correlated with geographic region, either as place of
birth or place of infection acquisition, it is likely that the difference between B andnon
subtypes wairelated more to the amount of time ART has been available in Australia where
subtype B among MSM is most prevalent, compared with low and middle income countries
where most of the neB infections originated. However, overall mutations conferring
resistace to all three drug classes have decreased significantly for both B aBdsnbtype
viruses, which supports evidence of the global introduction and increasing access of more

virally potent triple combination therapies.

Of the people with dual and trgklass resistance mentioned earlier, the majority had a
subtype B virus, and most were Australlzorn males reporting MSM contact within
Australia. This supports the notion that location of HIV acquisition and location of treatment

where early ART regines are first available are better indicators of TDR prevalence than
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subtype.

Although the number of neB/pol-ISR cases with TDR was small and decreased over
time, the overall TDR prevalence of 8% was moderate according to WHO staHdarus,
it has been well documented that HlVrecombination affects viral evolution and the
development of drug resistance mutatiétidlearly half the cases were people born in-sub
Saharan Africawvhere the rate of viral recombination is higind carried NNRTI and/or
NRTI mutations, most commonly Y181C and G190A. Both of these result inldwgh
resistance to multiple NNRTreatments and are associated with use of EFV and NVP in
Africa as part of firstine treatment The major drug resistance mutations found in the
African-born cohort were similar to those found in a previous study of African patients,
which also found TDR was predominantly singlass resistance as found in our coRdrt.
This moderate pralence can be explained by the initial implementation of ART in Africa
and other LMICs, where treatment adherence was poor because of treatment cost and
availability, and treatment guidelines directed the use of dual rather than triple combination
therapy"® This was clear in the current study. A-yi@arold African-born male carried dual
resistance mutatic to multiple NNRTI and NRTI treatments, having Y181C, G190A,
H221Y and M184V, the last of which confers hilgivel resistance to 3TC and FTC and low
level resistance to ABC and ddl. It is a matter of concern that someone so young is already
resistant tat least four NNRTI and four NRTI treatments, given these two drug classes are
the preferred firstine treatment regimens. Although triple combination therapy is now
widely used in LMICs, it is crucial that accurate and extensive health histories actembll
and routine HIV testing conducted on arrival in Australia, so genotypic resistance testing

can be performed as early as possible to ensure timely and accurate treatment.
5.10.3 Location of infection acquisition and region of birth

Although the TDRourden has decreased significantly for people infected and/or born in
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Australia, their prevalence of TDR was over double that of those infected and/or born
overseas. Again, this was mainly because of the rapid transmission of K103N in the
Australian MSM peulation and the prevalence of multiple NRTI mutations from early pre

HAART therapy.

High-income countries have a high level of ART coveragés®o) for those who are
eligible for treatment3®while in 2012 approximately 34% of eligible people in LMICs had
access to ART?° The higher TDR prevalence in Australiborn and infected people was
not surprisng given the disparity in ART availability between higlkcome and LMICs, the
difference in length of time ART has been available, and the propensity for multidrug
resistance to occur during early treatment regimens because of selection pressure of certain
drugs?'® Other factors that affect TDR include early diagnosis and accurate treatment,
regular viral load checks to identify treatment failure early, and monitoring of treatment

adherence.

The majority of frst-line ART regimens have been introduced into LMICs relatively
recently in comparison, and consist of two NRTIs combined with one NNRTI. This has been
proven to be extremely effective at sustaining a suppressed viral load and reducing the

likelihood of selection for resistant strains and thereby onward transmission of resistant

Strainsll’135’154’216

However, TDR prevalence among oversaeguired and oversea®rn cases is still
considered moderate by WHO standards and almost all those with TDR sargledclass
resistance to either NNRTIs or NRTIs, indicative of selection pressure while on triple
combination therapy. It is possible some of these TDR mutations were acquired DR
mutations. Although people are carefully screened at time of diagnosissinala about
past diagnosis and treatment history they may not always report accurate information. It is
also possible that some n@ncases with mutations at drug resistant sites were actually

18¢€



polymorphisms that appeared after infeciéhConversely, the stage of infection at
diagnosis was not available for analysis, but it is highly likely soreeseasacquired cases

were chronic undiagnosed infections in which TDR mutations had reverted back to wild
type or had reduced to undetectable levels (i.e: not the dominant circulating strain any

longer) and so TDR prevalence may actually be underrepegeh

There were no TDR cases in the overdaa® population between 2010 and 2013,
which reflects the extension of effective HAART access in lawd middleincome regions
such as Africa, South Americand Asia, from where nine of the 13 oversbam people
originated. There have been major achievements with initiating ART in developing
countries. Reports from Africa have shown that where ART is available there have been
reductions in viral load simitao those from developed natiot¥§ However, challenges still
remain. Acquired and TDR surveillancecisrrently limited, which affects current practice
andpolicy. ART use is increasing despite this lack of surveillance in a setting where viral
load testing is sporadic, genotypic resistance testing not routinely conducted before
treatment initiation, andé¢atment failure to firsiine regimens is prolonged before switching
to secondine treatment$?®To halt the spread of TDR, it is essential that surveillance efforts
are increased, genotypic resistance testing is conducted before the initiation of treatment and
there is a high quality of care to ensure early diagnosis, high level treatmergrazthand

ongoing education about prevention.
5.10.4 TDR in the young population

Ten percendf TDR cases were peopl@der25years of ageand the prevalence of TDR
in the under 25 TN population was 14%| weremale andall but twowere MSM with
subiype B virus diagnosed between 2000 and 2004. Of concern in this young cohort is that
all of themharbored high level resistance to one or more of the three drug classes, including
threewho carried higHevel resistance to NNRTIs and NRTIs, and two witkiragle Pl
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mutation that confers resistance to all but two of the PI treatments. There are many
implications to consider for young people beginning HIV treatment, including further drug
resistance, treatment failure, treatment switching, adherence to érgand longerm

toxicities caused by the length of time on treatnié&hnt.

There were also twgoung people witmonB virusesdiagnosed in 2006 and 2008
respectrely. Both were males born in Africa, one was aged 3 at diagnosis and the other aged
13. These cases have been described previously in this chapter. They are of concern because
both children had higlevel resistance to two of the most commonly used diagses in
first-line treatment regimens, which limits treatment options to Pls and the newer INSTIs,
puts them in a highisk category for treatment failure with further restrictions on treatment
options, and exposes them to letegm toxicity side effectbecause of the need for lifelong

treatment?®
5.10.5 Type of transmission

5.10.5.1 MSM contact

MSM represent a disproportionate number of people with TDR waitk\ his is not
surprising given MSM represent a disproportionate number of people with HIV in high
income countries where treatment has been available for much longer. This higher
prevalence of TDR in the MSM population is mainly due to risk behavioth si8
unprotected sex, multiple concurrent partners and high frequency of partner swapping,
including among untreated men both diagnosed and undiagnosed, and in the early stages of

infection when TDR mutations are likely to be preséht*?

The prevalence of TDR among the MSM population has significantly decreased over the
last 15 years in Australia, althoudrstill has the highest rate globaf§The overall TDR
prevalence among MSM in South Australia was approximately 20%, which is 5% higher

than national rates and much higher than reported in North Americg,({Mé&stern Europe
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(11%) and South America (8% This could be explained by the high prevalence of K103N
forward transmission as discussed earlier. The current findings are also consistent with
others who havdound high prevalence rates of TDR among MSM compared with
heterosexual and other populatidAsdowever, TDR to all three of the drugasses
decreased from extremely high prevalence to low prevalence. This contrasts with the
increase in resistance to NNRTIs and Pls among MSM seen glébahis global increase

is partly caused by selectipnessure of certain drugs in triple combination regimens, which
may be the result of unequal adherence to each medication and drugs in the combination that
have a lower genetic threshold for resistance. The decrease seen in the current study indicates
tha first-line combination treatment regimens within South Australia are effective at
reducing viral load, have a high genetic threshold to resistance, and generate high medication
compliance by combining multiple drugs into one pill to be taken once dallyetlucing

severe side effects. However, given TDR forms of HIV are still circulating in the MSM
population, including the K103N mutation, there is still an urgent need for targeted
prevention of transmission, and for mandatory genotypic resistancegtesgtiime of

diagnosis.

5.10.5.2 Heterosexual contact

In regions like North America, Australia, Western Europe and South America, HIV
transmission through heterosexual sex or IDU is less common than through MSM but rates
of TDR are quite high, while in ptes such as Eastern Europe, Central Asia, and some
SouthEast Asian regions infections are predominantly transmitted through intravenous drug
use yet the prevalence of TDR is quite B\W\here heterosexual tramission is most
prevalent, such as st#aharan Africa, TDR is also quite low. The current study mirrors
these findings. TDR prevalence among heterosexual people born and/or infected in Australia

was moderate and has fallen significantly over time. Coriyereeterosexual Asiarand
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African-born people had low TDR prevalence rates. A very high TDR prevalence was found
among injecting drug users in the current study, in both the MSM and heterosexual
populations born in Australia and overseas. People whkotidyugs may be more at risk of

TDR because of sporadic adherence to treatment, treatment interruption, and a higher risk
of transmitting TDR before virus detection and diagnosis. The IDU population is more at
risk of HIV in general because of the direxicess to the bloodstream of an uninfected
person, while people engaging in anal sex have also been found to be at higher risk because
of the high number of CD4T cells found in the gastrointestinal tract, including the rectal
mucosa which can be easilisdupted during intercourse and provides HIV access straight

to the bloodstrearff3244The high TDR prevalence ratamang IDUs in Australia compared

with the relatively low prevalence recorded in LMICs can be explained by the longer time
period of accessible ART and resulting resistance circulating in the population. The
prevalence was high across the first two timequks;i then dropped to a moderate level in

the most recent time period, which correlates with the decrease in TDR noted in the MSM

and heterosexual populations.
5.10.6 Strengths and Limitations

This study included all TN people newly diagnosed with HIVeation in South
Australia between 2000 and 2013. This allowed an accurate calculation of the prevalence
rate of TDR in the South Australian Hlivifected community over a long period of time and
a through a number of changes in treatment practices, bubrcastwarranted when
extrapolating results to other Australian states, or countries of origin for the cohort born or
infected overseas. South Australia implemented routine genotype/drug resistance profiling
within 12 months of diagnosis in 2000 and usestamdardized protocol for collection of
notification data, which allowed analysis of transmitted surveillance mutations within the

treatment naive cohort.
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Demographic and genetic data were available and these provided the unique opportunity
to make compasons between genetically diverse subtypes, regions of birth, regions of
infection acquisition and risk behavior. This has assisted in understanding the circulating
drugresistant HI\V1 strains at the population level. To date, such data have not been

pubished.

A limitation of the study was the lack of precise information about where the infection
was acquired, which would have allowed for more detailed analysis of the origin of TDR
strains. The time between infection acquisition and diagnosis was flabséor analysis,
so it is possible the proportion of individual mutations was biased because of reversion to

wild-type or the resistant virus no longer being the dominant circulating strain.
5.10.7 Recommendations

Genotype surveillance that incorp@st communication between virologists,
practitioners, clinicians and people infected with HIV is crucial to enhancing our
epidemidogical knowledge about TDR and treatment response for treatment naive people
with diverse strains of HIW® Sequence diversity and resistance in the global population
needs to be monitored to aid treatment optimization and ensure the best treatment outcomes,
especially for treatment naive people. Hl\evolves very rapidly, and although subtype
variation may not predict how a person will respond to treatment, emerging evidence
supports the belief that natural polymorphisms or drug associated mutations that are common

to certain subtypes and CRFs can affect treatment outcdfnes.

Ideally, HIV-1 genotype and resistance testing should occur at time of diagnosis before
any treatment has occurred. This not only aids population surveillance and development of
guidelines but also allowdigicians to access genotype and mutation information to guide
decision making about individual treatment plans. This has been progressively introduced in

South Australia over the last decade, with the majority of newly diagnmsszsbeing
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genotyped witn 12 months of diagnosis according to South Australian guidelines, usually

at time of diagnosis and again before treatment commencement.

However, this is not viable for many countries, particularly those with limited resources.
Instead, the majority of seurcepoor countries follow WHO HIV drug resistance
guidelines, which include routine monitoring of factors associated with emerging drug
resistance, surveys to assessing prevalence of drug resistance and to monitor the emergence
of drug resistance, anadqgram evaluation of populations receiving ART. Data from these
surveys are then used to make decisions about treatment regimens. As findings from sub
Saharan Africa demonstrate, TDR is ristigGiven the expanding access to ART in Africa,
the growing African community in Australia and the increase in new diagnoses that may or
may not be chronic infectiona/e need financially viable ways to ensure early diagnosis and
genotypic testing. Resistance data in pretreatment populations provide important
information about the probable effectiveness of available regimens for each region, and
lessen the probabilityhat the virus has reverted to wilgpe or that mutated strains have
declined to levels undetectable by populafi@sed genotyping. Such information also
ensures that appropriate fulgte treatment is given in a timely manner. Targeted prevention

and spportstrategies among migrant and refugee communghesuld also be a priority.

Triple combination therapies are much more effective in suppressing viral replication.
This, combined with improved treatment strategies to ensure adherence, more tsigeable
effects and regular viral load checks for early management of treatment failure, have most
likely led to the significant decrease in TBR.The low prevalence of TDR viruses still
circulating may be the result of ppengagement with medical care and low rates of ART
adherence among those already on treatment. Given that the time between becoming infected
and being diagnosed can be quite significant if there are no symptoms, and that there may

20% more people infectadith HIV than are diagnosed, it is quite possible that resistant
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viruses continue to be transmitted between undiagnosed people. This would explain the large
number of K103N viruses diagnosed between 2003 and 2004, and again between 2008 and
2009. Peopleni the early stages of HIV infection who are unaware of their infection or who
may know they are infected but have not yet started treatment may be responsible for a large
number of forward transmissions of HIV, because this is the time period where HIV is

replicating most rapidly and RNA levels are highést.

Further studies should include surveillance data on stage of infection at diagnosis,
virologic failure, first and subsequent drug regimens used, treatment adherence levels, CD4
cell count and viral load. It would also be beneficial to investigate trasgmipatterns and
networks by phy. This could be used to validate personal reports at time of diagnosis and
assist with contact tracing, and to identify transmission patterns and networks. Findings
could then be used to develop targeted prevention andtmustrategie$* However,
caution must be taken with this approach because attempting to link viruses through
transmission and possible contaetcing can invoke a number of ethical and legal issues

around patient confidentiality and disclosure of HIV staffis.
5.10.8 Conclusion

In conclusion, the findings show that there is a high but decreasing level of TDR in the
South Australian HIvinfected population, largely stemming from forward transmission of
the K103N mutated virus in the subtype B MSM cohort before 2010. There is @svate
but decreasing levels of TDR in people born or acquiring their infection overseas,
predominantly NNRTI and NRTI resistance which is also seen in host countries where ART
has been introduced relatively recently. Although decreasing, the modesdtef[@DR is
still of concern. In a world where ART is rapidly expanding, early diagnosigreasment
drug resistance testing, effective treatment regimens and ongoing surveillance are of the
utmost importance. Despite decreasing rates, the numberRfstiBins circulating in the
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MSM population in Australia remain a concern, which highlights the need for continued
surveillance, education and early diagnosis. There is also a steady influx of people migrating
from LMICs to Australia, including those witHIV infection and TDR. It is essential that

HIV testing is encouraged and supported, to identify infection early and test for resistance
before treatment. Resistance patterns in-Bgoersons infected overseas may influence
treatment choice and viral suggsion beyond our current understanding of the historical

subtype B infection circulating in Australia, and these cases should be monitored Tfosely.
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6.1 Overview

A comprehensive understanding of transmission pegtesubtype distribution, and risk
factors is crucial when designing targeted prevention strategies for different population

groups and networks to halt onward transmission of HIV.

The introduction of routine drug resistance testing of the-HIpol genein South
Australia has provided a wealth of generated sequence data. This allows the assessment of
subtype distribution in the population and to conduct phylogenetic analyses to investigate
the virus in ways that were not possible using-genetic survdiance data alon&* 1t also
provides insight into whether routine information collected at the time of diagnosis is

accurate, such as reports of transmission risk, location of infection acquisition etc.

The sequencing of multiple genes increases the nobssstof the analysis of genetic
diversity. By combining epidemiogical and genetic data, HIV strains can be closely
examined for evidence of recombination and mutation and this information can then be
compared with demographic information. The results lmarused to identify population
transmission patterns, subtype distribution, strains that are currently circulating and by what

exposure risk, and which strains are being imported or transmitted locally.

In Chapter Four, results of analysis gl gene squence data which represented all
newly diagnosed people in South Australia between 2000 and 2013 showed a subtype
distribution changing significantly from predominantly subtype B infections circulating
among the Australian MSM population to an extensarge of B and neB subtypes and
CRFs, includingol-ISRs, circulating in MSM and heterosexual populations and in children
and adults through direct blood contact. It was also found that manB sabtypes and

pol-ISRs were being imported and there wasience of local ongoing transmission.

Despite the wealth of routinely collected sequence data, genetic diversity and

transmission patterns within the South Australian HIV population remain largely
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unexplored. In the present study this diversity is examimetbre depth using phylogenetic

reconstruction of HIV1 pol andenvgene sequences.

Phy can be used alongside more traditional epidegimal methods such as contact
tracing to identify evolutionary relationships among patient sequences and undeistand H
transmission dynamics globally. It can often confirm or refute personal reports and this leads
to more accurate network mapping, identification of high risk populasindsdentification
of broader clusters of people between whom the virus has basmiti@d over timé® This
information can then be used for prevention and intervention strategies. The comparison of
genetic sequences can al$ed light on intersubtype diversity between people who share

similar strains of the same subtype or CRF.

Phylogenetic analyses were performed ugpof and env sequences of 221 newly
diagnosed cases in South Australia between 2000 and 2012, to ascditgresand to
explore subtype and demographic characteristics of people with sequences in highly reliable
clusters (0O70% bootstrap value from commo
did not.Demographic characteristics for those that formed paran$mission clusters were

also examined.

Query sequences of interest were subtyped using phy, according to which reference
sequences they most closely clustered wihquences that clustered together with an
ancestral node bootstrap value @f0% werec al | ed o6hi gh rel i-abi | i
clusters were defined as sequences with an ancestral node bootstrap &l tdcated

within the largeid70% clusters.

Transmission cluster membership was defined as two or more sequences with a bootstrap
value of 98% or higher, and each sequence with a genetic dista@tes®$ from at least
one other sequence in the clust8iThese sequences maydieectly related (Persons A and

B; Person A transmitted the virus to Person B), related by a shared transmission (Persons A,
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B and C; Person B transmitted the virus to Person A and Person C in the cluster), or related
by intermediary transmission (Personmects Person B, then Person B infects Person C
and so forth). Within one cluster there may be a person who has transmitted the virus to
multiple people within that cluster, and there could also be people in the cluster who have
been infected by someom#o has not yet been diagnosed and is therefore not in the cluster,

while other people in the cluster have also been infected by the undiagnosed person.
6.2 Cohort demographics

The cohort consisted of 174 males and 47 females. Ninety people were bastralia,
85 were born overseas and 46 did not have a listed region of birth. The mean age at diagnosis
was 37 years (SD=12, range72). There were 114 cases acquired within Australia, 100
acquired overseas and seven with an unlisted location. Routeamdntission was
heterosexual (including IDU risk) in 100 cases, bisexual in five, MSM contact (including
IDU risk) in 92, medical procedure or MTCT in 15 and nine cases did not have a listed

transmission risk.

Between 2000 and 2006 there were 92 casesymdiajnosed, with 129 between 2007
and 2012 These year groupings were chosen for statistical power purposes, so univariate
analysis could be conductdtlasma samples for cases diagnos&diirBwere notavailable

for envsequencing at the time of the dyudue to clinical reasons.
6.3 PCR amplification and sequencing oénwgp41fragments

In total, multiple PCR amplification attempts fenwvgp41 were conducted on 332
samples (from 296 unique cases). There W@reases that had one or more plasma ssnpl
available for amplifying/sequencingnwvgp41, but after multiple attempts this was
unsuccessful. These 42 cases were diagnosed between 2000 and 2006, and the plasma
samples were taken between these dates. Tvedni{¥p2%) had Stanford CPR determined

pol subtype B, 11 (26%) 01_AE, three (7%) subtype C, one (2%) 01_AG, and one (2%) had
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pol-ISR B/C. These 42 cases were excluded from the study. A further 33 cases were excluded
because one or more of the inclusion criteria were not met, for example beingsdidg

interstate or before 2000.

Of the availablepol sequences for the 513 newly diagnosed cases in South Australia
between 2000 and 2012, 45%38) were utilized, thathad been previously created and
stored on the secure SA Pathology serzach represged a single case except for 12 pairs
of multiple sequences used as controls. A total of 233 samples from the same 221 unique
cases were used to amplify and sequencestivgp4lregion. Examples of PCR results

(visualized on agarose gel) are illustraiedrigure 21.

Nearly all (91%, 202) cases hpdl andenvsequences taken either from the same plasma
sample or from plasma samples collected less 12amonths apart. Study information by
date of diagnosis is shown in Table 18. Overall, 41% of thertataber of newly diagnosed
and subtyped cases between 2000 and 2012 were included in this study, with larger
percentages from 2009, 2010 and 2011. This was governed by the availability of plasma

samples for extraction.
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Table 18.Cases used fgrol andenvphy

pol/envseq
from same
Total number pol/env sample or
originally sequenced samplesOL2
subtyped cases months
Year dx N N % apart %
2000 23 7 30% 5 71%
2001 41 16 39% 10 63%
2002 21 6 29% 6 100%
2003 39 12 31% 9 75%
2004 47 20 43% 19 95%
2005 41 12 29% 11 92%
2006 46 19 41% 17 89%
2007 38 14 37% 12 86%
2008 42 10 24% 10 100%
2009 49 28 57% 26 93%
2010 38 34 89% 34 100%
2011 56 37 66% 37 100%
2012 32 6 19% 6 100%
TOTAL 513 221 41% 202 90%

Key: Year dx (year of diagnosis), Total number originally subtyped (number of cases newly
diagnosed between 2000 and 2012 that had a gtotedbtype on file)pol/env sequenced
cases (number and proportion of cases wiplolaandenvsequence that were used for this
study). All pol subtyping in this table was based on the Stanford CPR online subtyping tool
as per subtyping protocol at SA Pathology
Chttp://sierra2.Stanford.edu/sierra/servlet/JSierra?action=sequenc2Input

Twelve pairs of sequential sequences from 12 different cases (sequence pairs known to
be from the same person) were included in each tree as qualitplsto ensure accurate
calculation of the MEGA phylogenetic tree. The extra sequence was derived from a plasma
sample taken in a later yedtach pair is labellethe phylogenetic treg (Figure 22 and
Figure 23). Each of the 12 cases had botipther envsequences clustering ttfper on the
respective trees, Table 19. There was a large variation in bootstrap values with an average
of 78% (range, 23100%) andhe average genetic distance between the two sequences for

each case was 0.9% (rangi3®%). Seven of the I@l pairs ha bootstrap values €05%
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and genetic distances @R.1%, 10env pairs had bootstrap values G85% and genetic
distances of 3.3%.dwer bootstrap values and higher genetic distance may have been caused
by a variety of factors including number of yearsamen the two samples, natural genetic
drift, treatment interruption, high mutation rate of a particular subtype/CRF, or virus
reversion to wiletype.Casesdl and 11 had sequences from samples taken a number of years
apart, with a much higher viral load the first sample compared with the secahadyas

likely they experiencedssues with treatment failure as evidenced by frequent viral load
changes between the dates. Later sequencesésadl, 5, and 11 also carried a number of
nucleotide changewhich may have been due to treatment failure, or natural evolution
during treatment interruptio®aseds, 7 and 9 carried drug resistance mutations and likely

experienced treatment failure at least once between the times the two sequences were taken.

The oveall results show that theol andenvML trees were robust. The most recent
plasma sample sequence for each of the 12 cases was then excluded for the remainder of the

analyses.

8 9 10 1112 13 14 15 16 17 18 19

530bp

Figure 21. Agarose gel electrophoresis of amplifieal-gp41HIV -1 PCRproducts. Lanes:
Lane M1 100-bp marker, Lanesill61 530-bp envgp4l PCR products (negative outcome
for samples in lanes 3 and 16) Lane Iivegative control, Lanes 1891 positive controls.
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Table 19.Cases with sequentipbl/envsequences for qliy assurance of ML trees

pol env

Case VYear | Samplel1l/’2 same B/S gii?aer:ié: h Sample 1/2 Same B/S (ﬁ:&iﬂz h

No Dx cluster (%) e (%) phy cluster (%) (%) phy

1 2003| 2003/2008 Y 97 0 01 _AE | 2003/2008 Y 95 0.3 01_AE

2 2004| 2008/2011 Y 99 0 D 2008/2011 Y 96 0 D

3 2005 2005/2011 Y 100 0.3 C 2005/2011 Y 99 0.9 C

4 2005| 2005/2011 Y 57 1.1 B 2005/2011 Y 92 0.6 B

5 2005| 2005/2007 Y 23 1.7 B 2005/2007 Y 96 0 B

6 2006 2009/2011 Y 100 0.1 02_AG | 2009/2011 Y 99 0 02_AG

7 2006| 2006/2010 Y 55 1 B 2006/2010 Y 39 3.1 B

8 2009| 2010/2011 Y 99 0.7 C 2010/2011 Y 99 3.3 C

9 2000( 2004/2010 Y 99 2.1 B 2004/2010 Y 99 1.9 B
10 2001( 2001/2010 Y 94 1.8 01 AE | 2003/2010 Y 99 1.6 01 _AE
11  2003| 2003/2011 Y 37 1.7 B 2003/2011 Y 42 2.6 B
128 2009( 2009/2012 Y 99 0.2 01 _AE | 2011/2012 Y 99 0.3 52 01B

Key: Year Dx (year of diagnosis), Sample 1 and 2 refer to the years that each of the two samples used for sequencing w@as taken, B
(bootstrap).
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6.4 Subtyping and cluster analysis of the partigbol and envregions

The following sectiongeport phylogenetic tree analysis using both ploéand env
genes, to determine subtype and transmission clusters within the HIV cohort diagnosed

between 2000 and 2012.

Initial subtyping of thepol and env sequences was det@ned using maximum
likelihood analysis to construct a tree phylogenetically (phylogenetic tree). Sequences were
subtyped where the genetic distance unambiguously resolved the sequence to a particular
cluster. Cluster analyses were then conducted fordles,tassessing query sequences that
were part of highly reliable clusters and those that formed part of transmission clusters.

Demographic analyses were also conducted on both types of clusters.

Online virus subtyping tools (Stanford CPR, jpHMM, REGA ,UEAL, COMET and
LANL BLAST) were used to assess the accuracy of the phylogenetic tree, and to uncover
any potential unique ISRs. These will be discussed in Chapter Seven. A complete table of

case subtype results by phy and online tools is presented iméigg@ne.
6.5 Subtype distribution

The phylogenetic trees derived from the selep@@dndenvsequences are presented in
Figures 22 and 23Subtype distribution was similar between the two trees, with 45%
(100/221) of the totapol sequences clustereudth pure subtype B compared with 52%
(104/221) of the totaénvsequences, Figures 22 and 23. The remainingpbP4equences
clustered with three pure ndh subtypes and ten CRFs, and the remaining éiv
sequences clustered with three pure-Basubtypes and 12 diffeent CRFs, Figures 22 and
23.Both trees showed similar overaltopology, with all cases sitting within the same broad
clusters in both trees. Bootstrap values of 70% or higher are indicated on the branches. The
number of sequences withiigh reliability clusters differed slightly between the two trees,

with 53% (118/221) opol sequences being part of high reliability clusters and 56% (124)
20t



of envsequences being so. The remainsieguences either clustered with other sequences
with a bodstrap value less than 70% (n=p8l, and n=90eny), or were outliers, sitting

outside of clusters (n=1ol, n=7eny).
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Figure 22. Maximum likelihood tree representing the phylogenetic relationships betweenrl HiM
sequences. The tre@wconstructed using the GTR+I+G model of evolution and query sequences were alighed
against references sequences taken from the Los Alamos HIV database. Bootstrapr@&uase indicated

on the branches. Red lines denote reference subtypes and CRftetlyatequences clustered or paired with;
Cluster (sequences that paired or clustered together with a bootstrap V@n@8«f SubCluster (sequences

that paired or clustered together within a larger clusters andlsster had a bootstrap val@0%); P
(Person); Dx (Year of diagnosis); S (Sample and year it was taken).
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Figure 23. Maximum likelihood tree representing the phylogenetic relationships betweenl Hiw
sequences. The tree was constructed using the GTR+I+G model of evahdiguery sequences were aligned

against references sequences taken from the Los Alamos HIV database. Bootstrapr@8tuase indicated

on the branches. Red lines denote reference subtypes and CRFs that query sequences clustered or paired with;
Cluster (sequences that paired or clustered together with a bootstrap v@l@&f SubCluster (sequences

that paired or clusred together within a larger clusters and-slister had a bootstrap val@@0%); P

(Person); Dx (Year of diagnosis); S (Sample and year it was taken).
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6.6 High reliability cluster analysis

All cases that clustered togethettie pol tree also clugred together in thenvtree but
with varying bootstrap valuetn total, there were 170 (77%) cases that met the criteria of
being either gol or envhigh reliability cluster, or bothilhe pol tree identified clustarthat
had bootstrap values @70% where the same clusters were found in ¢he tree with
bootstrapg70% andvice versaof the 170 cases in a high reliability clus27% (46) were
part of apol O70% cluster only, 31% (52) amvO70% cluster only and 42% (72) were part

of apol andenvO70% cluster.

There were 109ol sequences that did not form part of a high reliability cluster. These
were most closely related to pure subtypes or CRFs in the phylogenetic tree, as seen in Table

20.

Table 20.pol sequences that were not part of highalglity clusters.

phy subtype N

Al 6
B 59
01_AE 25

02_AG 1

1

2

1

3

4

1

07_BC
15 _01B
47 BF
48 BF
51_01B
52 01B

There were 9&nvsequences that did not form part of a high reliability cluster. These
were most closely related to pure subtype€RFs in the phylogenetic tree as seen in Table

21.



Table 21.envsequences that were not part of high reliability clusters.

phy subtype
Al

B

C
02_AG
03_AB
07_BC
08_BC
14 BG
15 01B
28 _BF
36_cpx
45 cpx
47 BF

N b
WRrRPRPRNRrRRPRPOFHOZ

6.6.1 poltree

A total of 25pol high reliability clusters were identified from the triepology(Figure
22), comprising 53% (118) of cases, Table 22. Most (64%, 16/25) wereJusirever half
the pairs/clusters were cases wjibl sequences clusiag withnonB ( i n c | wldii knegy6 )6 B
reference sequencgekable 23. Table 22 shows the proportion of cases that were part of high
reliability clusters by subtype/CRF. All subtype C sequences were part of high reliability
clusters, compared with 31% and 4101 AE and subtype B sequences respectively.
Sequences that clustered with 07_BC, 15 01B, 47 _BF, 51 _01B or 52_01B (n=9) did not

form part of anyhigh reliability pol cluster.

The largespol cluster wa comprised of 42 sequencé$,were assigned sulpiy C and
one was sulglustered with 08 BC. This large cluster had a bootstrap value of 97%,
indicating it was highly reliableand thesequences wegeneticallysimilar (<10% genetic
distance) Theenvsequences for these 42 cases similarly formed oneluster ba with a
bootstrap value of 67% and a larger range of genetic dist@nbell of the sequences were

part of high reliability clusters, Table 23.
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Table 22.Proportion of subtypes/CRFs that formed part pdkhigh reliability cluster

Total Sequences Proporti_on

pol sequences n h'.gh n h'.gh
(N=221) reliability reliability

clusters (N) clusters
01_AE 36 11 31%
02_AG 12 11 92%
08_BC 1 1 100%
23 _BG 3 3 100%
48 01B 7 4 57%
Al 10 4 40%
B 100 41 41%
C 41 41 100%
D 2 2 100%

The second laegstpol cluster had 11 02_AG sequences, with a bootstrap value of 71%.
All the matchingenvsequences also clustered together but with very low bootstrap value
however six of thenvsequences sutlustered together in three pairs with high bootstrap

values.

There were 12 subtypel clusters, ranging from pairs (n=7) to a cluster of eight (n=1),
and 40 subtype sequences in total, Table 23. All subtype B pairs/clusters had bootstrap
values of 94100%, except the cluster of eight, which had a value of. 73% 40 matching
envsequences all clustered together in one group with a very low bootstrap value, but 31

were part of smaller high reliability stdbusters.

There were five 01_AE high reliabilifyol clusters, four pairs and one cluster of three.
The duster of three had a bootstrap value of 75% and two of the thresusibred together
with a bootstrapX®8%. The same two also hadvsequences clustered together with a
bootstrap of 99%. The foyrol pairs had bootstrap values of 84%, 95%, 97% and 100%
respectively and all eight of these casesdragequences clustered together with a bootstrap

value 0f90%.
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The two Al pairs, 48 01B pairs, and cluster of three 23_BG sequences all had bootstrap
values(98%, and the cluster patterns were the same farbhsequences, all with bootstrap
values®0%. The subtype D pair clustered with a bootstrap valu@%fahd had a matching

envpair with a bootstrap value of 94%.

Table 23.High reliability pol clusters

pol gene Al B C D 01 AE 02 AG 23 BG 48 01B Total

Pairs 2 1 4 2
3 1 1
4
5
6
8
11 1

42 1*

\l

PR RN

N =
M rPrRrRrRrNONE

Total 2 12 1 1 5 1 1 2

Key: * (one sequence in the subtype C cluster of 42 wasksbered with 08 _BC)

Thirty-three of the 118 (28%) clustergml sequences also formed paft I8 sub
clusters, Table 24. Again, these were predominantly pairings (69%, 9/13)lUStdrs were

found in the subtype B, C, a@RFQL_AE and 02_AG larger clusters, Table 24.

Five subclusters were found in the large cluster of 42 subtype C casesstoansf four

pairs and one cluster of three.

Four subclusters were found in four larger subtype B clusters. Actuter of five was
found in the subtype B cluster of six, a atlbster of four was found in a cluster of five, a
subcluster of three wadund in a cluster of four, and a saluster pair was found in a

cluster of four.

One 01_AE suzluster pair was found in a larger cluster of three 01_AE sequences, and

three 01_AG suleluster pairs were found within the 02_AG cluster of 11 cases.
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Table 24.High reliability pol sub-clusters

pol gene B C 01 AE 02 AG Total
Pairs 1 4 1 3 9
3 1 1 2
4 1 1
5 1 1
Total 4 5 1 3 13

6.6.2 env tree

Over half (56%, 124) of the 22énv sequences formed part of 24 high reliability
pairs/clsters, Table 25. As with thmol sequences, the majority of sequences (67%, 16/24)
were clustered in pairs, Table 26. The majority of pairs and clusters clusteretbwiih
subtypes (i inkog dhpenvirepe. TabB 25 below shows the propartiof

sequences that were part of high reliability clusters, by subtype/CRF.

In contrast to thgol sequences, only 28% of subtype C sequences were part of high
reliability clusters. Allenv01l_AE sequences were part of high reliability clusters as were

57% of subtype B sequences.

Cases with phyassigned 03 _AB, 07_BC, 08 BC, 14 BG, 15 01B, 28 BF, 36_cpx,

45 cpx and 47_BF (n=12), did not form part of @anyhigh reliability clusters.

The largest high reliability cluster was comprised of all 36 01_AE segsefrom the
cohort, with a bootstrap value of 90%. Tpel sequences for these 36 cases all broadly
clustered together but in smaller grougther than one big cluster, aowaly 10 of the 3ol
sequences were part 8f0% clusters (5 pairs).ri@ of the five pairs was assigned subtype

Al on thepol phylogenetic tree, the other four 01_AE.

There were 10 subtype B clusters in total, ranging from pairs (n=6) to a cluster of 26
(n=1), with bootstrap values ranging from 868©9%. All other subtype/CRF clusters had
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bootstrap values ranging from 75% to 100%.

The second largest cluster on #restree was the group of 26 subtype B sequences with
a bootstrap value of 91%. Tipel sequences for these 26 cases also clusteretherg(in
smaller groups) but only 13 sequences weré7@% clusters (2 pairs, one cluster of four

and another cluster of five).

Table 25.Proportion of subtypes/CRFs that formed part oéawhigh reliability cluster

Total Sequences in  Proportion in

env sequences high reliability  high reliability

(N=221) clusters (N) clusters
01_AE 36 36 100%
02_AG 12 7 58%
29 BF 2 2 100%
Al 12 6 50%
B 104 59 57%
C 40 11 28%
D 3 3 100%

Table 26.High reliability envclusters

envgene Al B C D 01 AE 02 AG 29 BF Total

Pairs 3 6 4 2 1 16
3 1 1 1 3
4 1 1
6 1 1
11 1 1
26 1 1
36 1 1

Total 3 10 5 1 1 3 1 24

Just over onguarter (26%, 32) of clustereshvsequences also formed part of 15-sub
clusters (Table 27) and all but one of the ¥yevpairings, predominantly assigned subtype
B (9 pairs), 01_AE (4 pairs), and 02_AG (1 pair). There was also ordssibr of 4 cases

within the cluster of 26 subtype B cases.

214



Table 27.High reliability envsub-clusters

envgene B 01 AE 02 AG Total
Pairs 9 4 1 14
4 1 1
Total 10 4 1 15

6.7 Transmission cluster analysis

As stated earlier, transmission clusters were defined as sequences that paired/clustered
together with bootstrap valu€®8% and all sequences within the cluster having a genetic
distance of01.5% from at least oneeighbour Figures 24 and 25 show the transmission

clusters on the phyol andenvtrees respectively.
6.7.1 pol tree

Fifteen percent (33) of giol sequencewere identified as being part of 12 transmission

pairs and three transmission clusters, Table 28.

Fourpol A1 and thregol 23_BG sequences were part of transmission clusters, Table
29. Of the 11 02_AG sequences in high reliability clusters, four wetepaansmission
clusters. Only 9% of subtype B sequences were found in transmission clusters compared
with 41% found in high reliability clusters, and only 17% of the subtype C sequences
compared with the 100% of subtype C sequences found in highliglieiosters, Table 29.

None of theD8_BC or D sequences that formed part of high reliability clusters were part of

transmission clusters.

Table 28.pol transmission clusters

pol gene Al B C 01 AE 02 AG 23 BG 48 01B Total
Pairs 2 3 2 2 2 1 12
3 1 1 1 3
Total 2 4 3 2 2 2 1 15
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Table 29.Proportion of subtypes/CRFs that formed part pbktransmission cluster

Total Sequences in  Proportion in

pol sequences transmission  transmission

(N=221) cluster (N) cluster
01 _AE 36 4 11%
02_AG 12 4 33%
23 BG 3 3 100%
48 01B 7 2 29%
Al 10 4 40%
B 100 9 9%
C 41 7 17%
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6.7.2 env tree

Twelve main transmission clusters were found within ém¥tree, comprised of 126
(25) of all envsequencesTable 30. All but one (92%, 1Wvere transmission pairs. The other

was a transmission cluster of three people ®@RF®_AG, Table 30.

All 01_AE seuences in thenvtree formed part of high reliability clusters, but only
17% formed part of transmission clusters. There were 25% efall2_AG sequences that
formed part of transmission clusters, 17% of subtype Al, and 10% each of B and C

sequenceslable 31.

Table 30.envtransmissiortlusters

env Al B C 01 AE 02 AG Total
Pairs 1 5 2 3 11
3 1 1
Total 1 5 2 3 1 12

Table 31.Proportion of subtypes/CRFs that formed part oéavtransmission cluster

Total Sequerces in  Proportion in

env sequences transmission  transmission

(N=221) cluster (N) cluster
01_AE 36 6 17%
02_AG 12 3 25%
Al 12 2 17%
B 104 10 10%
C 40 4 10%

6.8 Univariate analysis oftasedn clusters vscasesot in clusters

Univariate analyses were conducted to sabefe were any significant demographic
differences between people with sequences that clustered and those that did not.
Characteristics fopol clusters are shown in Table 32 am/clusters in Table 33. Data for

high reliability and transmission clustevere both reported.



6.8.1 Cluste membershig high reliability

There were significant associations betwqgsyl clustering and subtype, year of
diagnosis, sex, and transmission rigk (0.05), Table 32. Only location of infection

acquisition and region dfirth were associated wignvhigh reliability clusters, Table 33.

A higher than expected proportion of RBncases was found ipol high reliability
clusters p .05), and significantly more cases diagnosed in PRO¥2 were in clusters

than those diagpsed in 20002006 @ CD.05).

People infected in Australia were significantly more likely to haverarsequence in a
high reliability cluster than those infected oversgma€0.05) but there was no association

between location of infection acquisitiondpol clusters, Table 32 and Table 33.

The observed frequency élustralianborn people in a envcluster was greater than
expected § 00.05) but there were no differences between Australianoverseadorn

people being impol clusters.

Females were sigficantly more likely to be part gbol high reliability clusters than
males p 00.05) but here was no significant association between femalsequences and

high reliability clustering.

A significantly higher than expected proportion of direct bl@odtact transission
cases (including MTCT) ankdeterosexual (including IDU risk) transmissions were part of
O70%pol clusters p CD.05). There was no significant association between transmission risk

and high reliabilityenvclustering.
6.8.2 Clister menbershipi transmission

There was a significant association betwpehtransmission clusters and subtype
defined by phfpOO0 . 05) , but not as pdo8I)i¥eneotidiagngsisL A NL

sex and transmission rigkere also significantly associatetith pol transmission cluste(p
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(0.05), Table 32. Only year of diagnosiss associated witlenvtransmission clusters,

Table 33.

As with thepol high reliability clusters, a higher than expected proportigghgfdefined
non-B cases was found withjmol transmission clusters, and significantly more cases were
found inpol clusters when diagnosis occurred between 2007 and pPAIRQ5), Table 32.
Though there were no significant difference between being @nahigh reliability cluster
by year of diagosis, there was a significant association between beingemaransmission
cluster(p O0. 05) Table 33, with a higherenvt han

transmission cluster diagnosed between 22012.

Females were significantly more likely te part ofpol but notenvtransmission clusters,

(p @0.05), Tables 32 and 33.

A significantly higher than expected proportion of cases with reported transmissio
through direct blood contact betepsexual activity (includingDU risk) were found within

pol but notenvtransmission clusterp (0.05), Table 32-33.
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Table 32. Factors associated withol cluster membershiphi{gh reliability clustersand
transmission clusters)

High
Characteristic (pol Total reliagility % pvalue Transmission % pvalue
sequences) clusters clusters (N)
(N)

Cases 221 118 | 53% 33| 15%
Subtype B (phy) 100 41| 41%| . 9| 9% .
Non-B (phy) 121 77| 6age| PL-O° 24| 209 | PLO°
Subtype B (LANL BLAST) 115 48| 42% 0CD.05 14| 12% 0=031
Non-B (LANL BLAST) 106 70| 66% 19| 18%
Year Dx 221 118 33
2000 2006 92 39| 42%/| pQ0.05 5| 5% p(.05
2007 2012 129 79| 61% 28| 22%
Age 214 117 | 55% 33| 15%
<25 25 17| 68%| p=0.10 6| 24% | p=0.24
25 and over 189 100| 53% 27| 14%
Location acquired 214 117 | 55% 33| 15%
Australia 114 57| 50% | p=0.10 16| 14%| p=0.57
Overseas 100 60| 60% 17| 17%
Region born 175 107 | 61% 32| 18%
Australia 90 49| 54% | p=0.09 17| 19%| p=0.84
Overseas 85 58| 68% 15| 18%
Sex 221 118 | 53% 33| 15%
Male 174 85| 49% | pQ0.05 21| 12%| pQ0.05
Female 47 33| 70% 12| 26%
Transmission Risk 212 115| 54% 33| 16%
Direct blood contact/MTCT| 15 13| 87%| . 5| 33%| .
Heterosexuafinc IDU risk) | 100 64| 6ao% | PL0° 22| 2206| PDL0°
MSM (inc IDU risk) 97 38| 3% 6| 6%

Key: Data represents number and proportion (%) of cases within eachrgatéd&M (men
who have sex with en), IDU (intravenous drug useMTCT (Mother to child transmissionp.
values calculated using Pearsonstuared or Fisher exact tests.
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Table 33. Factors associated witknv cluster membership (high reliability clusteaad

transmission clusters)

Characteristic (env '._“g.h. Transmission p
Total reliability % p value %

sequences) clusters clusters value

Cases 221 124| 56% 25| 11%

Subtype B (phy) 104 59| 57%| 10| 10%|

Non-B (phy) 117 65| 560  P0-86 15| 13%| PO

Subtype B (LANL

BLA%/'FI)') ( 103 54| 52% 0=015 13| 13% 0=0.71

Non-B (LANL BLAST) 108 70| 65% 121 11%

Unknown 10 7| 70% 0 0%

Year Dx 221 124 56% 25| 11%

2000 2006 92 49| 53%| p=056 2 2% | p(D.05

2007 2012 129 75| 58% 23| 18%

Age 214 123| 57% 25| 12%

<25 25 13| 52%| p=0.71 4| 16%| p=0.51

25 and over 189 110| 58% 21| 11%

Location acquired 214 123| 57% 25| 12%

Australia 114 76| 67%| pQ0.05 15| 13%/| p=0.53

Overseas 100 47| 47% 10| 10%

Region born 175 103| 59% 25| 14%

Australia 90 65| 72%| pQ0.05 14| 16%| p=0.67

Oversas 85 38| 45% 11| 13%

Sex 221 124 56% 25| 11%

Male 174 96| 55%| p=0.62 17| 10%| p=0.19

Female 47 28| 60% 8| 17%

Transmission Risk 212 123| 58% 25| 12%

Direct blood

contact/MTCT 15 | 4 0=066 1 k& =045

;':;)erosexua“'”c DU 100 59| 59% 15| 15%

MSM (inc IDU risk) 97 57| 59% 9 9%

Key: Data represents number and proportion (%) of cases within each category. MSM (men
who have sex with em), IDU (intravenous drug useMTCT (Mother to child transmission).
p values calculated using Pearson-stpared or Fisher exact tests.

6.9 Transmission cluster$ case demography

Transmission clusters were also assessed by demographic information, to gain an
understanding of patterns of infection in the population, such as exposure route and where
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the infecton was acquired. Both genes were assessed to see whether a greater number of
transmission events were identified when using two genes compared ©niyn&% (15)

of cases met criteria for possible transmission events fordgmb#mdenvregions. Another

8% (18) met criteria for thpol region only, and 4% (10) for thevregion only. In total, 43
casesvere part of 2(ossible transmissioevents,ncluding 15% of allpol sequences and

11% of all envsequences. Combined, tpel transmission cases conged 12 pairs and

three clusters of three, while teavtransmission cases compriseddirs and one cluster

of three.

All but one of thepol-only transmission pairs/clusters harysequences that paired with
bootstrap values of 90% or higher, and dienéiversity ranging from 1.9% to 4.9%. All
envonly transmission pairs hgmbl sequences that paired or clustered (@mwepairs hagol
sequences that formed a cluster of four) with bootstrap values of 94% or higher, and genetic

distances of less thaf® This information indicated that the transmission events were real.
6.10 Transmission events

In total, herewere20 possible transmission events, seven of which were identified by
both pol and env sequences, five bynvonly and eight bypol-only. Maldfemale
transmission pairs accounted for 55% of these events, followed by male/male pairs or
clusters. One paof child infections fittedransmission criteria, together with what appeared
to be a mother/child pair, and a father, mother and child cldstese will each be discussed

in more detaibelow.
6.10.1 Male/female pairs

There were three male/female pairs in which ploéand envregions clustered near
different CRFs or subtypes. Two of these pairs were typeoladSRFQL_AE andenvAl,
and all bur people were diagnosed in 2009. One of the pairs was born in Africa, with the

male infected overseas through blood contact and the female by heterosexual contact, while
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the other pair was born in Asia and reported heterosexual transmission althougeonly

male was infected overseas.

The otherpol/envsubtype discordant pair habl 48_01B andenv29_BF, both were
born in Australia and reported heterosexual contact. The male reported being infected
overseas and probably transmitted to the female pamndustralia, both were then
diagnosed in the same year (2011). €hesequences for this pair clustered together with a

high bootstrap value and a genetic distance of 3.1%.

There were two 01_AE male/female pairs; one pair was born in Asia and infected
overseas through heterosexual transmission, with the female diagnosed in 2003 and the male
in 2007. The other pair was diagnosed in 2009, both Austrabam people who reported

heterosexual contact with the male acquiring the infection overseas.

Therewere also two subtype C male/female pairs; one diagnosed in 2009 and the other
in 2011. All four cases were people born in Africa and infected overseas, all reported

heterosexual contact and all were aged in their 30s.

There was one male/female 02_AG pdnth in their 30s at age of diagnosis.
Interestingly, the Australiaborn female was diagnosed in 2004 and reported overseas
acquisition while the Africaitborn male was diagnosed in 2010 and reported being infected

in Australia.

Two of the subtype B maleimale pairs were born and infected in Australia, and all
reported heterosexual or bisexual contact. One pair were both diagnosed in 2011, the other
pair were diagnosed seven years apart. This latter pairgadenetic distance of 1.8% but
when demognahic data was examined it was considered to be a possible transmission link.
Both people identified transmission through heterosexual contact with additional IDU risk
and both were born and infected in South Australia. Furthermorenttsequences for th

pair also clustered with a bootstrap value of 99% and a genetic distance of 3.3%.
22¢



The final subtype B male/female pair met transmission criteria f@mgequence only,
but thepol sequences for this pair clustered wotil sequences from a male/malgbtype B
pair that was also only identified v Diagnosis for all four people occurred between
2010 and 2011 and all were born and infected in Australia. The male/male pair reported
MSM with IDU risk and the male/female pair reported bisexual anerbstxual contact
respectively. The foupol sequences clustered with a 97% bootstrap value and maximum

genetic distance of 1.6%.
6.10.2 Male/Male pairs or clusters

There were four male/male transmission pairs identified and two-on@jeclusters.
Threepairs phylogenetically clustered with reference subtype B and the other with subtype
C. The subtype C pair were both aged in their 50s, one reported heterosexual contact and the
other MSM. The male was diagnosed in 2004 and did not have a region asbadiolut he
reported an overseagquired infection, while the male diagnosed in 2006 was Australian

born and infected in Australia.

The three subtype B pairs were all MSM born and infected in Australia, one of the pairs
has already been reported aboveeisg linked to a male/female pair. Of the remaining two
subtype B pairs, one pair was diagnosed in 2009 and in the other pair males were diagnosed

in 2011 and 2012 respectively. All four males were aged between 25 and 40 years.

One maleonly cluster wasomprised of three males wigiol sequences that clustered
near the 23_BG reference sequence emdsequences that clustered near 02_AG. These
males were diagnosed in consecutive years (2009, 2010,. 20l first male diagnosed
was born in Africa and fected overseas, reporting heterosexual transmission. The second
male diagnosed was Australtaorn and reported MSM transmission in Australia. The final
male was Africarborn and reported infection through heterosexual transmission in

Australia.
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The othe maleonly cluster was comprised of three Australrn males with subtype
B, diagnosed in consecutive years (2007, 2008, 2009). They were aged in their 30s at time
of diagnosis. The first male diagnosed reported heterosexual contact with IDU risk in
Australia, the second reported heterosexual contact overseas, and the third male reported

MSM contact in Australia.
6.10.3 Vertical transmission

There was one possible transmission pair between a mother and child, with a subtype A
virus acquired heterosexXyaoverseas by the mother and diagnosed in 2007 when she was
aged 30. The child was reported as being born in Australia and acquiring the infection via

MTCT. The child was diagnosed in 2008 at age 3 years.

There was also a possible transmission clustevdan a father, mother and child with a
subtype C virus. The adult male was aged 40 years, the adult female 28 years, and the child
7 years. They were all diagnosed in 2007 and all Afrlsamm and infected. Both adults
reported heterosexual contact as ittede of transmission, with MTCT for the child. The
pol sequences fit the transmission criteria, and all tereesequences clustered together
with a boot st r ap envdequénBe’hadagenetit ciseance df 4.9%dfrors

the mother, and 5.9%dm the father.
6.10.4 Direct blood exposure

One pair consisting of two children aged 10 at diagnosispahdequences fitting
transmission criteria. Thepol sequences clustered with reference sequence 02_AG and
their env sequences clustered with Al. &lchildren were diagnosed in 2009 and 2010
respectively, and both were born in the same region of West Central Asia, contracting HIV
by direct blood contact. Thenvsequences clustered together with a bootstrap of 99% and a

genetic distance of 2%.



6.11 IIMmmary

Though thepol and envtree tgologies were highly similar, with the same cases
sitting with each other on both trees, the bootstrap values and genetic distances varied. This
resulted in 46 cases being part of high reliability pairs or clustersaemyified bypol, 52
only identified byenvand the remaining 72 cases identified by both. Over hadlldhe
cases comprised 25 separate high relialpidlypairs or clusters, including 15 transmission
pol pairs/clusters, supported by high bootswaa| ues ( O70 and OBe8 % r e
genetic data wasongruent with epidemidogical data. Fiftysix percent ofall cases

comprised 24 high reliabilitgnvclusters, including 12nvtransmission clusters

The majority of high reliability groups we pairs for both th@ol andenvregion,
just under half weresubtype B infectionsand overall, more than half of all subtype B
infections were not part of higteliability clusters. The largest high reliabilipol cluster
comprised all 41 subtype C emsand one 08_BC case, but #@mregions of these cases
clustered together with a bootstrap value of just under 70%. Conversely, almost 70% of
01_AEpol cases were not part of high reliability clusters but all of the matching O&niE

regions were.

In total there were 20 identified transmission events, only seven were identified by
bothpol andeny, eight were identified bgol only, and five byenvonly. The majority were
male/female heterosexual pairs carrying-Bowirus, followed by male/male paicsirrying
subtype B, in which MSM, heterosexual contact and IDU were reported as the route of
transmission. There was also a cluster ofBarases which was a likely family transmission
between mother, father and child, and a-Boohild pair who likely aquired HIV via

iatrogenic transmission in Central Asia.

Phy linked with demographic and epidefogical information highlighted the

majority of subtype B infections are circulating within the local population, with some
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evidence of overseas acquisition.eTimajority of norB viruses are separate introductions
via pairs and clusters @eoplebeing infected overseas and importing HIV infection into

Australia via migration or travel overseas.

6.12 Discussion

Monitoring genetic diversity is not only importaior vaccine development, diagnostic
tools, blood screening, and clinical decisions around treatment regimen, but it also gives a
clear picture of how different viruses are related to each other, and the degree of similarity

or dissimilarity between vires within a group.

Analysis of molecular sequencing via phylogeny is very useful for estimating
evolutionary relationships of HIV infection, and identifying transmission dynamics and
epidemic linkages. Linking phylogeny with epidetomical information seh as route of
transmission and geographic region of acquisition or birth, provides a robust way to closely
monitor epidemics and identify priority areas and groups for prevention and intervention
strategies. It haseenshown genetic diversity continues lbe generated through mutation
and recombination and spread through population mobility worldRi@mmpared with
current epidemimgical methods such as contact tracing, phylogeny can provide scientific
information to assess the epidemic structure. Contact tracing has proven successful at
identifying undiagnosed infection, which obviously cannot be determined using phylogeny,
but difficulty lies in often not knowing what stage of infection a person is dtirttee of
diagnosis, how many people they may have infected, the rate of transmission per sexual act,
number and contact details of sexual partners, and whether they can identify their origin of

infection 46

Phy is therefore often used to confirm or refute patient reported link&#&$ and

linking these two types of data is important both for validation of sequence relatedness of
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the tree, and of patien¢ports, which may not always be accur&t®hylogeny has proved

a very useful tool for revealingformation including identifying groups of infected people
which share a common virus, whether this be direct transmission or part of a largef§roup,
24identifying high-risk subpopulations, and imported infections that are genetically diverse.
However, the use of phylogeny also comes with risk to patient confidentiality and steps must
be taken to ensure privacy is maintained for indivisua¢ar of social gimatization often
preventspeoplerevealing information such as number of sexual partners, sexual practices,

ethnic preference, use of condoms, location of infection and travel history.

Historically, phylogeny has also been used to identify transmisseingeen individuals
and regardless of an infected personds i nt
Canada, the US, and Austradf&.2>8 Despite claims it is possible prove direction of HIV
infection due to the genetic bottleneck that occurs during transmission and resulting
paraphyly of source viruses within the recipi&tfipther researchers state it is only possible
to determine whether viruses are likely ®limked by transmission, and direction cannot be
determined with certain§?® Compounding this is the rapid pace of global HIV genetic
diversity which is proving a challenge for phy, with a growing number of sequences unable
to be classified with certainty? Legislation which allows identification and prosgon of
people infecting others with HIV can impact greatly on prevention efforts because HIV
infected individuals may be less likely to access health services or to divulge their HIV status
to others®™ In the current study, careful consideration was giteethe type and level of
epidemidogical data reported, for instanceegions were reported rather than individual
countries (except Australia which was deemed to be large enough to ensure no possibility of
identification). It is also acknowledged thaeth are multifaceted factors underlying the
epidemidogical data chosen to anag/zZThere are known associations betwid&r, region

of birth and socioeconomic status for exantffewith clustering patterns likely to be
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impacted by financial, socianvironnental angolitical forces in particular countries rather

than the actual birth regiatself. HIV risk is also known to be higher among people who
suffer fran more structural barriers such as lower income, education, access to treatment
and services, language barriers, higher rates of incarceration, and unemployréiitétc.

study sought to limit or indeed prevent stigma of any particular-fsihor atrisk group.

With that in mind, it was highly beneficial to link genetic and epidéogical data.There

was ahigh congruency between both typefsdata such as kown subtypes and CRFs
matching geographic association of infection and route of infection, cases clustering together
on the trees with supporting epideioigical information, and strong evidence to suggest

accurate selfeporting in this cohort®*

In the keginning of the Australian epidemic, the prevalence of HIV was highest among
MSM, with subtype B the major circulating virus. Over the last decade the prevalence of
nonB variants has increased including complex variants. TheseBnwuinuses are
predominatly imported from high prevalence countries but there is evidence of increasing
transmission locall§® There is now evidence of s@pidemics in South Australia; the
predomnant subtype B infection in the MSM population, f®ninfections in IDU
populations, heterosexual oversé&asn, andtravelling Australianborn people being
infected with B and no# infections overseas, and the emerging complex variants being
imported fron overseasDespite this evidencenly one largescale phylogenetic analysis
has been reported in Australian literature; a surveillance study published in November 2015
that assessed the changing Western Australian HIV epidemic between 2000 ard®2014,

including transmission dynamics within the population.

The current study soughio explore genetic relatedness of subtypes and CRFs, and
genetic diversity as it relates to epidemiological surveillance, rather than trying to ascertain

evolutionary relationships per se. Phy was conducted using maximum likelihood to construct
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an unroogd tree and univariate analysias used tassess demographic and epidemiologic
factors associated with clusterifj. This data demonstrates tHeenefit of linking

phylogenetic and surveillance data in order to best inform HIV prevention éfforts.
6.12.1 Phylogenetic profile of the SoutAustralian cohort

Phylogenetic analysis performed on @ and envregions of this cohort revealed a
geographical and genetic viral complexity in South Austrdliee tree ¢polagies for both
regions were highly similar, with all cases that clusteregktteer in one tree clustering
together in the other tree. Howevas found by other researchers, branch lengths and
bootstrap values differed between the tréé37% d all cases were part of eitheipal or

envhigh reliability pair or cluster but only 42% were part of both.

Over half thepol sequences formed part of high reliability groups, and 56%neof
sequences. Just under half fa@ groups were subtype B paiesd clusters, the largest
comprised eight query sequences. The remainder werB pairs and clusters, the largest
comprised 42 query sequences that also clustered with the subtypRF0O; BC and

08_BC reference sequences.

When broken down by subtypd| subtype C, D and 23_BG cases were part of a high
reliability pol pairs or clusters, but while the small cluster of three 23 _BG cases was due to
a transmission event, both subtype D cases and the majopity Gfcases were not. Three
subtype D sequensevnere also part of the same high reliabiéty cluster but again, not
linked by transmission, which was supported by the epidegiaal data. These findings

suggest that the rate of nucleotide variation has been minimal within the subtype D lineage.

The most notable high reliability cluster was h@ subtype C group, all subtype C
sequences clustered together with very high bootstrap value. One of the sequences sub
clustered directly with reference sequence 08_BC, while another sequence sat jdst outsi

of the 97% bootstrap subtype C cluster with 07_ReE€ither person had a region of birth
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listed but both listed direct blood contact as a transmission risk. GotRrsequences paired

with the BC recombinants with bootstrap values of 100%, and these8&nbinants are
almost exclusively found circulating in Chitid? notably in the IDU populain ! it is

likely these viruses originatedofn being in direct contact with contaminated blood in
China. t has been reported that subtype C originating from India is one of the parental strains
of bothCRFO7_BC and 08_BC®%in the currenpol tree the subtype C query and reference
sequences aginating from India did cluster with each other, didat not sit with theéwo BC
recombinant®n the treeThe majority of subtype C sequences in this study were carried by
people originating from Africa, this was supported in the tree with the queryrsmgue
clustering with reference sequences originating from different countries in Afffuée the
matchingenv sequences also clustered together with reference sequence C, the common
ancestranode bootstrap value was 67% amay 11 of these 42 sequencssre part of
smaller high reliability subgroup pairs and one cluster. The genetic distance from the
common node for thpol cluster ranged between 1.5% and 10%, while foetheluster it
genetic distance started around 6% and was over 25% for sonemsesju~or this particular
cohort of subtype C infected individuals, there was greater variation withienthgene,

while thepol region remained conserved over time. Differences between the two genes will

be discussed in the next section.

In contrast, lhe biggest high reliability group identified keyvwas all the 01_AE cases,
they clustered with a high bootstrap value (90%) to reference sequence 01_AE and had
genetic distances from the ancestral node ranging from 7% to 13%. The maiohing
sequencesid cluster together but had a common bootstrap value less than 70%, and genetic
distances from the common node ranging from 5% to 13%. Though all the CEm\AE
sequences clustered togethamly 17% were due to transmission eve@BFQL_AE was

discovered n t he 19906s, when branches of what
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inconsistently cluster in phylogenetic trees depending on which genomic fragment was
sequenced. Thenvr egi on cl ustered as a dipaltegionxxt E
clusiered with subtype A sequences. This led to the conclusion that subtype E was most
likely an A/E recombinant. However it was also suggested that the discordant branching
patterns between gene regions may be due to unequal evolutionary rates, where one gene
region has evolved faster in and thus branch as a distinct group. Recent research by Ng and
colleagues highlights thf8? they conducted a genealogical analysis of CRF51_01B and
discowered that the time to most recent common ancestor was around 2002 (C260%99

for the subtype B PR region, 2004 (CI=2a2@06) for the subtype 01_AE/@p120region,

but 1996 (CI=19922001) for the 01_AE/R)p41region. The authors postulated that the
significantly oldergp41region may reflect at least two recombination events that involve
CRFQL_AE and multiple subtype B lineages with distinct evolutionary histories, or an as yet
unidentified intermediate recombinant form for CRF51_01B that may have becom
extinct2®? In the current study, the average genetic distance between sequences clustering
with 01_AE was similar between the two trees, but the clustering pattern was different,
including markedly different bootstrap values. Hutregion of theCRFQL_AE is subtype

A, which is known to be highly variabf€32%4The 01_AE cluster did sit underneath the
subtype A reference sequences ingbktree, but did not cluster directly with them. These
findings suggest that th@ol region may have distinct evolutonary lineage compared to

theenvregion.

The profile for subtype B cases differed to subtype C and 01_AE.-Boetypercent of
subtype B sequences were part of high reliability pairs and clusters, the largest cluster
comprised eight cases while just untieo thirds were part of high reliabilitgnvgroups,
the largest was a cluster of 26 cases. Approximately 20% irpbb#imdenvtrees were due

to transmission events. Tip®l sequences for this large cluster did not cluster together in
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one large grouphut rather in smaller groups, and only 13 of the sequences were in high
similarity pairs or clusters. Subtype B linkages were most certainly impacted by missing
sequences and it is highly likely some trarssion links were not capturepist over one

third of all new diagnoses were included from the first time period when the proportion of
subtype B was highest, but nearly half the new diagnoses were included from the second
time period when the proportion of n@infections in the population was muchngy. The
difference between theol andenvregiors for subtype Bnay be due to the length of time

ART has been available in Australia where the majority of these subtype B cases were
acquired. Australian treatment has been almost exclusively focusedadfH inhibitors;

drug resistance mutations or natural evolution during times of increased viral load, such as
after treatment failure or treatment interruption may impagiamand leavesnvrelatively

conserved.

Almost all of the 02_AGol sequences &re part of one large high reliability cluster but
only roughlyone third were due to transmission events, while just over half of the 02_AG
envsequences were part of a high reliability cluster, and 43% were due to transmission
events. It is likely thathe clustering patterns @2_AG infections are impacted by the
introduction of infections from different regions of Africa, with evidence of infection within
the Africanborn and Australiafborn population. The inconsistency between these
particular sequeses is likely due to a high diversity, with many recombinant events
occurring among these strains which have resulted in the merging of several lineages into a
single diverse group’® A study of Ghana sequences found the majority of 02_AG sequences
were actually recombinant sequences made up of several genomic fragments of different
02_AG strain€® It has also been shown wipthy of envgp41andpol-PR/RT regions that
these strains do not have a strong phylogenetic relatioffShigs therefore possible that

pol and env geneshave evolved from different ancestral sequences and are undergoing
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complex ecombination processes which create an array of strains that complicate its use for
subtyping.Thecurrent data support this view and other studies have fignER region of

02_AGis unsuitable for phylogenetic analysione
6.12.2 Transmission dynancs

Only 9% of the subtype B cases in high reliabipty clusters were due to transmission
events, compared to significantly more fidrcases (20%). However the proportion due to
transmission events in tlevtree was very similar between subtype B (1G#d norB
(13%) cases. The reason for this discrepancy was due to the transmission icritetad,

43 cases were part of 20 possible transmission events but of these, eight events were
identified only bypol, and five only byenv However the gene geon which did not meet
transmission criteria did cluster together with the same sequences, with bootstrap values

90% or higher, and genetic distances less than 5%.

Only counting caseaslentified by bothpol andenvusing the transmission criteria would
have led to nondentification of 13 transmission events, including a child pair, a family
cluster, and subtype B sequences that crossed over MSM and heterosexual populations.
Likewise, if only pol or only envhad been used for this analysis, five and empita
transmissioreventswould not have been identified respectivelyansmission parameters

will be discussed later.

The majority of transmission events were male/female pairs, followed by male pairs or
clusters, a MTCT pair, a family cluster, and alctipair. Most of the male/female pairs
carried norB variants including intergenomic recombination, primarily transmitted via
heterosexual contact overseas. There was evidence eB nmportation and forward
transmission within Australia, including transsion within racial groups and between
different racial groups, notably Australimorn people acquiring the virus overseas, and

transmitting to Australian and nekustralian born people. One male/female pair had
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sequences clustering wigiol 48 _01B andcenv29 BF. Both were Australiaborn but the
infection was acquired overseas by one of the pair. The CRF48_01B was first described in
Malaysia by Liu et al in 2018° and has been typed as 01_AE/B at the PR/RT region of the
pol gene. TheenvCRF29_BF sequences did not meet transmission criteria, with a genetic
distance of 3.1%. CRF29_BF was first described in Brazil around 200énd carries
subtype B in theenvregion. It is possible that phylogenetic analysis incorrectly classified
theenvregion for this pair. Theol-PR/RT region for CRR8 01B is comprised of 01_AE

and B, it is likely this pair carried a unique 01_AE/B variant most likely originating from

Malaysia, with different subtype B lineages in ¢ andenvregionsrespectively?

Only one of the male only pairs carried a +®rvariant; subtype C. One male of
unknown birth reported heterosexual @ar overseas, and an Australiaorn male reported
MSM contact. The other male only n@transmission occurred in the cluster of three, all
the males were typed asl 23_BGpol andenv02_AG. Phylogenetic analysis showed the
sequences were highly similaand demographic information showed diagnosis occurred
one year apart. Two of the men reported heterosexual contact, both born in Africa, but only

one was infected overseas and one male reported MSM contact locally.

The remaining malenly transmissiorevents were subtype B cases, the majority were
MSM and infected locallyhiough as previously mentioned, one of the pairslinksd to a
male/femalesubtype Bpair. Thesubtype Bcluster of three was similar to the subtype C
cluster, all three were diagrext one year apart from each other, two reported heterosexual
contact (one overseas, one locally) while the other reported MSM contact in Austradia.
discrepancy between the pati@aported transmission risk, and the transmission events
identified by gnetic analysis is indicative of broader issues surrounding fear of stigma,
cultural barriers, and other factors that make it difficult for people to report information

accurately.



There were two likely vertical transmissions, one involving a motheclaitdi the other
a father, mother and child. The mother and child had subtype A virus, originating from
Africa, though the child was reported as being infected in Australia. The family cluster
carried subtype C, all originating from Africa and infecte@rseas. Though they were all
di agnosed within one yeamnasequeace was 4.8% germetichlle r |,
distant to the female and 5.9% to the male. It is unknown whgrtixegion was so variable
across the tlee cases, but one explanation nh@the genetic bottleneck of transmission

theory, where only a subset of the viral population was passed from mother t§%hild.

Of special interest was a child tisamission pair diagnosed one year apart and identified
by pol only. Both regions were typed as 02_AG, with the children born in the same country
in Central Asia. Further LANL BLAST analysis found tpel region was most similar to a
02_AG/Al recombinant wle envwas most similar to 63_02A1, a CRF known to be
circulating around Central Asia at the time the children were diagnosed. This will be
discussedurtherin Chapter Seven. An analysis of these cases by GoldWane2013 found
the infectios were likely to be iatrogenighe children were not familial and it was likely
they were infected with contaminated blood possditayn the same hospital. The infections
were reported to be a result of the walbwn issues of infection control in Central Asia,
due to thepolitical collapse and civil war that left devastating consequences on health
systems and clean blood supplies for hasgtf® Given that bottpol and envsequences
clustered together with very high bootstrap values, and both had a genetic dis&¥oer of
less, these cases pose the question of whether they were infgbtetbod from the same
infected person. An alternative proposition couldfli@e children do carryhe relatively
new CRF63_02Alstrain it may still be quite conserved as it hasfar only been found

circulating near the border between Russia and Central Asia

6.12.3 Nucleotide variability
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Viral diversity differs between subtypes, but also between sites along the genome. Some
sites are more functionally constrained while chamgesher positions may be favored and
this differs by genome regigit® The envregion provides rich information agirculating
subtypes and CRFs within a geographic region, and products witrenvlgene are targets
for vaccine development and fusion inhibité¥$2°1:2"1The envregion can be as virally
diverse as 35% between subtypes, though most of the geagtition occurs irgp12023
The C2V3 fragment has historically been used for HI\subtyping to identify ancestral
forms and newer variants, however there is a high level of nucleotide changes within this
region, with considerable heterogeneity within across the group M subtypes. Pieniazek and
colleagues found there was enough nucleotide divergence withgp#ligegion to use it
for phylogenetic cluster analysis and subtype assignment, but enough conservative sites
which to design a set PCR priméféThis has also been supported by other research in
which 99% of HIV infected people were found to produce antibodies againgipttie
immunodominant regions in which there were very low levitsugations?®and the region
has been found to remain conserved even during-termg treatment with a fusion

inhibitor.2°1

In this study, there was a high nucleotide variability among the query sequences
(excluding reference sequencds)y both the pol-PR/RT and enwgp4l regions 49%
(540/1098) of thepol sites were variable and 59% (324/545) ofeéhgsites. This high rate
of variability was unsurprising given the large variety of B andB@ubtypes and CRFs in
the dataset, including potential unique recombinant forms. Further studiessiag the
nucleotide variability within subtype clusters would be beneficial to see if there are

significant subtypespecificdifferences betweethetwo genes.

Theenvregion in general has the highest level of diversity along the genome, and this is

thought to impact on thenvstructure between subtypes. Gao et al found sukspeific
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differences impacted ogenetic, phylogenetic, and biological properties and subtype B
strains differed from noB in terms of changes in the number and distributiooysteine
residues, substantial length differences in hypervariable regions, and premature truncations
in the gp41 domaif’! The V3 region ofjp120has been found to differ between subtype B

and subtype C virus, with subtyseecific epitopes that impact antibody crosactivity?’3
Contrasting evidence exists for thevgp4lregion, minimal variation was found in the HR

1 region ofgp41between subtypes in a study by Xwakt’#but a study by Carmona et 3l

found a significantly higher number of naturally occurnpaymorphisms taenfuvirtidein

nonB subtypes compared with subtype B.

During HIV infection, it is believed that much of tleavevolution is due to targeted
cell-mediated and humoral immune respor$é& A study by Choisy et &1’ found
subtypes A, B, C and D experienced positive selection pressure at similar posigoms in
but the magnitude of selection was statistically different betwebtyge B and the other
subtypes, reflectingubtypespecific adaptive evolutiol° Another study by Travers etal
found between the different group M subtypes there was a heterogeneity of selective
pressure; for subtypes, F1 and G there were specific observed sites that had undergone
positive selection while the same sites in other subtypes had undergone purifying
selection?’® Subtypes A and K both had sites that had undergone purifying selection while
at the same sites positive selection had occurred for other subtypes. These sites were located
throughout thgp160region,includinggpl20andgp4l The findings from the current study
support previous research that indicde difference in evolutionary mechanisms between
subtypes may have an impact on viral fithess for each subtype and adaptive pressures shape
each lineage differentR?° In addition to specific host responsesydifferences between
subtypes could also be influenced by geographic region the infection is circulatiogten

of infection and epidemic pattert¥.
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It is very important for future vaccine and treatment design that a comprehensive
understandig of why and how there are subtygeecific differences at thenvregion is

obtainedf*1%°
6.12.4 Univariate analysis

There has been a decreasing usp \alues by statisticians over the last 30 years, with
an increasing understanding that exploratory data analysis should retain as much raw data a
possiblet’® Analysis of DNA sequences is complentdamultidimensional, to add to that by
performing multivariate analyswhich introduceslemographic information may lead to the
loss of valuable meaning of the original data. For this reason only simple univariate analysis

was performed.

There was a sigiicantly higher than expected number of ABpol sequencethat were
part of high reliability clusters and transmission clusters namietcases diagnosed between
20072012. These findings anmmost likely related there is more heterogeneity among
subtype B strains in Australia due to longer circulat@md more frequent infection rates,
thereforethe propensity to mutatbecomes greater, amplified lbgng-term exposure to
treatment and subsequent treatment failuxdarge proportion of subtype B seques were
notincluded in the subset examined which impathedrepresentativeness of the subtype B
cohort 35% of all newly diagnosed people were included from the first time period (where
subtype B predominated), but 48&&re includedrom the second tie period (where the

proportion of norB infections in the population was much higher).

Females were significantly more likely to be parpofhigh reliability and transmission
clusters than males but there was no significant associatiendokgain,this is most likely
due to the higher proportion of ndsequences forming pgyol clusters, among which is
a greater proportion of females, compared to subtype B infections which are predominantly

male. The observed frequencylmith Australiaracquiredinfections, andAustralianborn
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people in a envhigh reliability cluster was greater than expecte unclear whether this
finding is meaningfylthough there were no significant associations foptiieegion. This

Is most likely related to the fathat there were no significant differences between B and
nonB viruses inenvclusters, due to the 40+ cases with subtype C virus not being part of

high reliabilityenvclusters.

In a very recent study, Lubelchek and colleadfifesed a representative dataset of one
third of all new diagnoses between 2008 and 2011, and found the subset mirrored the general
population generally, though they didncede a higher proportion of racial and ethnic
minorities which is also true in the present study. Ultimately, samminthe entire
diagnosed and subtyped cohort in South Austrabg have biased thmol analysis toward
identification of people infectd oversea in high prevalence countriés;?% or within
Australia for theenvanalysis. weverthe overrepresentatiaf the formerif any, may be
justified given this subpopulation is at a disadvantage in Australia in regards to prevention,

treatment and other Hivelated disprities!®®
6.12.5 Strengths and Limitations

As sequence analysis is increasingly being used in clinical practice and to assess HIV
epidemic stctures and transmission dynamics, combined with a growing genetic diversity,
great care must be taken when choosing a phylogenetic nféfiRrdnch lengths (genetic
distance) and bootstrap (reliability) values can both be impacted by the choice of model
which can lead to unreliable trees and unrealistic evolutionary relationships. If sequence data
are biased, suchsavhen sequences share an unusually high GC content, this will impact
bootstrap estimates, the sequences may artificially cluster together and will be supported by
a high bootstrap value. Sequences with an increased evolutionary rate may also artificially
group together. If a substitution model is chosen that is too simple for the complex dataset,
distant sequences may cluster together or be drawn toward the root of the tree. The bootstrap
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trees are then inferred on the basis of this incorrect evolutiomarg e | , whi ch | ea
branch attractiondé (the artificial clust e
value). For this study, the GTR method wghmmadistributed and invariant sites was
assessed as the best model to ensure reliaplegametic inference from the dataset. This
model is the most robust when accounting for bias in nucleotide composition and preferred
substitutions and high rates of mutation, especiall\efarfragments>’® In order to ensure

the relative stability of pairs and clusters within a phylogenetic tree, it is recommended that
between 200 and 2000 bootstrap iterations ofddtaset are conductéd.in the present

study 1000 bootstrap iteratis were chosen based upon previous studies of high
quality 112:262.282284 A hootstrap value of 70% or over at the common node was chosen as
branches or groups supported by these values are considered to be reliably placed on the
tree?®1 For both theool andenvtree there were no artificial artefactdong branch attraction

noted, and the epidemiologi@ta supported correct clusteritid.

Phylogeny is the most attractivedarobust approach for assessing Hlévolution and
transmission, not only for surveillance purposes but also for clinical and legal reasons.
Whole genome sequencing is the gold standard, however there are still relatively few full
length sequences avala for reference comparison, and limitations such as financial cost,
access to new sequencing techniques, and computational power, are still common barriers,
especially in LMICs. As has been mentioned, the region spanning PR and Rpalfgeee
is rouinely used for genotypic drug resistance testing and is therefore the most commonly
used for phy to complement epidetoigical information including contact tracing, and to
assess genetic similarity or diversity within and between subt{p&se pol gene is also
the most conserved of all the genes with the lowest rate of nucleotide substitution, while the
envgene is highly variable and known to undergo distinctivewgiasiary dynamic§*162.285

There has been conjecture about whethwris too genetically conserved and therefore
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suboptimal by some for transmission analy&isiowever Hué and colleagues reported both
the pol andenvregions are robust for pH§? finding identicalclustering patterns during
analysis of both regions, with similar bootstrap values. They did observe differences in
branch length, and clustering patterns of unrelated sequences and concluggdyére
carries adequate genetic variability for phy of HRhfection, though characterisation of
phylogenetic relationships may also be confirmed with other more variable gene regions
such aenv In the current study, phy of both these regions was used to assess the relatedness
of virusest®2 Both regions were found to have high proportions of variable sites, bpothe
andenvtree t@ologies were consistent, with the same groups identified. As the other authors
found, bootgtap values and branch lengths for some groups differed between thé%enes.
Basing inferred linkage on a single genetic region may be undermined by recombination
events mutations and genetic variability of the region. Using two genes in this study
increased identification of high reliability and transmission pairs/clusters compared to using

one gene region alone.

The analysis included sequential sequences to assds wtlividual evolution and
conduct quality assurance of the trees. The majority of the cases met the criteria for
transmission byol or eny, and all cases had sequential sequences sitting within the same
cluster. Of those where there was a genetic distgneater than 1.5% and/or a bootstrap
value less than 98%, the majority carried subtype B acquired in Australia. It may be that the
diversity between sequential sequences was due to treatment failure and resulting drug
resistance mutations, though otlséudies have demonstrated that even when known drug
resistant sites are excluded from analysis the phylogenetic tree is not ¥ftéréitis more
likely that the genetic distance is due to the natural evolution and error prone nature of HIV
during replication and transcriptiaiiuring periods of time when a persoreigperiencing

treatment failure, switching treatment, or having a treatnmé@truption which is usually
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when the viral load increases dramaticafly.

This then raises the question of whether the criteria for transmission clusters was too
conservative. If phy has limitations associated with viral divergence then what are the
optimum parameters tdefine transmission clusterby both subtype, and gene redton
Bootstrap values of 98% or higher and genetic distance of 1.5% or less are often used for
transmission iderfication*4241:2%0283tg ensure unrelated sequences are not incorrectly
identified as being related by transmissidimis value has been chosaes the estimate
distance betweermur e | at e d $%44 €I Hevsevel, the fidlings from the 12
cases with sequentialpgences, and the transmission pairs and clusters identified by only
pol, or onlyeny, suggest that these parameters are too conservative. In addition, though a
strength of this study was that it spanned a long period of time {2008) which allowed
a conprehensive overview of the H¥ genomic diversity and transmission dynamics, only
one sequence was included for each case, from a sample within 12 months of diabisosis.
combined with the very conservative transmission criteria is likely to have tedytdirect
infections or infections occurring within a short space of time being identfétds highly
likely some transmission links were not captured, for example, persorgAodied in 2000
may have infected person B in 2010 after failing treatment, and person B was then diagnosed
i n 2011. Person A06s 2000 sequence and p
transmission criteria due to natural evolution of HIV over tirseperinfection and
recombination. Other transmission linkages mmeot have beerndentified due to an
intermediate HIV infected person that was infected by person A and then infected person B,
but who did not have sequence included in the dataset. This is dydéag} for subtype

B sequences in which half of the known diagnoses were not included.

A strength of this study was the access to baseline Hpél sequencing data and

original samples in which to sequencedneregion. Though a number of the olderseline
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samples were no longer in archive storage or were too degraded, nearly half of all new
diagnoses between 2000 and 2012 were included in the study includielgtiaely
representative sample of B and Adnnfections. The 2013 samples could notaseessed

for research due to ongoing use for clinical reasons at the time the laboratory work was
conducted. The relatively large size of the dataset and the diverse nature of the population
included allowed the data to remain meaningful. The majoritgrof sequences were
extracted from plasma samples used to sequeng@®khegion, or a sample taken within 12
months of it, this reduced the likelihood of sequencing a different strain from the within host
viral population. A small number e@nvsequencemay havebeentaken from samples after

a person had begun treatment and drug resistance mutations may have been present.
However previous studies have shown that drug resistance mutations do not impact the
phylogenetic signal as to impede subtype assighraed reconstruction of transmission

h iStO ry_162,194,286

In order to create the dataset for ML, a very limited amount of data processing was
conducted. An initiaNJtree analysis identified reference sequences that did not chugter
or near any query sequences and these were excluded from the dataset in order to minimise
unnecessary nucleotide variability. No query sequences were excluded, including those that
were not genetically close with other query sequences, and did moahaliable bootstrap
value 70%) 162 Limiting the preprocessing of data has been shown to prevent unnecessary
impact on the results such as bias toward favouring the likelihood of clusters tne#sn
There is a possibility that havir@pmplexrecombinant sequences in the dataset may have
interfered with theoverall treestructure,where sequences may have clusteiagkther
artificially (long branch attraction)As referred to earlier in thisestion,the GTR method
with gammadistributed and invariant sites wabosen to counteract any possibias

including highly mutated fragment$@ epidemitogical data wasalso found to be
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congruent withthe genetic data, indicating a robust tréwevercaution should be taken
when interpreting both trees due to the complex recombinant inclusions, and further studies

that remove these sequences and reassess the tree are wiifanted.

Another strength of the study was the almost complete demographic and efoderaio
dataset, including route of transmission, region of birth, location of infection acquisition,
year of diagnosis and sex. This enabled univariate clusédyses to be conducted, though
for some of sulanalyses such as transmission clusters by region of hiithnoted that
there were very small numbers. Linking genetic and epidegigal data enabled detection
of information not available via normal rsgillance, including epidemiological shifts of
potential significance. Pairs and clusters were identifiedwbatd not have been possible
using either genetic or epidertogical data alone. An example of this was a MSM pair and
heterosexual pair with btype B which were likely carryingrelated virus. There was also
evidence of notB variants being transmitted from Australibarn people infected overseas,
to overseadorn people within Australia, and new complexsB®wariants being transmitted

within Australia.
6.12.6 Recommendations

Recommendations from these findings include specific HIV prevention strategies for

HIV subpopulations within the South Australia:

1. Overseashorn and Australiafborn MSM, including increased
education and support for memavmay not openly report having sex with
other men. This is especially important for overdaas men who are at
increased risk of suffering from multiple stigmas, and may have cultural
reasons for not digasing their sexual orientation.

2. People who injet drugs and/or engage in higkk sexual

behaviour in both the MSM and heterosexual population.
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3. Heterosexual people infected overseas, or infected within Australia,

with a norB variant.

Some researched® not includepairs in phylogenetic analysiBars were included in
this studyto assess the proportion of infections that may be partners entering care together
(being diagnosed together) or whether pairs were due to risky behaviour. Though it is less
likely pairs represent sources of continuous ongdiansmission it is possible that pairs are
pat of larger existing clusters and these infections e@ytinueto be transmittedn the
wider population®316525Non-B transmission cases were almost all male/female pairs and
most pairs were diagnosed within a short space of time fromatheh This suggests a
reduced risk of forward transmission into the wider community than subtype B infections;
some of these pairings are likely letegm partners. In contrast, Subtype B was more
reflective of a broader epidemic occurring in South Aaligtr There were subtype B pairs
and clusters closely linked to other subtype B pairs and clusters, spanning female and male
heterosexual, MSM, and IDU transmissidffSThough thesseparatgairs and clusters did
not meet transmission criteria witime ather, it is highly likely that the viruses within
these pairs and clusters are related, suggesting the need for careful surveillance and targeted

educated and prevention strategies.

Despite research that supports a very restricted criteria for identficafttransmission
events62163.165248,253.28290 findings from the present study strongly suggesptrameters
are too conservative, and more research on parameters by subtype and gene region should
be conductedWhile the crieria most certainly excluded unrelated infections it also likely
excluded relatedasedsrom clusters. It is a difficult balance to ascertain correct parameters,
the rationale behind the use of phylogeny is to inform public health strategies that target

subpopulations with active HIV transmission to try and prevent new infections. This in itself
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justifies a tight definition. However criteria that is too tight may also overlook transmission
dynamics that could greatly impact on public health and clinicisourees. For instance, a
cluster of people diagnosedrass a large span of tinmeay haveall been infected by the

same person who has not yet been diagnosed. ldentifying this cluster by broadening the
transmission criteria could lead to identificatiorgghosis and treatment of undiagnosed and
highly infectious people in the community. It could also lead to a targeted public health
message about the acute and chronic stages of HIV, treatment failure, and the huge risk of
infectiousness from all of these¢ages. Careful and considered reporting of combined
phylogenetic and epidemagical information is crucial, given the reality of stigma and
isolation many HIV positive people face. Focus should be solely on the epidgiced
characteristics of the virusather than the individual themselves. This will increase the
likelihood of testing, disclosing status, accessing treatment and reporting potential

exposures.

Further analysis using a complete dataset of all HIV infected individuals in South
Australia, ncluding multiple sequences for each person may identify more, and larger
clusters. Theol region is routinely sequenced and is a good place to initiate this breadth of
analysis. However full genome sequencing is highly recommended in order to accurately
characterize HIV subtypes and CRFs, identify transmission dynamics and gain a robust

understanding of the epidemic structure.

Finally, sequences analysed from cases of overseas acquired infection should be freely
accessible globally, to be used as refeeesmquences. This is especially important for the
regions in which the virus originated from, and also other countries where the same variants

may have recently begun circulating.

These findings warrant ongoing research and attention from cliniciansfistsieand

policy makers not only in South Australia, but Australia wide, and from the countries of
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origin. The data show that HIV transmission is not bound by geography and while there were
a high number of imported infections, there were also a numbé&caf nonB virus
transmissions originating from overseas, and subtype B infection originating from Australia
transmitted into the oversehsrn population. It is currently not required to obtain patient
consent to conduct phy using routinely generatetepasequences in South Australia,
though this project underwent an extremely stringent ethics process spanning six months. As
sequencing techniques continue to be refined, and the use of phy increases, it is strongly
advised that a genotypic resistancefiie be conducted at time of diagnosis, and informed
patient consent is obtained about the use of sequencing data and potential linkage to
epidemidogical data. This will require education of clinicians, laboratory scientists, and a
review of currentpolicy.'? Given that sequencing technologies are constantly improving,
and full genome reference sequences are increasing all the time, it is recommended that full
genomephy be conducted in the future for a more complete characterization of the

epidemiological associations and transmission pattéfns.
6.12.7 Conclusion

This study is the first in Australia to link genetic and routine surveillance data including
sex, route binfection, location of acquisition, region of birth and age, to provide-aejoth
characterisation of the changing HIV epidemic in South Australia. The findings demonstrate
that analysis of relatively large datasetpaolfandenvsequences using modgrhylogenetic
methods is quick and robu$t,and provides valuable information about the HIV epidemic
structure in the region of interest. These results are an important resource for targeted public
health initiativest® and should be incorporated into current surveillance strategies in

Australia.

Over time the traditional geographical and +igkup segregation of HIV subtypes and

CRFs are becoming less distinct, with evidence of crossover between MSM, IDU and
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heterosexual populations. The impact of a growing number oBnimfiections intoa) a
historically subtype B restricted region and b) into the heterosexual community, on clinical
outcome or vaccine efforts is unknowrhis dearth of knowledge in Australia combined
with the increasing genetic diversity including complex and uniquamati highlights the
need for careful monitoring of new infections, and the immediate need feB Isobtype

research in Australia.

These findings are similar to other reports glob#th?°12°?Cluster analysis combined
with routine surveillance information identified subpopulations which is crucial in order to
create targeted subgroup validd evidencéased interventions and preventions that
promote a safe and stigma frexlevironnent, and to identify infections early for immediate
treatment®® Prevention and intervention strategies need to be designed and implemented at
multiple levelsi individual, partner, group, community and structural, in order to
successfully halt the increase of new diagnoses in the population, and ensuiseadad

sustained clinical care is offered to every HIV infected petguii3294
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CHAPTER 7: SUBTYPE AND RECOMBINATION
ANALYSIS USING ONLINE TOOLS
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7.1 Overview

Phylogenetic analyses are not widely used to determine subtype in clinical settings
because of time constraints and the complexity of determining recombinant $tr&ifs.
Subtyping is most often interpreted by tha@ sequences obtained following routine drug
resistance testing, using rapidlioe subtyping tools. In South Austraj®| sequences are

submitted to the Stanford CPR tool for resistance testing and subtyping.

This study evaluated the reliability of six rapid online subtyping tools in identifying pure
subtypes, CRFs, ISRs, InSRadaURFs from a subset of newly diagnosed infections
between 2000 and 2012. Bqgibl-PR/RT andenwvgp41sequences were used to determine
concordance betweemline tools when assessing different regions of the genome and to
ascertain the prevalence of genomecombinationSequences were subtyped using phy and
six online tools (jJpHMM, REGA, Stanford CPR, SCUEAL, LANL BLAST and COMET).
Five of the six online tools provided percentage support values for the assigned subtype:
model averaged support (SCUEAL) sinilarity to reference sequence (LANL BLAST and
Stanford CPR), and bootstrap support (REGA and jpHMM). Subtypes with a support value
of 70% or over were defined as reliably assigned. The results from each online tool were

compared with phy to assess thegree of similarity.

The online tool parameters as reported in Chapter Three were used to idéertigd
subtypes and evaluate the proportion of pure subtypes, CRFs and possible unique
intersubtype recombinants (ISRs). In brief, all six online toodsewused to assegsl
sequences and if five out of six tools assigned the same subtype tipehsbquence was

assigned as that subtype, referred to agfieered subtype.

Four online tools were used to assesgsequences (jpHMM, REGA, LANL BLAST
and COMET) and if three out of four tools assigned the same subtype themvBexjuence

was assigned as that subtypderred subtype).
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SCUEAL and Stanford CPR do not have the capability to subtypenthgene. REGA
cannot perform recombination analyses short fragmentsGB00bp), so these were only
assigned pure subtypes by this tool and while jpHMM is capable of pure subtype and
recombinant analysis for short fragments but may incorrectly classify short fragments

| ocated near the 306 end.
7.2 Subtypedistribution i similarity between phy and online tools

The first part of the study was to report the degree of similarity between MEGA phy and
online subtyping tools in order to assess how accurate phylogeny is in comparison with the
more often used rapglbtyping toolsHIV -1 subtypes defined by phy were compared with
those provided by the online subtyping tools (six toolgpfdrandfour tools foreny). The
number and proportion of subtypes/CRF by each tool or phy is shown in Tabpes)3h(l

35 (eny). Full details of each case can be found in Appeuig

There were five CRFs on tip®l phylogenetic tree that sequences clustered with but no
online tools identified (23_BG, 47_BF, 48 _01B, 51_01B and 52_01B), and seven CRFs on

theenvphylogenetic tre¢03_AB, 14 BG, 28_BF, 29 BF, 36_cpx, 45_cpx, and 47_cpx).

Conversely, the online tools identified some sequences as A2, G and 19_cpx but these
sequences did not cluster with those reference types qguothmhylogenetic tree. Online
tools also identifiedomeenvsequences as A2, A3, G, J and 63_02A1 but these sequences

did not cluster with those reference types onetimephylogenetic tree.

Online tools also identified a number of sequencegsolsr envISRs butMEGA phy
did not have the capability toedtify recombinants that were not similar to known CRF

reference sequences included in the tree.

Figure 26 shows the proportion of subtypes, CRFs and ISR®Ifphy and each of the

online tools. The proportions classified as subtypes Al, B, C, DCRR1_AE were quite
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similar between all the online tools and phy. The highest proportion of identified ISRs was

by jpHMM and SCUEAL.
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Table 34.Number and proportion gdol sequences by subtype.

MEGA phy JpPHMM REGA Stanford CPR SCUEAL COMET LANL BLAST
N (%) N (%) N (%) N (%) N (%) N (%) N (%)

01_AE 36 (16) 31 (14) 35 (16) 38 (17) 28 (13) 33 (15) 38 (17)
02_AG 12 (5) 11 (5) 12 (5) 12 (5) 9 (4)
07_BC 1(0.5) 1 (0.5) 1(0.5) 1(0.5)
08_BC 1(0.5) 1(0.5) 1(0.5) 1(0.5)
15 01B 2 (1) 6 (3 2 (1) 2 (1)
19 cpx 1 (05)
23 BG 3()
47 _BF 1(0.5)
48 01B 7(3)
51 01B 4 (2)
52_01B 1 (0.5)
Al 10 (5) 16 (7) 10 (5) 3(1) 9(4) 12 (5) 8 (4)
Al-like 2 (1)
A2 1 (05)
B 100 (45) 117 (53) 108(49) 111 (50) 108 (49 108 (49) 115 (52)
B-like 3(1)
C 41 (19) 38 (17) 41 (19) 42 (19) 41 (18 41 (19) 40 (18)
D 2 (1) 1(0.5) 2 (1) 2 (1) 1 (05) 2 (1) 2 (1)
G 1(0.5) 1 (0.5) 2@
ISR 17 (8) 6 (3) 13 (6) 24 (11) 9 (4) 5(2)
Total 221(100) 221 (100) 221 (100) 221 (100) 221 (100) 221 (100) 221 (100)
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Table 35.Number and proportion @anvsequences by subtype.

MEGA LANL
phy jpHMM REGA COMET BLAST
N (%) N (%) N (%) N (%) N (%)
01_AE 36 (16) 33 (15) 36 (16) 36 (16)
02_AG 12 (5) 2(1) 11 (5)
03_AB 1(0.5)
07_BC 1(0.5) 1(0.5) 1(0.5)
08_BC 1(0.5) 1(0.5) 1 (0.5)
14 BG |1(0.5)
15 01B [2(1) 3(1)
28 BF 1(0.5)
29 BF 2 (1)
36_cpx 1(0.5)
45 cpx 1(0.5)
47 _BF 3(1.4)
63 _01A1 2(1
Al 12 (5) 24 (11) 39 (18 9 (4) 7(3)
A2 2(1)
A3 2 (1)
B 104 (47) | 107 (48) | 114 (52 111 (50) 103 (47)
C 40 (18) 38 (17) 53 (29 39 (18) 38 (17)
D 3(1) 2 (1) 30 3(1) 2(1)
G 11 (5
J 1(0.5
ISR 3(1) 16 (7) 6 (3)
N/A 14 (6) 10 (5)
Total 221 (100) 221 (100) 221 (100) 221 (100) 221 (100)
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Figure 26. Proportion of pure subtypes/CRFs and ISRs assigned fqollgene by each
online tool andMEGA phy.

Figure 27 below shows the proportion of subtypes-€&nd ISRs foenvphy and each
of the online tools. The proportions classified as subtypes B, C and D were quite similar
between all the online tools alEGA phy. COMET identified the highest proportion of
ISRs, REGA was unable to identify any CRFss® proportion of pure subtypes is larger

compared with the other online tools and phy.
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Figure 27.Proportion of pure subtypes/CRFs and ISRs assigned fanthgene by each
online tool and phy.

Tables 36 and 37 below show the level of concordance batite phylogenetic tree
and each of the online subtyping tools for plaéandenvsequences. The online tools with
the highest concordance to thel phylogenetic tree were COMET and REGA (both 54%)
followed by BLAST (52%), Stanford CPR (37%), SCUEAL §80and jpHMM (28%). The
last two also assigned the highest number of unique ISRs during analysis, which partly

accounts for the lower concordance.

The online tools with the highest concordance teethghylogenetic tree were COMET
and BLAST (both 42%)dllowed by jpHMM (28%), and REGA (25%). It must be noted
that only jpHMM and COMET had the capability to recognize CRFs or ISRs farnhe

region and jpHMM could not classify 14 of the 221 sequences.

Although the online tools did not always identify theaet CRF that an individual
sequence clustered with on the phylogenetic tree (which is what the percentage is based upon

in Tables 36 and 37), they did often identify the same subtype or recombination variant for
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that particular section of the sequencee(Key under each Table). For example, for one

sequence clustered with 07_BC onploéphylogenetic tree, jpHMM did not identify 07_BC

but it did identify a B/C variant.

Another example is the four sequences that clustered with 51 _01B opothe
phylogendic tree; none of the online tools identified 51_01B, but they all identified subtype

B, which is the correct subtype for that sectiopaif51_01B.

The concordance between phy and the online tools for all of the pure subtypes, and for

CRFs 01_AE and 02_@ was quite high, Tables 36 and 37.
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Table 36.Concordance betwegmol phy and online subtyping tools.

Concordance with phy (%)
pol
subtype
defined by Stanford LANL
phy N JpPHMM REGA CPR SCUEAL COMET BLAST
01_AE 36 75% 100% | 89% 75% 81% 92%
02_AG 12 0% 92% 100% 0% 100% 75%
07_BC 1 0% 100% | 0% 0% 100% 100%
08_BC 1 0% 100% | 0% 0% 100% 100%
15 01B 2 0% 0% 0% 50% 0% 0%
23 BG 3 0% 0% 0% 0% 0% 0%
47 BF 1 0% 0% 0% 0% 0% 0%
48 01B 7 0% 0% 0% 0% 0% 0%
51 01B 4 0% 0% 0% 0% 0% 0%
52 _01B 1 0% 0% 0% 0% 0% 0%
Al 10 80% 70% 30% 50% 80% 70%
B 100 100% 98% 99% 97% 96% 100%
C 41 93% 100% | 100% 100% 100% 98%
D 2 50% 100% | 100% 50% 100% 100%
Total 221 28% 54% 37% 30% 54% 52%

Key: phy 02_AG(SCUEAL assigned two sequences as subtype G, and the negnati
sequences as ISRREGA assigned one sequence as subtype G. jpHMM assigned six
sequences as Al/G variants, one sequence each as subtype A, B or G, one as a B/G variant
and one as a A1/B variant. LANL BLAST assigned one sequence as 02_AG/Al and one as
02_AG/U),phy 07_BC and 08_B@he online tools that did not assign 07_BC/08_BC did
assign a B/C variantphy 15 01B(SCUEAL assigned one sequence 15 _01B and the other
sequenceralSR. All other tools assigned subtype B. This section of the 15_01Bmeéere
sequence is 01_AE)hy 23_Ball tools assigned a B/&@ B/02_AGvariantexcept LANL

BLAST which assigned subtype B, this section of 23 BG is a mixture of B anoh¢

47 BF (all tools assigned subtype B except SCUEAL which assignd&i29 BF variat,

this section of 47_BF is a mixture of B any] phy 48 _01B(all toolsassigned subtype B
except REGA whichassigned one sequence ad$ik@ and one as B/Rlthis section of

48 01B is a combination of 01_AE andl, Bhy 51 _01B(all tools assigned subtyjie This

region of 51_01B is entirely subtype Bhy 52 01B(all tools assigned A1/B or 01_AE/B
variants. This region of 52_01B is a combination of 01_AE and B).
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Table 37.Concordance betweamvphy and online subtyping tools.

Concordance wth phy (%)
envsubtype
defined by
phy N jpHMM REGA COMET BLAST
01_AE 36 92% 0% 100% 100%
02_AG 12 0% 0% 17% 83%
03_AB 1 0% 0% 0% 0%
07_BC 1 0% 0% 100% 100%
08_BC 1 0% 0% 100% 100%
14 BG 1 0% 0% 0% 0%
15 01B 2 0% 0% 0% 0%
28 BF 1 0% 0% 0% 0%
29 BF 2 0% 0% 0% 0%
36_cpx 1 0% 0% 0% 0%
45_cpx 1 0% 0% 0% 0%
47_cpx 3 0% 0% 0% 0%
Al 12 92% 100% 75% 42%
B 104 | 100% 100% 88% 90%
C 40 90% 100% 98% 95%
D 3 67% 100% 100% 67%
Total 221 28% 25% 42% 42%

Key: phy 02_AG(COMET assigned two sequences as 02 ahd remaining 10 sequences

as O0c heckjpHMMrassigrnd ah likit one sequence as Al, and one as A1/B. LANL
Blast assigned two as AJphy 03_AB(all tools assignethe sequence asbtype B. This

region of 03_AB is entirely subtype Bphy 07_BC an 08_BC(COMET and LANL

BLAST both assignethe same CRF adEGA phy), phy 14 BG(all tools assigned subtype

B except LANL BLAST;unassiged. This region of 14 BG is predominantly subtype B
with G toward t he) pByd5 elsdl toold asignedksuktypeaBgThis n t
region of 15_01Bis entirely subtypeeBx c e pt a smal | fragpnphynt of
28_BF (all tools assigned subtype Bie entireenvregion is subtype B for 28_BFphy

29 BF (all tools assigned subtype B except COMETKigsed one sequence as 15 01B.

The entireenvregion is subtype B for 29 Bfphy 36_cpx(jpHMM and REGA assigned

Al, COMET AMsbeghetiod AGOG and LANL BLAST as
of 36_cpx is a combination of A and 02_A®Jy 45 cpx(jpHMM and REGA assigned

Al, COMET AlshedkfprAecGdd @ nd LANL BLAST assi gne
region of 45 _cpx is a combination of A and 02_A@)y 47_BF(all tools assigned subtype

B. This region of 47_BF is entirely subtypé. B
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7.3 Online toolparametersi inferred subtype

The next part of the study was to report an inferred subtype based on the chosen parameters,
in order to compare the difference in results with the current protocol for subtyping in South

Australia (Stanford CPR tool).
7.3.1 pol i concordance between all six online tools

There was concordance between all six online tools for 161 (8Pégquences with a
subtype distribution as follows: 100 subtype B sequences, 37 subtype C sequences, 21

01_AE sequences, 2 Al sequences,lasdbtype D sequence.

7.3.2 wl inferred subtypé concordance using online tool parameters (five of the six tools

were concordant)

When assessing subtype by the set online tool parameters (five of the six tools), 90%
(198) of cases met this criterionttvia subtype distribution as follows: 111 subtype B, 41
subtype C, 35 01_AE, 9 subtype Al, and 2 subtyp&Hhe. next section details the number

of inferred cases for each subtype or CRF.
7.3.2.1 Subtype Al

For the nineinferred subtypeAl pol sequences, t&nford CPR identified five as
A/01_AE ISRs, and another one as an unknown PR/01_AE RT sequence. SCUEAL
identified a sequence as an Al#Acestral/A3 unique ISR, andANL BLAST identified

three sequences as 01_ABEGA phy also identified the same threggences as 01_AE
7.3.2.2 Subtype B

Of the 111 inferred subtype &quencesall clustered with or around subtype B on the

phylogenetic tree, but 12 suustered with Bike CRFs (47_BF, 48_01B or 51_01B).

REGA assigned one of the phy 48 01B sequenseB/R1l, and one phy 48 01B

264



sequenclki kkesb .0BSCUEAL assigned the phy 47

U/B/29_BF.
7.3.2.3 Subtype C

Of the 41 cases assignpdl subtype C by at least five of the online tools, all clustered
with subtype C on the phylogetic tree. jpHMM identified two sequees as subtype B and
one as a B/USR, and LANL BLAST identified a fourth sequence as being most similar to

a Al/C ISR.
7.3.2.4 Subtype D

Both subtype D sequences were identified as subtype D by all the onlinexoefs
SCUEAL, which identified one sequence as 19 (pg PR/RTpol fragment of 19_cpx is

subtype D) These sequences also clustered with subtype D on the phylogenetic tree.
7.3.2.5CRFQ_AE

At least five online tools assigned 35 cgselCRFQL_AE, allbut four of these clustered
with the CRFQL_AE reference sequence on the phylogenetic tree. Two sequences clustered
with 15_01B on the phylogenetic tree, both sequences were also identified as either 15_01B
or a complex ISR by SCUEAL. Two sequences clastavith A1 on the phylogenetic tree,
SCUEAL identified one as 15_01B and the other as 01_AE. All other online tools assigned
these four sequences as 01_AE. There were another seven sequences iIG&FEl asE

that one online tool classified as eitharAsl or 15 _01B sequence.
7.3.3 poli discordance between online tools

In addition to identifying inferred subtypes, the study aim was also to report where there
was discordance between the online subtyping tools and to examine these cases in more
detail. There was discordance between at least three of the six online tablks femaining

23 pol sequences. Each sequence was assigned an ISR by at least one online subtyping tool
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and thesevill be discussedhter in the chapter.
7.4 Online tool parameters envsubtype
7.4.1 env concordance between all four online tools

There was concordance between all four online tools for 62% (13%)|skequences
with a subtype distribution as follows: 95 subtype B sequences, 34 subtype C sequences, 5
Al sequencesnd 2 subtype D sequences. The remaining 85 sequences were broken down
into sequences that were assigned the same subtype/CRF kst étrea of the four tools
(n=62 or sequences that could not be assigned because of differences between the online

tools(n=23.

7.4.2 env inferred subtypieconcordance using online tool parameters (three of the four

tools were concordant)

When assessing subtype by concordance between three of the four tools, 90% (198) of
cases met this criterion with a subtype distribtas follows: 114 subtype B, 39 subtype C,

34 01_AE, 9 subtype A1, and 2 subtype D.
7.4.2.1 Subtype Al

All nine Al sequences had concortlanbtypes between jpHMM, REGA a@iDMET
(MEGA phywas also concordant)ANL BLAST assignedwo of the sequencesA2, one

as A3 and one as an A1/D ISR.
7.4.2.2 Subtype B

Of the 114 cases assigneal subtype B by at least three of the online tools, all clustered
with or around subtype B on the phylogenetic tree, but 10 clustered more closelylikéh B
CRFs (14 BG15 01B, 03_AB, 28 BF, 29 BF, or 47_BF). COMET assigned one of the
phy 29 BF sequences as 15 01B, and LANL BLAST was unable to match the one 14 BG

phy sequence to a reference sequence. REGA was unable to assign seven of the 114 subtype
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B assigned sequers;eCOMET identified three sequences as 15 01B, LANL BLAST
identified one sequence as a 01_AE/B IRd could not assign a subtype for nine
sequences; seven of which were identified as a Stiianan Immunodeficiency Virus

(SHIV).
7.4.2.3 Subtype C

Concadance between all online tools and phy occurred for 34 of the 39 subtype C
sequences, four could not be classified by jpHMM, and LANL BLAST identified one as

being most similar to a B/C ISR.
7.4.2.4 Subtype D

Concordance between all online tools and g@tgurred for the two subtype D sequences.
7.4.2.5CRFQ_AE

All the 34 01_AE sequences were assigned 01_AE by COMET, LANL BLAST and phy,
and all but one were assigned 01_AE by jpHMM (one was unclassified). REGA is only
capable of identifying pure subtypwhen sequences are less than 800bp and it identified 12
as Al, 10 as C, 11 as G and 1 as J. None of the REGA sequences had a bootstrap value

O70%.
7.4.3 envi discordance between online tools

There was discordance between at least three online tools for 23 sequaseds and
133 had an even split between the four online tools). Then28equencewere assigned
various subtypes/CRFs asegein Table 38. One sequence was identified as 07_BC (case
133) and oe as 08_BC (case 68) by COMET dmANL BLAST (andMEGA phy) while
jpHMM and REGA assigned these sequences as subtypdt€znsequencegcase 6,65
67,108111,114117,124,139,145)vereidentified as0 A1/ check for 02 _ AG«¢

LANL BLAST assigned nine of these as 02_AG, two as 63_02A1, two as subtype Al, one
267



subtype Al by REGA and all but two by jpHW (two were unassigned). There was one

as subtype A3 and one as an 02_AG/Al recombinant. The same 15 sequences were assigned

sequencécase 2pssigned as subtype D by COMET and REGKEGA phy also assigned

D), while LANL BLAST assigned the same sequence as an A/D variant and jpHMM could

not assign a subtyp@wo sequences (case 112 and)li@re assigned as 02_AG by

COMET and LANL BLAST (andMEGA phy), but were typed as Al by REGA, and Al or

Al1/B by jpHMM. The final two sequences (case 157 and 162) were assigned 01_AE by

Table 38.Discordance between three or more online to@avsequences

COMET and LANL BLAST (andMEGA phy) but both were assigned as 01_AE#Biants

by jpHMM and Al or C by REGA.

. LANL

Case jpHMM REGA COMET BLAST MEGA phy

2 - DA D A/DN D

6 Al AN Al/check for AG | 02_AG" 02_AG

65 Al AN Al/check for AG 02_AG" 02_AG

66 Al AN Al/check for AG | 02_AG" 02_AG

67 Al AN Al/check for AG 02_AG" 02_AG

68 C cn 08_BC 08_BCH 08_BC
108 Al AN Al/check for AG 02_AG" 02_AG
109 Al Al Al/check for AG | 02_AG" 02_AG
110 Al AN Al/check for AG | 63_01A1" Al
111 - A1N Al/check for AG | 63 02A1" Al
112 Al/B Al 02_AG 02_AG" 02_AG
113 Al AN 02_AG 02_AG" 02_AG
114 Al AN Al/check for AG 02_AG" 02_AG
115 Al A1 Al/check for AG A1N 02_AG
116 Al Al Al/check for AG 02_AG"H 36_cpx
117 Al Al Al/check for AG 02_AG" 02_AG
124 Al Al Al/checkfor AG | 02_AG/A1™| 45 cpx
128 01_AE Al 01_AE 01_AE" 01_AE
133 C cn 07_BC 07_BCH 07_BC
139 Al AN Al/check for AG A3 Al
145 Al Al Al/check for AG Al 02_AG
157 | 01_AE/B| A1 01_AE 01_AE" 01_AE
162 | 01_AE/B C 01_AE 01 _AE" 01_AE

Key: ” (denotes a bootstrapr

similarity)percentage
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7.5 Genomic diversity

The majority (86%, 191) of cases had concorgeandenvsubtypes using the same
online tool criteria mentioned earlier the chaptef5/6 online tools fopol, 3/4 foreny,
MEGA phynot incluced), with a subtype distribution as follows: 7 subtype Al, 111 subtype
B, 39 subtype C, 1 subtype D and 33 01_AEK.stated abovehéremaining 15% (30) of
cases were assessed further to determine if they were genomic recombinants and will be

discussed ithe next section.
7.6 Recombination identification

Recombinant ases were identified as intergene recombinant (different subtyjpelfor
andeny) or intragenerecombinan{different subtype at PR and RT within thel region)
SCUEAL also identifiedntrasubtypgsubsubtypes within a subtype, i.e: subtype Bl, B2,
B3) recombination usingol sequence®nly. SCUEAL was considered to be the most
reliable online tool to detect recombination events and correctly identify subtype, it utilizes
up-to-date referece sequences taken from the LANL BLAST reference database and is

capable of detecting recombination breakpoints.
The 221 sequences were split into five groups, as seen in Table 39.

Table 39.Subtype distribution and recombination events using onlinectdastia

Group N (%)
1. polandenvconcordant 191 (86)
2. polandenvdiscordant 3 (1)

3. polunassigne@hvsubtyped 4 (2)
4. polsubtypedénvunassigned 4 (2)
5. polandenvunassigned 19 (9)

Groups 1 and 2 comprised ®¥3(194) of all cases. The groups were considered

successfully assigned subtypes using the online tool parameters (5/6 tool concordance for
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pol, or 3/4 forenv) Group 1 had a subset of 20 cases which had ISR identified by one online
tool, but because the other 5 toghelf and3 tools €ny) were all concordant, these cases

were not casidered to carry ISR sequences for the purpose of this study.

Group 2 cases carried intergene recombinant virysdsand env were successfully

assigned discordant subtypes.

Group 3 consisted ofofir cases with successfully subtypedv sequences but
concordance between the online tools was not reachegolpieaving the sequences

unassigned. The same occurred in reverse for group 4. These cases were further analyzed.

The 19 cases in group 5 waret assigned an inferred subtype for eithelror envand

werealsofurther analyzed.

Groups 25 will be discussed in the next section. All cases in these combined groups
(n=30) had at least one online tool that identified ISR. Table 40 below showsfénend

variants that each online tool identifiéad the 30 cases.

Table 40.I1SR variants identifieavithin 30 casedy online subtyping tools

ISR variant identified pol env ISR variant identified pol env
(N) (N) (N) _(N)
jpHMM SCUEAL
Complex 3 Complex 4 |-
Al/B 2 1 | A-ancestral/G 1 |-
AE/B 1 |AG 3 |-
C/B 1 Al/U 1 |-
G/B 3 A4/G 1 |-
G/A1 6 AE/B 2 |-
LANL BLAST AE/G 2
A/D 2 |BIC 2 |-
AE/B 1 B/D 1 -
AG/Al 1 |1 |B/IG 2 |-
AG/22_01A1 1 G 1 |-
AG/U 1 REGA
B/C 1 |Al/B 1 |-
Stanford CPR Al/K 1 |-
Al/AE 1 - Al-like 2 -
AE/B 1 |- B/G 3 |-
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AE/AG 1 - B-like 1 -
AE/K 1 - COMET

AG/B 3 |- Complex 4

B/C 1 - B/AE 1

Key: - (online tool did not subtype this region); Complex (online tool identified the sequence
as a complex recombinant form catsmg of two or more breakpoint locatigns
7.6.1 Group 1. Concordant pol/env sequences

These cases were not intergene recombinant viruses and are not dikatissad this

chapter.
7.6.2 Group 2. Intergene recombination (discordant pol/env seaesih

Of the cases thawere successfullyassigned a subtype, three had discorgeaienyv

subtypes as shown in Table 41. These cases will be discussed in detail later in the chapter.

Table 41.Assigned genomic recombinant cases

Case pol subtype env sulbype
136 Al B
135 Al D
91 C Al

7.6.3 Gpoup 3. Intragene recombination withipad

Four cases had successfully assigned pure subtype or GRN sequenceand a
unassignedpossible ISRpol sequenceTable 42. SCUEAL identified all four gol-ISRs
JpHMM and COMET identified two, and Stanford CPR and LANL BLAST both identified
one. REGA identified one sequence as an | S
42. All six online tools identified case 153 wittpal-ISR and three online tooidentified
case 200 with pol-ISR. The likelypol subtype for each case is shown in the last column in

Table 42, with the overall likelgol/envsubtype for these four case as follows:
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pol env

Case 38 ISR B
Case 125 ISR Al
Case 153 ISR 01 AE
Case200 ISR B

Table 42.Cases with @ assignegure subtype or CREnvregion, andunassigned (and
possible ISRpol region

Case IPHMM  REGA gt;‘lgford SCUEAL COMET Iéﬁng 'S‘Lkst';’pgc"
38 | B B-liker | B~ B/D" B B~ B/D
125 | A1 A1A 01 AEr  |AL/UA | AL NG A1/U
153 [A1/B | Al/B | 01_AE~BA| 01 _AE/B~ | 31_BC/AL/B| 01_AE/BA| 01 AE/B
200 |A1/B | Allike® |01 AE* |01 _AE/B~|B/O1L AE |01 _AE* |01 _AE/B

Key: U (Unassigned an inferred subtyp&)denotes a bootstrap or similarity percentage of
O 7 0.%he likely pol subtype vas identified by SCUEAL and COMET, with SCUEAL
reporting a similarity percentage7 0. %

7.6.4 Graip 471 Intragene recombination within env

Four cases hadsaccessfully assignguire subtype or CRF for thm®l sequence and an

unassigne@nd possible ISRor theenvsequenceTable 43.

Table 43.Cases with a pure subtype/CR#&l region and possiblenvISR

. LANL Likely env
Case JPHMM — REGA ~ COMET BLAST subtype
2 U D~ D A/D? A/D
99 C cn Cl/check for 07 | B/C" 07_BC
157 01_AE/B| Al 01_AE 01_AE™ | AE
162 01_AE/B|C 01_AE 01 _AEN | AE

Key: U (Unassignean inferred subtype” (denotes dootstrap or similarity percentage of
O 7 0.%he likelyenvsubtype was identified bBOMET and LANL BLAST, with LANL
BLAST reporting a similarity percentage7 0. %

Cases 157 and 162 were classified by LANL BLAST as 01_AE but jpHMM classified
themas01 E/ B | SRs. jJ pHMM may incorrectly <cl as

the genome and it is likely these sequences were 01_AE.
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LANL BLAST classified case 2 as an A/D ISR and case 99 a B/C ISR. Case 99 was most

likely 07_BC as evidenced by the COMEIl&ssification, Table 43.

The likely envsubtype for each case is shown in the last column in Table 43, with the

likely pol/envsubtype for these four cases as follows:

pol env
Case 2 D ISR
Case 99 C 07_BC
Case 157 01 _AE 01 AE
Case 162 01_AE 01 _AE

7.6.5 Group 5Possible mique recombinants pol-ISR andenwvISR

The final group comprised of cases that were possible unique recombinants, due to
discordance between online tools, and one or more tools assigning bl Hred env
regions as amplex recombinant formsThe 19 cases with unclassifigubl and env
sequences were not assigned an inferred subtype because they did not meet the criteria using

the online tool parameters. These cases are shown in Table 44.

Further analysis of the 19 casédentified 18 as possible unique intergenomic

recombinant virus and one casas assessed apal 02_AGEnv02_AG virus.

In total, 27 cases combined from group®$ 2ad viruses classified as intergenomic
recombinantsthat is, complex recombinant virgsd& hese will be discussed in the next

section.
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Table 44.Cases from group 5, wifol andenvsequences not assignediaferred subtype

pol gene env gene
Possible unique
Case| jpHMM  REGA Stgglgrd SCUEAL COMET é‘l'_“A'\'S"T ipHMM REGA COMET é‘LAANé'T recombinant
pol/env
Al KA N N N Al 02_AG
124 | A1 < oragn| Al Al Al Al ST NN A ISRASR
Al CISRA
6 B |02 Acr| 02ACT 1 Taq 02 AG | 02 AG~ | A1 A1 Al 02 AG* | ISRI02_AG
Al — 02_AGH G = - check AG
CISRA
G B | 02 AGH CISR . . Al .
65 | o o o 8 Compiex| B Al an | AL ] 024G ISRI02_AG
CISRA
G B | 02 AGH CISR . . Al .
66 | o o o g commiex| B Al arn | AL | 02 ISRI02_AG
G B | 02 AG"| CISRA | CISR N N Al N
67 B G B" Complex | Complex B Al Al check AG 02_AG ISRI02_AG
CISRA
G 02_AGH . . Al .
108 | | 02.AG"| 2hCa Ael 02 AG | 02 AGA | Al arn | S| 02.AG ISRI02_AG
02 AGA| CISRA Al
N — N N
100 | AL | 02.AG"| 5G| compiex | 02-AG | 02.AGN | AL ar | A | 026 ISRI02_AG
N
113 /fl 02_AGH 83—?& Gr 02 AG | 02 AG~ | A1 A" | 02 AG | 02 AGM | 02 AGI02 AG
= N N
12| B G gg—ﬁg C'gR 02.AG | 02.AG" | ‘Y Al | 02 AG | 02 AG* | ISRI02 AG
02 Acr| CISRY 02 AG Al
114 | G | 02.AGM| Johon| OLAE | 02.AG | g Al A | AL (| 02.AGr | ISRI02.AG
— G
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pol gene env gene
Possible unique
Case| jpHMM  REGA Stgglgrd SCUEAL COMET é‘l'_“A'\'S"T ipHMM REGA COMET é‘LAANé'T recombinant
pol/env
G 02_Acr| CISRY Al
17 || 02.AGh | g2-Ca OléAE 02 AG | 02 AGA | Al AL | B o] 02.AGM | ISRI02_AG
N
115 | O | 02_AGH gg—ﬁgA G 02 AG | 02 AGA | A1 | AIm cheil G| AL 02 AG/AL
02 Acr| CISRY Al
N — N N
145 | B | 02.AGN| 3¢, A4 02 AG | 02 AG~ | A1l AL | Ao AL ISR/AL
B o CISRA
133| C | 07.BCM oo B 07BC | 07BCcr | C cr | 07.BC | 07.BCr | ISR/IO7 BC
B C
- o CISRA
68 | & |08BC B 08 BC | 08 Bcr | C cr | 08BC | 08BCr | ISR/IO8 BC
C
CISRA
G 02_AGH Al
116 | | 02.AGN| 2= Cs A-anéestral 02 AG | 02 AGr | Al arn | B | 02.AGh | ISRI02_AG
CISRA
G | 02_AGn . . Al .
10| | 02.AGh| B2hCa é 02 AG | 02 AGM | Al arn | AL (| 630217 | ISR/63_02A1
G
02 AGM| CISRA 02_AG Al
N — — N N
ui| B 02_AG"| g5~acn | complex | O2-AC | ain U arn | P (| 63_02A10 | ISR/63_02A1
1 02_AGH 02_AG AL —
_ A ! ! AN AN - -
139 | AL | Aldike’ | gihliy | A2 AL | o otars AL arn | AL | A3 A-like/A-like

Key: U (Unassigned an inferred subtyp®d e not es a
0 70% bu REGA could notassigna pure subtype because theerysequencelid not subcluster with a pure subtypeference
as per REGA subtyping algorithm).
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7.7 Intergenerecombinationi case characteristics

The 27 cases fell into the following p®l/envintergene recombinant categories, Table

45. Table 46 shows the demographic information for each case.

Table 45.Possible unique recombinant cases

N pol env

10 |UISR |02_AG
2 UISR |Al

2 UISR |63 _02A1
2 UISR |B

1 U ISR 01 _AE
1 UISR |07_BC
1 UISR |08_BC
1 UISR |UISR
1 A-like | A-like
1 Al B

1 Al D

1 AG A

1 C Al

1 C 07_BC
1 D U ISR

Key: U ISR (possible unique ISR)

Table 46.Characteristics of cases with intergene recombinagioligny

Likely pol/env Locayon Region Sex Risk Year dx
Case subtype acquired born
38 U ISR/B Aus N/A M MSM 2001
68 U ISR/08_BC 0 N/A m | Directblood 2004
— contact
133 U ISR/07_BC @) N/A M Het/IDU 2001
114 U ISR/AG O Africa F Heterosexual 2007
115 AG/A1 O Africa F Heterosexual 2011
116 U ISR/AG @) Africa F MTCT 2011
124 U ISR/U ISR O Africa F Heterosexual 2011
135 Al1/D O Africa F Heterosexual 2001
136 Al/B O Africa F Heterosexual 2004
2 D/U ISR O Africa M Heterosexual 2004
6 U ISR/AG O Africa M N/A 2006
65 U ISR/AG O Africa M Heterosexual 2009
67 U ISR/AG Aus Africa M Heterosexual 2011
91 C/IAl O Africa M Heterosexual 2008
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109 U ISR/AG Aus Africa M Heterosexual 2010
117 U ISR/AG O Africa M Heterosexual 2011
125 U ISR/AL O Africa M Heterosexual 2010
139 A like/A like O Africa M Heterosexual 2009
145 U ISR/A1 O Africa M Heterosexual 2008
99 C/07_BC O Asia F Het/IDU 2010
153 U ISR/AE 0 Europe | M Direct blood 2011
contact
200 U ISR/B Aus Europe M Het/IDU 2011
108 U ISR/AG @) Australia F Heterosexual 2004
66 U ISR/AG Aus Australia | M MSM 2010
112 U ISR/AG Aus Australia M MSM 2009
110 | UISR/63_02A1 0 CAIME | F Direct blood 2009
- contact
111 | UISR/63_02A1 0 CAIME | M Direct blood 2010
- contact

Key: Het/IDU (Heterosexudransmission with IDU risk MSM (Men who have sex with
other men); O (overseas aced infection); CA/ME (Central Asia/Middle Egstrear dx
(Year of diagnosis), U ISRpossible unique ISR)

When assessing these complex recombinant cases by demographic characteeistics, t
majority were maleq7% 18). Mostnales and femalexquired the infection overseas (78%,
21/27) and most were born overseas (78%, 21) with Afiiican people predominating

(76%, 16/21).

There was a notable patternadfmplexrecombination type by region of birth. Of the
sixteen Africanborn cases, 10 were male asig were female. All acquired the infection
overseas, and all reported heterosexual transmission except for one MTCT case and one male
who did not list transmission risk. Africaiorn peoplecarriedseven of the 10 U ISR/AG
variants and all thevariantscontaining subtype A (n=7). The remaining tifsican-born
people carried a subtype D variant and a complex variant possibly comprised of subtype Al,

K, 01_AE and 02_AG.

Three cases wergustralianborn peopletwo malesand one female. All three had a

likely complexpol-ISR, andenv+02_AG virus, the two males reported MSM risk while the
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female reported heterosexual contact. One male and the female reported overseas

acquisition, the other male regped acquisition in Australia.

Two cases were children borm Central Asia(1 male, 1 female). Bottransmissions
were reported as originatirfgppm medical procedures, and both halikely pol-ISR and

env63_02A1 virus.

Two cases wer&uropearborn males,one reported an overseas medical procedure as
the route btransmission and haa possiblepol-ISR andenv01_AE, the other reported

heterosexual sex witlbU risk in Australia, and had pol-ISR andenvB.

One case was born in Asia, a female who reported overseas acquisition through

heterosexuadex with IDUrisk, and hagbol-C andenw+07_BC.
7.8 polintersubtype recombinationi breakpoint locations

The breakpoint locations were identified for 20 of the 27 complex cases through
SCUEAL. The remaining seven were not identified as complex viruses by SCUEAL and
therefore did not have breakpoint locations available through the choserTheqgbol
sequences fothe 20 SCUEAL identifiedintergene recombinant cases were classified as
unique ISRs, including a predicted subtype, maderaged support for that subtypad
the percent likelihood that ISR was present. The madetaged support cutoff for evidence
of ISR isC60%. Breakpoint locations were also identified for epohISR sequence and

information for these cases is presented in Table 47, and Figyr23azsd 29b

Demographic analysis identifiechly four of these casess people born in Australia.
Case66 and 112 hagol subtype G ISR variants acquired in Australia, case 108 had a 37_cpx
variant acquired overseas and case 161 had a 15_01B varianedanerseas. Thred
these peoplevere male (all MSMtransmissiop and one was a femaleho reported

heterosexual transmissioDiagnosis occurred between 2001 and 2010.
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Three cases did not have a listed region of birth. Cases 68 and 133 had B/C variants
acquired overseas, and case 38 had a B/D variant acquired in Australia. All were male, with
one each repting MSM (diagnosed 2001), heterosexual sex Witbl risk (2001), and

direct blood contact (2004).

The remaining 14 cases were people born overseds@amprised 10 males and 4
females, all diagnosed between 2006 and 2011. There were eight different ISR variants
among this group, which consisted of ten Afridarn people, two people born in Central
Asia, and two born in Europe. Three overseas borplpeaxrquired the virus in Australia,
namely cases 67 and 109 who were both Afdisarn males and had viruses identified as
complex ISRs, and case 200 who was a Eurcpeam male who acquired a complex

subtype B/01_AE virus.

The two Europeaborn cases @3 and 200) were the only ones to have the 01_AE/B
variant, both diagnosed in 2011. One reported direct blood contact overseas and ceak report

heterosexuasex withIDU risk within Australia.



Table 47.SCUEAL-classified uniqueol-ISR sequences

%

%

support  support Breakpoint 1 Breakpoint 2 Breakpoint 3 Breakpoint 4

Case Full subtyped assigned subtype ISR (CI) (CI) (C) (CI)
6 02_AG/37_cpx/G/Al 68 100 183 (169197) | 282 (183381) 959 (958 960)
38 B/D/B 41 94 702 (699705) | 911 (875947)
65 G/37_cp/B 66 100 107 (106108 | 360 (355 365)
66 G/37_cpx/B 49 100 107 (10%109) | 360 (351369)
67 G/A-ancestral/B/B/B 75 100 110 (109111) | 419 (418420) 712 (695729) | 818 (738898)
68 C/08_BC/08_BC/C 47 100 108 (100116) | 616 (616616) 926 (925927)
108 | 37_cpx/02_AG/37_cpx 57 100 469 (439499) | 983 (977989)
109 G/01_AE/02_AGI/GI/A

ancestral 35 100 176 (17%177) | 298 (298 298) 844 (843845) | 959 (948970)
110 | G/IG/IA 82 100 451 (444 458) | 983 (982984)
111 | 02_AG/A1/02_AG/Aancestral| 51 100 172 (171173) | 316 (313319) 918 (916 920)
112 | G/02_AG/18_cpx 75 100 107 (104110) | 499 (495503) 914 (913915)
114 | G/01_AE/02_AG/G 94 100 176 (17%177) | 298 (298 298) 918 (896 940)
116 | G/A-ancestral/G/18_cpx 89 100 107 (106 108) | 406 (404 408) 953 (952 954)
117 G/01_AE/02_AG/18_cpx 80 100 171 (169173) | 299 (294 304) 912 (911913)
125 | A1/ALU 66 91 476 (423529) | 916 (913919)
133 | 07_BC/B/07_BC/07_BC/C 45 100 184 (183185) | 291 (288294) 733 (733733) | 932 (931933)
135 | Al/A-ancestral/A3 82 99 352 (349355) | 566 (549583)
145 | G/IA4IG/A4 32 100 116 (11%117) | 406 (405407) 958 (957959)
153 | 01_AE/B 82 100 725 (661789)
200 |15 01B/B/15 01B 33 100 745 (736754) | 944 (942 946)

Key: % support subtype (the % likelihood that the assigned subtypesR¥rsl Wdthin the recombinant region sequenced are accurate; %
support ISR (the % likelihood that true recombination events occur within the region sequenced); Breakpoint (the pciadueice

where a change from one subtype or CRF to another occurg®pi@idence intervals).
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7.9 polintrasubtype recombination

The following section also reports INSR using 8@UEAL tool, whichidentified 16
caseshatcarriednu |l t i pl e strains of the same pure s
support cutoff for evidence of INSR@0%. Table 48 shows recombination characteristics

and demographic information.

Demographic characterization shows tHatastall cases (88%, 14/16) haol INSRB
sequences and these were all male cases. All but one acquired the infection in Audtralia an
all but two acquired it via MSMransmission (including two MSM withDU risk

transmissions). Ten of the 16 (63%) cases were diagnosed before 2007.

The remaining two cases hpdl INSR C sequences, one female adult and one female
child, both born in Afica and acquired the infection overseas. LANL BLAST analysis found
the pol sequences were most similar to sequences originating from AfB&84). The two
females were part of the same high reliabiitf subtype C cluster (n=41), but not related
by transmission. The female child was part pbétransmission cluster of three, most likely
a mother, father and child transmission, althoughntttet h er 6 s pohséquenaes h e r ¢
showed no evidence of recombination. The female adult was not part of any transmission

cluster.
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Table 48.Intrasubtype recombination of p®l sequences assigned by SCUEAL

pol env
pol % support % support Location Region of Transmission Year MEGA MEGA

Case SCUEAL subtype INSR Age acquired birth Sex Risk dx phy phy
22 B 48 52 38 Australia Australia M MSM 2003 B B
41 B 63 64 37 Australia Australia M MSM & IDU 2006 B B
186 B 39 69 31 Australia N/A M MSM 2005 B B
15 B 69 72 38 Australia Australia M  Heterosexual 2011 B B
189 B 67 78 36 Australia N/A M MSM 2005 B B
56 B 81 81 35 Australia Australia M MSM & IDU 2006 B B
187 B 71 84 27 Australia N/A M MSM 2006 B B
185 B 84 87 46 Australia Australia M MSM 2010 B B
183 B 87 88 36 Australia N/A M MSM 2005 B B
35 B 90 94 32 Australia Australia M MSM 2005 B B
184 B 90 94 46 Australia Europe M MSM 2008 B B
54 B 94 95 34 Australia Australia M MSM 2012 B B
55 B 98 99 25 Australia N/A M MSM 2000 B B
219 B 100 100 34 O Australia M  Heterosexual 2005 B B
74 C 70 79 7 O Africa F MTCT 2007 C C
82 C 96 100 28 O Africa F  Heterosexual 2001 C C
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7.10 Comparison with routine genotypic testing using Stanford CPR

As mentioned previously, the current practice in South Alistfar genotypic drug
resistance testing is to sequence a 10$gibfragment, then submit it to the Stanford CPR
online tool. From all new diagnoses in South Australia between 2000 and 2012 that had
routine genotyping conducting (n=513), the Stanford @iRdetected 2@ol-ISRs, which

equates to 4% of thetal HIV infected populatiorfor that time period

Thirteen of these Stanford CH&entified pol-ISR sequences were included in the
pol/env phylogenetic study, comprising 6% of the total 221 casebleT49 shows the
subtype distribution using the Stanford CPR online tool compared with SCUEAL, and the
inferred subtype using the online tool criteria for bptthandenv In total, 50 cases were
identified as ISR by at least one tool. This was narradeseh by only classifying ISR cases
as those with at least one online tool identifying an ISR and discordance between the other
tools, and then examining results for each sequearadully. Using this method, 2¥l/env
intergene recombinants were iderdi This equates to 12% of the cohort used for the

phylogenetic study.

Identification ofpol-ISR virus increased from 6% to 10% when the six online tools were
used compared with only Stanford CPB5{.06). The identification of recombinant virus
using tre online tool criteria to assessl andenvgenes doubled from 6% to 12%, compared

with only typing thepol gene using Stanford CPR=0.03), Figure 30
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Table 49. Subtype distribution using routine surveillance information from Stanford CPR

compared with other online subtyping tools.

Subtype Stanford SCUEAL Inferred Inferred Final subtype
CPR pol env assigred
(5/6 tools) (3/4 tools) pol & env
N (%) N (%) N (%) N (%) N (%)
01_AE 38 (17) 28(13) 35(16) 33(15) 35(16)
02_AG 12(5) 1(.5
15 01B 6 (3)
19_cpx 1(.5)
A 3(1) 10(5) 9(4) 9(4) 7(3)
B 111 (50) 108(49) |111(50) | 114(52) 111(50)
C 42(19) 41(19) 41(19) 39(18) 39(18)
D 2(1) 1(.5) 2(1) 2(1) 1(.5)
G 2(2)
InSR 13(6) 24 (11) 23(10) 24 (11)
Possble URF 27(12)
Total 221(100) 221 (100) | 221 (100) | 221 (100) | 221 (100)

Key: InSR (Intrasubtype recombinant [within a genBP)ssible URF (Evidence of intergene
recombinatiorwithout assignment to a known CRF reference seqyence
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Figure 30.HIV-1 subtype distributiobased ool subtype opol/envsubtype. Column one
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7.11 Summary

The data demonstrated that using the chosen online tt@iaresulted in an accurate
but conservative estimate of n@nviral prevalence in the South Australian cohort, with
COMET, SCUEAL and jpHMM being the best tools for identifying fimariants including
unique and complex variants. The latter two aldentified specific recombination

breakpoints.

There was high concordance betwddBGA phy and online tools when identifying
subtype B, C andCRFQL_AE, but low concordance for other nrBnvariants including
complex and possibly unique recombinant formsvius studies have reported limitations

when identifying norB variants using rapid online tools and pHy?2192:193295.296

Using the online tool criteria, 10% of sequences could not be confidently assigned to any
previously defined subtype @RF, andiurther analysis identified2% of all 221 cases as

intergene recombinant viresincluding conplex and possible unique variants.

This was double the proportion found using the Stanford CPR togamnegion alone,
but similar to proportions foul in a UK study using multiple online todf§ These complex
viruses were predominantly carried by people born overseas in high prevalence countries
where HV viral diversity is large and recombination is commdrhere was also evidence
of intrasubtype recombination, predominantly among Austrdi@m people with subtype

B virus.
7.12 Discussion

With the growing number of HIV infections imported from higteyalence countries,
and a known increase in nédhand complex variants in Australia, accurate surveillance and
identification of HIV subtypes is crucié&l:*®2 Correct identification of HIVL subtypes is

important both clinically and from a public health perspectiveaddress issues such as
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disease pathogenesis and transmissibility, sensitivity of diagnostic tools, vaccine
development and clinical management, including drug resistance testing and appropriate
treatment regimen¥:196.295.29% Ag described in BapterTwo, recombination occurs as a
result of ce andsuperinfectionwith multiple viruses. These rembinant viruses are then
spread through population mobility and can further recombine with one another. Accurate
subtyping has become increasingly difficult because of the nature of this increased evolution

and recombination of HI\L 182

Phylogeny is the gold standard for sybhg, but it is not widely used to determine
subtypes in clinical settings because of time constraints and the complexity of determining
recombinant strains along a given fragment. Whole genome sequencing is the only true way
a confident subtype can besagied and full genomic sequencing techniques have improved
over the years, with a growing number of whole genome reference sequences available for
use in the public domain. However, it is often not practical or financially feasible to sequence
the full gmome, especially in LMICs. Historicallgag andenvgenes have been used to
assign subtypes because these regions are highly variable, but viral subtyping is now
commonly interpreted by using rapid online tools to test ghksequences obtained
following routine drug resistance testitty:2°’ The growing proportion of CRFs crossing
international borders has, not surprisingly, led tadiseoveryof greater genetic complexity
than previously thoughf>with the new CRF and URF identifications occurring worldwide
being monitored by LANL BLASTIt is now widely believed that many current HIV strains
identified through partial genome sequencing may in fact be recognized as complex
recombinant forms if full genome sequencing was perforfffidgor example, viruses first
subtyped as clade G usipgl sequences have now been identified as A/G recombinants
using full genome sequenciahttp://niv.LANL BLAST.gov/content/hivdb/crfs/crfs.htiQl

It is likely that the identification of genetic complexity will increase as whole genome
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sequencing continues to evolve and becomes more cost efféefeis°

It is therefore imperative for accurate surveillance that subtyping tools are regularly
updated and current reference sequences are accessed in order to detectNaaiardase
currently three main types of rapid online suyting tools: similaritybased tools such as
Stanford CPR?’ statisticalbased tools that use partial matching compression algorithms
such as COME®¥® orHidden Markov Models such as jpHM¥¥ and phylogenetibased

tools such as REGA*and SCUEALL®3,

Global surveillance figures fddlV -1 subtype distribution are influenced by the tool/s
chosen to assign subtypes. Results gained from using a parto@ilenay not be replicated
when a different tool is used, and with different tools in use worldwide it is difficult to
ascertain true and accurate prevalence rates. Until a gold standard is accepted globally,

molecular epidemiology surveillance repott®sld be interpreted with cautitii

This is thought to be the first comprehensive comparative study to assess reliability of
rapid HIV subtyping tools for global HIV infections diagnosed in Australia. It is also the
first Australian study to characterize subtypes asdertainthe prevalence of genomic
recombinatiorbased orpol andenvgenes®? The primay aims were to: 1) compare the
performance of two statistichlased tools (COMET, jpHMM), two phylogenetic tools
(SCUEAL, REGA) and two similaritpased tools (LANL BLAST, Stanford CPR) with phy
using maximum likelihood in MEGA and an -tip-date referenceequence set (as of June
2013) from LANL BLAST Chitp://www.hiv.LANL BLAST.govQ83187.193nd 2) identify
the prevalence of B and ndhvariants using devised online tool criteria to assess whether

such criteria can be used as a gold standard for subtype surveillance in Australia.
7.121 Concordance between phy and online tools

Overall, concordance of subtype assignment between phy and online tools was low for

pol sequences, with COMET and REGA (both 54%), BLAST (52%), Stanford CPR (37%),
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SCUEAL (30%) and jpHMM (28%). The online toalth the highest concordance with
envphy were COMET and BLAST (both 42%), followed by jpHMM (28%) and REGA
(25%). REGA was unable to recognize CRFs or ISRs fognkieegion because of fragment

size and jpHMM could not classify 14 of the 221 sequencesuse of issues with assigning
Ssubtypes at the 50 end of the HIV genom
concordance rate between them ot andenvsequences was 73% and 62% respectively

and this concordance increased to 90% for both regions thieeonline tool criteria (5/6

tool concordance fagpol, 3/4 foreny) were implemented.

There was very high concordang@®%%) between all tools and phy fpol and env
subtype B sequences, followed by subtype C and 01_AE. The majority of cases in which
there was low concordance between the tools were deemed to be carrying complex variants.
Every online tool identified intigene recombination, but SCUEAL and COMET identified
the highest proportion gdol andenvintragene recombinants respectivélEGA phy was
superior in having the capability to calculate genetic distance and bootstrap support between
query and reference geences, but it could not identify complex variants and placed
complex fragments near the most similar reference sequence, resulting in some incorrect
subtype assignments. Future studies should identify possible recombinants using SCUEAL
and exclude thedeom the dataset befoMEGA phy is conducted, to minimize the risk of

error when constructing the ancestral tree.

There were also sequences assigned as CRMEBA phy that online subtyping tools
assigned as variants similar to CRFs (e.g. B/C) rather tita CRF itself. This affected
concordance rates between phy and the online tools. For exgooplsequences that
clustered with CRFs 07_BC and 08_BC on the phylogenetic tree were assigned as 07_BC
and 08_BC by REGA and COMET while the other online tadéstified a B/C variant.

Sequences that clustered with 23_BG on the phylogenetic tree were assigned by online tools
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as B/G variants, while theol sequence that clustered with 52_01B was subtyped as an A1/B

or 01_AE/B variant by online tools. This happdrbecause the 52_01B reference sequence
had been typed as a combination of 01_AE and B at this ré&itp://www.hiv.LANL
BLAST.gov/content/sequence/HIV/CRFs/CRFs.f@mlA number of sequences were
assignedCRFQL_AE by some tools whil®IEGA phy and other tools, especially SCUEAL,
assigned 15_01B, and this is discussed later in the ch@ptesame occurdefor theenv

region. Sequences clustered with phy references 36_cpx and 45_cpx but were assigned as
Al or O6check f or 0 2enweGadnfobboth thasd referance seguemces. T
is a combination of A and 02_AG. Conversely, sequences clugteith 47_BF in the
phylogenetic tree were all assigned subtype B by online tools, bujpéhtregion of
reference 47 BF is a combination of B and Ehttp://www.hiv.LANL

BLAST.gov/content/sequence/HIV/CRFs/CRFs.dml

A partial explanation for the differences in subtyping is that not all online tools use up
to-date reference sequences or reference sequences from the same repository (the most
common reérence dataset is taken from LANL BLAST). The methods/algorithms used by
each tool may also affect their ability to distinguish certain subtypes and CRFs from one
another for that particular genome regidlaybe add something in here about the

differencedn algorithms (what other people have found).

Definitions of relationships between certain subtypes and CRFs can also lead to
difficulties with accuracy of online tools. For example, researchers, including those who
design online subtyping tools, have meached consensus about the relationship between
02_AG and the parental strains A and®&'®The correct assignment of several CRFs has
been also disputed. Some regions thought to be recombinant may be so small that the
phylogenetic signal is toweak, ormany of the reference sequences are so similar in the

particular gene region of interest that the tool assigns multiple reference sequences to a
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region.It has also been suggested recently thanaysis of current reference CRFs in the
LANL BL AST database is needed, because the absence of breakpoints in certain regions can
lead to misclassification. For example, 01_AE can be classified as 18°'Gr8} G can be

misclassified as CRF14 B3

When broken down by individual subtype or CRF, identification of subtype Al was not
uniform across the oime tools and phy for theol region, with some assigning A1 (jpHMM,
COMET, MEGA phy) while others assigned A/01_AE ISRs, or more complex variants such
as an Al/Aancestral/A3 unique variant (Stanford CPR, SCUEAL). Foreieregion,
jpHMM, REGA, COMET anl phy were concordant in typing Al sequences, but LANL
BLAST assigned some sequences as A2, A3 or A1/D ISR. Subtype A has the second largest
prevalence rate worldwide after subtype C. There are fdussbtypes (Al, A2, A3, A4d),
each with different prevahce rates and geographic distribution. Al variants are most
common, having split into two distinct evolutionary lineages that have been transmitted
worldwide. One line is from east central Africa and the other line is known as an IDU variant
which circuldes through the former Soviet Uniétt.There are scant data on subtype$ A2
A4, but they are thought to circulate predominantly in Africa. A study in August 2015 found
co-circulation of an A3/02_AG recombinant in GuiABesau which is thought to lead to
faster disease progression. In this study, most online tools and phy were unable to identify
subsubtypes of A, with Stanford CPR incorrectly identifying some A sequersc@$_AE.
However, SCUEAL was quite good at distinguishing between thessbtypes,
demonstrating that sequences previously assumed to be subtype A sequences were actually
a diverse combination of A variants known to circulate in Affieather mosaicraalysis of

these sequences is warranted.

All tools except jpHMM and SCUEAL were 100% concordant with phypfiisubtype

D sequences, and both REGA and COMET were 100% concordagmigpHMM and
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SCUEAL asigned one of thpol sequences as a complex variant and jpHMM and LANL
BLAST did so for one of thenvsequences. These sequences are discussed in the next

section.

All six tools had high concordance with phy and each other forgm#mdenvassigned
subtype B and C. However, jpHMM identified tyol subtype C sequences as subtype B
and one as a C/B ISR, and LANL BLAST identified a foypthi subtype C sequence as
being most similar to an A1/C ISR. In taevregion, jpHMM could not classify four sulyg
C sequences, and LANL BLAST identified one as being most similar to a B/C ISR. Further
analysis of these sequences is warranted, using breakpoint locations to cut the sequences
before analysis wittMEGA phy to determine whether these are recombinanises or

possibly ceinfections.

COMET, REGA and LANL BLAST were concordatior the pol sequences that
clustered with 07_BC and 08_BC on the phylogenetic tree, while jpHMM, Stanford CPR
and SCUEAL identified B/C variants. COMET and LANL BLAST also ideatifithese
CREFs forenv. Two different BC recombinants have been detected in intravenous drug users
(IDU) in China.CRF07_BC and 08 _BC were both isolated among IDUs in northwestern
and southern China respectivéty3°3The two parental strains B and C have been reported
to cocirculate among IDUs in southwestern Chitfeough the parental C strain was likely
to have been imported fr &nhThelorighioh07 8 andnd t
08_BC can be traced back to Yunrighand o different routes of BC recombinarntsen
spread throughout China, suggesting different founder effects in the Chinese IDU

population?®t

For CRFQL_AE assigned sequences, REGA, LANL BLAST and COMET had high
concordance witpol phy while jpHMM and SCUEAL had the lowest concordance

because of the identification of complex variants. éor jpHMM, COMET and LANL
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BLAST had high concordance while REGA had none because of its inability to detect
CRFs in short fragments. Twmwl and two norrelatedenvsequences clustered with

15 _01B on the phylogenetic tree, loumly SCUEAL assigned theol sequenceas 15 _01B
or a 01_AE/B variant while the other tools assigned 01_AE eflksequences were typed
as B by the online tools, which is the correct subtype for that part of the 15_01B reference
s e g u ehttpc//ewwniv.LANL BLAST.govO However, SCUEAL, COMET and

LANL BLAST did assign othepol andenvsequences as 15 _01B that were assigned as
01_AE (ol) or B (eny) by phy and other online tools. Subtype B and 01_AE have co
circulated in Thailand and southeast Asia for over 15 years, although initially O&a#\E
limited to IDU transmission and subtype B to heterosexual transmi§sioner time, the
two strains have become intermixed and recombinant strains have feunkds 15 01B,
33 01B, 48 01B, 52 01B, 53 01B, 54 01B and 58 @i, these new viral variants
freely circulating between the two higisk populationg33°|t is now believed some of
theseCRFsare actually second generation recombinant descendantsrfitial CRFs,

48 01Bwas discovered in 2007 and found toceb€RF descended from the CRF33_01B
lineage'®2%®1t is extremely plausible tassume that as the proportion of new CRF

infections increase over time, so will viral complexity?3°7

The 15_Q1B strainis thought to constitute approximately 1.7% of HlMinfections
across southeast Asi®. Sequences that were identified as 15_01B by at least one tool in
this study should be examined furtherdetermine whether they are a 01_AE virus, a

subtype B virus, or a combination of the two.

A recent molecular epidewiogical study in China found that subtype B, 01_AE, and
CRFO7_BC are currently edrculating among MSM in China. These recombinants share a
number of breakpoints and highlight the dynamic change of HIV and the importance of using

full genome sequencingith MEGA phy and accurate subtyping tools to identify new
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recombinant formg

Only REGA, Stanford CPR and COMET showed high concordance with phy for 02_AG
clusteed sequences. jpHMM and SCUEAL both showed no concordance, assigning each of
the sequences as more complex variants that contained 02_AG, A and G along the two gene
fragments. Foeny, only LANL BLAST had partial concordance while REGA, jpHMM and

COMET al had no concordance, with the latter two identifying A, G or complex variants.

The inconsistency between these particular sequences is less likely to have occurred
because of the shortcomings of the methods behind the tools and is more likely toomsult fr
trying to assign known viral types to highly divergent strains. This problem is especially
magnified when a range of divergent subtypesiotulate and the risk of emfectionsuper
infectionis high, as is the case for subtypes A, G GRF®_AG varants in Africa’-309310
It is thought that many recombinant events have occurred among these strains which have
resulted in the merging of sevklimeages into a single diverse grotipThis is supported
by the pol and env phylogenetic trees. Although each of the sequences was genetically
closest to 02AG as determined by branch length, the sequences were not all part of the same

monophyletic cluster.

An African study reported that the majority pdl 02_AG sequences in a cohort were
actually recombinants comprised of several 02_AG strains. It haedsshown witkenv
gp4l and pol-PR/RT regions that these strains do not have a strong phylogenetic
relationship?® It is therefore possible thabl geneshave evolved from ancestral sequences
and are undergoing complex recombination processes which create an array of strains that

complicate its use for subtypinghe current data support this view.

Therole of nonB variants, especially complex recombinants, in drug resistance (both
primary and secondary) and disease progression is still evolving and it is therefore important

to understand and accurately identify complex mog&ics.
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7.12.2 Recombinant viruses in South Australia

Just over 85% of cases carried virus with subtype/CRF concqrdkeamidenvregions,
with the majority of cases carrying subtype B followed by subtype C, 01_AE, Al and D.
Further analysisf the remaining 14% showethvsequences were different to the matching
pol sequences, supporting previous subtyping studies that usedwesegions®® These
30 casesvere deemed to carry an intergene recombinant strain. Three cases were assigned
discordant pure subtypes at @ andenvregion (A1/B, A1/D and A1/C). The remaining
27 cases carried a diverse range of complex reg@nbforms that were not identified using
previously defined CRFs. The complex mosaic structures were linked to region of birth and

location the infection was acquired.

All but three of the complex viruses containing various 02_AG, G and Al fragments
were carried by Africarborn people who reported being infected overseas (one MTCT,
others heterosexual) and who were diagnosed in South Australia between 2006 and 2011.
Two people reported acquiring the infection in Australia, in 2010 and 2011 respectively.
Three of the 27 cases were Australlzorn people diagnosed with complex 02_AG/A1/G
type virus. One female reported being infected overseas by heterosexual contact in 2004,
while two Australian males reported MSM contact within Australia, diagnosed in 2@09 a
2010 respectively. The three most recent diagnoses of these AG/A/G recombinants were in
African-born and Australiafborn people who became infected in South Australia. This is
cause for concern because these infections suggest the start of localssmmsii this
complex virus, which may be more pathogenic than 02_AG alone and more readily

transmitted than other virusg&2%4

There were two cases carrgicomplex D type virus; an Africaborn male diagnosed

in 2004 who acquired an A/D complex virus overseas through heterosexual contact and an
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MSM diagnosed in 2001 with region of birth unlisted who acquired a B/D complex virus
within Australia. SCUEAL asgned thepol sequence of the A/D virus as AL/A
ancestral/A3. Subtypes Al and D are the most common circulating subtypes in Kenya, and
in 2004 a study found that the virus in patientsrdected with subtypes A and D generated

and selected foA/D recombirant forms with A/D recombinants accounting for nearly half

of all reported recombinant casgé$As mentioned previously, a recombinant of-suibtype

A3 and 02_AG has recently been implicated in faster disease progression in West Africa,
andthe characteristics of viruses that recombine have included higher pbtentiispersal

in the human population. This highlights the absolute necessity of continuous screening and

surveillance of the HIVL epidemic®254

The inital introduction of HI\A1 into developed countries such as the US and Australia
involved the importation of a single subtype B strain which spread rapidly through MSM
communities’?2 Subtype D has been found to be closely related to subtype B and it has been
suggested that it may be more appropriate to class subtype D virusessabtype B21313
Phy of subtype B and D sequenlciekse &6s uwgigrewsst ess
underrepresented, and that the D group of virusgsautually incorporate viruses that are
intermediate between B and D subtypes. In the present study, some sequences were assigned
subtype B by one tool but subtype D or a B/D recombinant by another. Given the similarity
between these two types, the seq@sndentified in this study may be a representation of a

new category of OB/ D |ike6 viruses3?rather

There were two aoplex 01_AE/B cases, both Europdaorn males. One reported an
overseas medical procedure while the other reported heterosexual contact with IDU risk
within Australia. Two cases were identified as carrying complex virus containing 07_BC,
both acquired oveeas (2001 and 2010) but only one person listed region of birth (Asia).

Both cases reported heterosexual contact with IDU risk. It is likely all these viruses
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originated from southeast Asia. This is consistent with the known transmission risk of
01_AE/B aml B/C variant viruses that widely circulate in Asia in both the heterosexual and

IDU populations.

The final two complex cases were children who were mentioned in the previous chapter
as part of a cluster of three children all infected in the same regiGerdfal Asia. Both
children included in this subtyping study
virus. SCUEAL identified one of theol regions as a G/A variant and the other as a 02_AG/A
variant, and LANL BLAST classified botenvregions as<CRF63_02A1, identifying 97%
similarity with a reference sequence from Uzbekistan. CRF63_02A1 is a recombinant virus
of the 02_AG virus circulating through IDU in central Asia, and subtype A virus circulating
through IDU in the former Soviet Unict? It was thought to have emerged around 2006,
with rapid circulation around the Eastern Russian/Chinese border including east Kazakhstan
and Uzbekistan between 2008 and 2009, wisidonsistent with the times (2009 and 2010)
and location (Central Asia) these children were infected. latrogenic infection in central Asia
is well documented and it is likely that these children were infected with this recombinant

virus from contaminatetlood or medical equipmeft.

The data indicate that complex mosamniis of HIV are being imported and the
predominant population harboring these complex viruses are males and females infected in
high prevalence African countries where-infection with divergent strains occurs
frequently!®® There is also evidence of spread into the Austrdliam population through
overseas travel and local transmissigiFrom this subset of South Australian diagnosed
cases, two broad moai cs have been |l ocally transmit
strains originating from Africa and transmitted through MSM or heterosexually, and
01_AE/B or B/D like strains of unknown origin most likely transmitted through IDU. It is

very likely that ®sme of these complex variants will mature into CRFs, especially in the
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presence of highisk behavioutt®® Complex recombinant viruses are especially prevalent in
populations where multiple subtypes and CRFsiotulate, such as su#Baharan Africd.

With increasing geographic mobility, including migration from high prevalence African
countries to Australia and Australidoorn people travelling overseas, there is a
corresponding increg in new HIV nofB diagnoses including these complex variants. This
has also occurred in Spain, where the proportion ofBheariants has increased because of

growing number of immigrants from si@aharan Africg®®

This growing global genetic diversity of intrand intersubtype CRFs indicates these
complex mosaics may possess a possible fitnéganéage compared with pure subtype
strains in certain setting$® 3!’ Research by Brown and colleagues also found recombinant
viruses impact omphenotypic traits differently from parental strains, which may facilitate
viral immune evasion, development of resistance to treatment, and have further reaching

impacts on disease progressidh.

It is crucial therefore that these nBnvariarts are reported accurately, which means
improving access to testing, timely genotyping and regular updating of online reference

repositories and subtyping tools.

Subtype distribution can be relatively stable within a geographic location if opportunities
for recombination between diverse strains are rare, and historically this has been the case in
Australia where subtype B predominates. Howaves well established that intrasubtype
recombination is a frequent occurrence within subtypggecially in theresence of drug
therapy!®® The SCUEAL tool identified an additional 16 cases as carrying intrasubtype
recombinant virus including 14 subtype B viruses, aljdosed before 2008 when rRBn
variants were relatively uncommon. All but one of these subtype B viruses were acquired
within Australia, and all were carried by Australibarn males who acquired the infection
predominantly through MSM. One Australiiernmale acquired his B infection overseas.
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Two Africanborn females were also identified as carrying intrasubtype C recombinant
virus, both infected overseas, one through MTCT and one through heterosexual contact.
LANL BLAST analysis found theolintrasubtype C sequences were most similar to subtype

C strains originating from Africap5%). The two females were part of the same high
reliability pol subtype C cluster (n=41), but not related by transmission. The female child
was part of apol transmission clusr of three, most likely a mother, father and child
transmission, al t h o u gpbl seguereces showed aa evidenca of d  f
intrasubtype recombination. The female adult was not part of any transmission cluster.
Intrasubtype recombination istensive through subtype@and high rates of intrasubtype

dual infection B have been found among the MSM population in the UBittds>t® This

IS not surprising given that subtype C is one of the oldest and most prevalent HIV infections
circulating in Africa, and historicallthe Australian epidemic has almost completely been

comprised of subtype B.
7.12.3 Online tool considerations

Several factors must be considered when using multiple online tools. These include the
proportion of norB sequences in the cohort, the projortof recombinant viruses,
especially non 01_AE and 02_AG, the algorithm and methods used, the rate of false
identification of B and no#B variants, and the reference sequences u$kd. high
recombination rate of HIV combined with increasing populatiability also affects the
performance of subtyping tools, the former by increasing the complexity and number of
newly forming recombinants and the latter by introducing new recombinant strains and pure
subtypes into different geographical areas and populagroups!®. This means that
reference sequences attached to subtyping tools should be regularly updated, and the
algorithm and methods behind the tools should be regularly assessed as complexity grows,

especially for similarity and statistical tools which were not designed to include intrinsic
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biologically relevant evolutionary relationshif$:184188203The current study was an
epidemiological and public health based explanatory analysis of subtype distribution using
multiple online tools. However though exploratory analysis of the mathematical and
algorithmic differencebetween the online was beyond the scope of this study, it would be

a very worthwhile endeavor to assess the impact on subtype assig@dhienfactors to
consider when using subtyping tools are the operational characteristics, such as the time
taken toanalyze a whole sequence set. Phylogefietsed tools require more time than
statisticalbased tool$83188and when analyzing a very large dataset this can be important.
Only phylogenetidbased tools produce data on recombination breakpoints, which may be

important when trying to ascertain whether the fragment is an*€fR¥.

A study by Pineddenaet al in 2013 found that no online tool could accurately subtype
100% of the time. Each tool performed slightly differently because of the method and
algorithm behind it, its access to reference sequences and the region being typed. The
findings fran the current study support this. Phylogenestatistical and similaritybased
tools worked well for identification of frequent subtypes such as B and C and
CRFQL_AE 18219219.200RF®_AG was overrepresented by phy and some online tools but
the statistical and phylogenetibased online tools were able to classify them as more
complex forms.The best online tools for analysis of epidemics where there are many
subtypes, CRFs and likely URFs being imported or circulating in the population are COME

or SCUEAL, and the latter has the mosttoqulate reference datas@t.83188.193,320.321

REGA v.3 performed equally well as COMET and jpHMM, and was designedritfid
most of the epidemic CRF: In this study the concordance between REGA and COMET
was very high for all the pure subtypes and almost all of the CRifsheth tools identifying
a similar number of ISRs. When REGA could not confidently assign a specific subtype or

CRF, it report e d®whichaleitell thedusesta dxaminp theseCsBaaences
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further?%3

The Stanford database CPR tool is most widely used by clinicians for routine drug
resistance testing and subtyping. When compared with phy and other online tools, Stanford
CPR was very good at identifying subtype B, Cabd CRFQL_AE. It showed perfect
concordance with phy for assigning 02_AG, but other online tools showed these sequences
to be more complex variants. The Stanford CPR tool does not have the capability to identify
CRFs other than 01_AE and 02_AG, becausalif uses 01_AE, 02_AG and pure subtype
reference sequences. The CPR tool was able to identify different subtypes al@og the

region such as B/C, but could not identify more complex variants or sub subtypes of A.

In the 513 newly diagnosed cases wahtme genotype tests in South Australia between
2000 and 2012, the Stanford CPR tool detected 20 (@8k)ntergene recombinants.
Thirteen of these Stanford CPR 1B sequences were included in the present study of 221
cases, comprising 6% of total cas€ompared with Stanford CPR, 50 cases were identified
as ISRs by at least one of the online tools, which increased the prevalence from 6% to 23%.
A conservative estimate was then calculated using the online tool criteria, and a final
prevalence rate of226 was inferred. Although this did not reach statistical significance
when compared with using the CPR tool alone, it was still double the CPR prevalence rate
and suggests that CPR should not be used to infer subtype in populations with complex

genetic diersity.

SCUEAL and COMET tools were considered superior at identifying complex
recombinant forms, althoughCUE AL 6s i denti fication of 0O6ca
by some to be misclassifications, such as subtype B sequences being assigned as B/D
recombnants because of the high similarity between the two pure subtypes polthe
region®??However, SCUEAL has been tested against a number of common online tools and

was found to be superior at determining subtype, identifying inter and intra subtype
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recombination, athmapping recombinant structuré8COMET was found to be equivalent
to SCUEAL in identifying recombinants and excelled in identifying some known subtypes

and CRFg88

In summary, misclassification of HIY subtypes and CRF strains can occur when using
online tools oIMEGA phy, and there are serious limitations on identification of complex
variants thahave epidemiological and clinical consequences. To report meaningful and
accurate epidemiogical information at a global level, a critical understanding of methods

used by the subtyping tools is needed to control for error and misclassifi¢ativh.
7.12.4 Considerations of partial versus full genome sequencing

In the present studgnalysis of the PR and RT regions was conducted in one combined
pol fragment!®? Given that recombination was found in {ha region of a number of cases,
splitting these regions and subtyping them seplgratey have led to clearer subtype
assignations for some online tools and phy. However the PR/RT sequences were combined
into one pol sequence because short fragments cannot always be confidently assigned
subtyped??Indeed, REGA and jpHMM were unable to assign semdragments because

of length.

To date, HIV subtyping in Australiaas used thgol gene only. A recent study in
Victoria found a nofB prevalence rate of 22% using tpel region, and identified six
different CRFs and 12 URFs in a cohort of ~1@@@pleusing Stanford CPR, REGA v2
and NCBI. Sequencing of two gene regiodentified more variation than using tipel
region alone. This supports reports from India in which an increased proportion of CRFs and
URFs was noted when two genes were sequenced instead of one, with even more variation
when three genes were sequen®8th a Spanish cohort, subtyping of multiple genes using
three rapid subtyping tools also found recombinant forms of HIV involving a variety of

fragments that were different subtypes and CRFs with distinct breakpoints. The researchers
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also found dis@pant results between toéfs.

To account for potential overestimation of ABrvariants in thecurrent study, online
tool criteria were set conservatively. In fact, these criteria and the use of two gene regions
rather than full genome sequencing may have led to an underestimation of vahaptss
andpol regions were found to be discordant inmrethan 10% of cases, with the majority of
them being quite complex recombinants. This was double the number reported from the first
study in Chapter Three (see Appendix Tiwbhese findings have implications for the way
viruses are currently subtyped South Australia. Currently, this relies predominantly on
Stanford CPR and it is likely that further analysis of other genomic fragments or the entire
genome would uncover even greater divefsitsf’-28432gjiven thaffull genome sequencing
has uncovered major heterogeneity of HIV in other parts of the ’ilkds recommended
therefore that full genome sequencing be conducted in South Australia to assess whether
there is greater diversity in this population than shawresults based on two subgenomic

fragments.
7.12.5 Strengths and Limitations

The study has some limitations. A subset of approximately half of all new diagnoses was
analyzed because of the unavailability of samples originally used to sequepokréggon
at time of diagnosis. This led to a number of subtype B cases diagnosed between 2000 and
2007 not being included, which may have slightly altered the prevalence rates-Bf non
variants and intrasubtype B cases. However, it was considered thabges imcluded fairly

representative numbers of B and f®wariants diagnosed during the time perigi.

Some online tools did not use-tgpdate reference sequences and this affected correct
assignation. HoweveMEGA phy used at least one refereneguence for each of the pure
subtypes and CRFs circulating at the time the laboratory analysis was undertaken,

downloaded from a frequently used and reliable source of full genome sequences
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Chttp://www.hiv.LANL BLAST.govlQ The SCUEAL tool also uses the staipto-date

reference subtypes and CRFs by linking directly with the LANL BLAST reference database.

Not all online subtyping tools were assessed and the inclusion of a wider selection may
have produced different subtype results. However, the six otdole chosen are widely
used and were drawn from similariyased, phylogenetigsased and statisticabsed tools.
REGA, a statisticabased tool, has been recently updated and found to be accurate and

comparable with SCUEAL and jpHM#3

A major strength of this study was the incorporation of demographic and clinical
information. This allowed comprehensive characterization of subtype B a8 vamants,
espe@lly complex variants, in order to identify origin of infection and determine whether

these variants are circulating locatfy.
7.12.6 Recommendations

In summary, the online tool criteria provided a reliable and conservative method with
which to subgpe alarge and diverse HIV dataset and identify complex variants. A number
of online tools can now classify multiple gene regions, although robust tools such as
SCUEAL can currently only assigpol.l®31% To ensure accurate HI¥ subtype
surveillance, there must be a gold standard subtyping protocol that uses tools which are
capable of distinguishing genetic varianisthis study, use of the online tool criteria led to
the unambiguous aggiation of 90% of sequences to previously identified subtypes and
CRFs, and using two gene fragments identified some as intergene recombinants. This high
concordance was largely because of the consistency between tools for assigning subtypes B
and C, whichwvere the predominant clades among this cohort. However, the consistency of
subtype assignment across tools was low for most other subtypes and CRFs with the
exception ofCRFQL_AE. Discordance between tools occurred for three main reasons: 1)

subtypes werdnighly similar within the sequenced region (i.e. B and D), 2) the region
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examined contained a clade which is found at that particular region for multiple subtypes
and CRFs (i.e. thgp4l1region ofenvfor A and 01_AE) and 3) the virus was a unique
complexvariant. It is also possible that some cases may have beensgperinfectiors.

It is recommended that sequences should be assessed in more detsiEG#hphy by

using identified SCUEAL and jpHMM breakpoints, and comparing fragments with

historicalor newer sequences for the same pafiént.

To control for the issues listed above and ensure the most robust assignation, it is
recommended that more than one type of subtyping tool is used (phylogenetic, statistical and
similarity) with conservative online tool criteridt is very important that a wide variety of
B and norB sequences are added to online reference sets, and algorithms for online tools
are continually improved to improve the prediction of correct variants, especially more
complex forms?®? Although time consumingMEGA phy should also be used where
possble, and this is still considered the gold standard for short sequences sucly@&lthe
region ofenvbecause of problems with low phylogenetic signal which can lead to incorrect
classification. Althougtpol data derived from routine resistance testirgaes a valuable
opportunity for surveillance of HAL genetic diversity, particularly in LMICs where
resources are limitedf is strongly recommended that multiple genomic regions are

sequenced or full genome sequencing be performed where possible.
7.12.7 Conclusion

This is thoughto be the first study to complete an extensive comparison of subtyping
tools andMEGA phy for thepol andenvregions of an Australian dataset. This study has
identified a higher rate of HAL genetic diversity circulatingn the South Australian
population than previously describ®dgredominantly originating from different regions of
Africa. By ssquencing opol andenvgenes and using multiple online subtyping tools and

MEGA phy the study uncovered complex HIVriamts that could not be linked to known
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CRFs. These findings are in line with previous studies that have sequenced multiple genes

168 and assessed multiple online subtyping té¥s.

Identification of genetic diversity in LMICs is crucial given the high rate of CRFs and
continued recombination, which is increasingly spreading t@mmegsuch as Australia.
Accurate surveillance will improve research efforts into strains widely circulating in high
prevalence areas. However, accurate surveillance reports need accurate subtyping methods
and a gold standard for confident and conservasgggnment of subtypes, with an emphasis
on identifying complex mosaics and CRFs rather than forcing sequences into groups that are
most closely related. This will lead to the identification and epidegical tracking of

novel HIV-1 variants globally.

The sequencing of multiple gene regions and subtyping using an array of subtyping
methods includindEGA phy will lead to more accurate representation of B andBion
variants diagnosed and circulating in South Australia. It is likely that full genome setgenc
will reveal an even bigger increase in viral diversitys important that those conducting
typing studies ensure that they are using the mest-date CRFs from LANL, and have an
understanding of prevalent subtypes and CRFs in the region thexarening. This is
important for both clinical and epidenhgical reason€® For clinical manageent of
individual people Stanford CPR is still the best tool to ascertain genotypic drug resistance

quickly and it should remaithe standard tool for resistance profilitig

The recommendations from this study should be considered for clinical and surveillance
purposesn South AustraliaA gold standard subtyping protocol would pave the way for
global accuracy of subtype and CRF surveillance. The combinatiogeétic and
demographic information will inform public health departments and clinicians about how
these variantare being transmitted, their prevalence rates and disease pathogenesis, and

how they respond to treatment. This knowledge is crucial for the implementation and
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monitoring of prevention and intervention strategf8s.



CHAPTER 8: CONCLUSION

This thess presents a comprehensive molecular characterization of HIV strains in people
newly diagnosed with HIV in South Australia between 2000 and 2013. Molecular
epidemidogicaland drug resistance analysis of all new diagnoses between these time points
revealel an increasing genetic diversity of HIV strains being diagnosed in South Australia
and beginning to circulate locallZonversely lhe prevalence of TDR is decreasinghe

South Australian community, with very few K103N resistant strains being recently
diagnosed. However the overall TDR rates in both subtype B an@ poapulations are still

considered higland moderate respectivddy WHO standards.

Phylogenetic and online tool analysid the pol and env regions identified a larger
proportion of recomlimant viruses than were identified with the genotypic resistance tool
used in routine surveillance. This includeeé identification opossible unique recombinant
forms. The use of multiple subtyping tools with high specificities and sensitivities, and
phylogeny, is recommended in order to accurately assign subtypes and CRFs, especially with
the growing viral diversity occurring worldwidgsingboththepol andenvregionidentified
a larger number dfigh reliability and transmissigmairgclusters thanly using one region
alone.Subtype GandCRFQL_AE infectionsweremore likely to be found in high reliability
pol and env clustersrespectively most likely due to evolutionary lineage pathways.
Phylogeny uncovered eterosexual transmission pairs carryingonB subtypes
predominatedbut there were also family clusters, and male/male and male/female subtype

B pairs and clusters.

The data generated from these studies will be used in national research assessing subtype
distribution circulating within Austré and will provide valuable information about the
origin of HIV strains, transmission routes, local forward transmission ofBnsuabtypes,

and identification of TDR prevalence among treatment naive individuals.
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APPENDIX 1T SUBTYPE ASSIGNMENT

pol-PR/RT envgp4l pol/env

Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\g‘T ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i

1 | 1928302 | AE AEM | AE/AE AEA AE AEA AE AE c AE AEA AE AE/AE

10 | 2192987 | AE AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
126 | 12162512| AE AEM | AE/AE AE AE 15 01Br| AE AE c AE AEA AE AE/AE
127 | 14528451 AE AEr | AE/AE | 15 01B AE AEA AE AE c AE AEA AE AE/AE
129 | 99986042 Al AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
130 | 14220742| AE AEM | AE/AE AEA AE AEA AE AE c AE AEA AE AE/AE
131 | 21830432| AE AEM | AE/AE AE AE AEA AE AE c AE AEA AE AE/AE
132 | 19640250| AE AEM | AE/AE AE AE AEA AE AE Al AE AEA AE AE/AE
143 | 18468564 Al AEM | AE/AE AEA AE AEA AE - c AE AEA AE AE/AE
149 | 16056024| AE AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
150 | 16056823| AE/Al | AE~ | AE/AE AEA 15 01B | AE~ AE AE c AE AEA AE AE/AE
151 | 16256286| AE AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
152 | 2168896 | AE AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
154 | 23141944| AE AEr | AE/AE | 15 01B AE AEA AE AE Al AE AEA AE AE/AE
155 | 2505123 | AE AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
156 | 30417794| AE AEr | AE/AE | 15_01B" AE AEA AE AE G AE AEA AE AE/AE
158 | 6603507 | AE AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
159 | 21014077| AE AEr | AE/AE | 15 01B AE AEA AE AE Al AE AEA AE AE/AE
160 | 32092120| AE AEM | AE/AE AEA AE AEA AE AE c AE AEA AE AE/AE
163 | 34032805| AE AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
164 | 11274164| AE AEM | AE/AE AE AE AEA AE AE c AE AEA AE AE/AE
165 | 31038285| AE AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
166 | 31718054| AE AEM | AE/AE AE AE AEA AE AE Al AE AEA AE AE/AE
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pol-PR/RT envgp4l pol/env
Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\'SLT ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i
167 | 19640140| AE AEM | AE/AE AEN AE AEA AE AE G AE AEA AE AE/AE
168 | 20158678| AE AEM | AE/AE AEA AE AEA AE AE G AE AEA AE AE/AE
169 | 6706716 | AE AEM | AEIAE AEA AE AEA AE AE G AE AEA AE AE/AE
170 | 9028891 | AE AEM | AE/AE AEA AE 15 01B~| AE AE c AE AEA AE AE/AE
172 | 99139547 Al AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
161 | 16001679| AE AEM | AE/AE CISR AE AEA | 15.01B | AE J AE AEA AE AE/AE
171 | 99090558| AE AEr | AE/AE | 15_01B" AE AEA | 15.01B | AE Al AE AEA AE AE/AE
120 | 2991453 | AE AEM | AE/AE AEA AE AEA Al AE G AE AEA AE AE/AE
121 | 19008295| AE AEr | AE/AE | 15 01B AE AEA Al AE G AE AEA AE AE/AE
128 | 31725169 AE AEM | AE/AE AEA AE AEA AE AE Al AE AEA AE AE/AE
157 | 6092993 | AE AEM | AE/AE AEA 15 01B | AE~ AE AE/B Al AE AEA AE AE/U
162 | 30024539| AE AEM | AE/AE AEA AE AEA AE AE/B c AE AEA AE AE/U
122 | 20008873| Al Al* | AAE AL Al AEA AE Al AL Al A3A Al Al/AL
123 | 20008852| Al Alr | AAE AN Al AEA AE Al ALA Al AN Al Al/AL
141 | 19701541 Al Al* | AAE AL Al AEA AE Al AL Al ALA Al Al/AL
118 | 9075229 | Al Al* | XIAE AN Al ALA Al Al ALA Al ALA Al Al/AL
119 | 99237176 Al Al* | AAE AL Al ALA Al Al AL Al ALA Al Al/AL
138 | 14676267 Al AN AIA AN Al ALA Al Al ALA Al AN Al Al/AL
142 | 20823470| Al AN AIA AL Al ALA Al Al AL Al ALA Al Al/AL
136 | 2618286 | Al Alr | AAE AN Al ALA Al B BA B U B Al/B
135 | 5545224 | Al AN AIA CISR Al ALA Al D DA D DA D A1/D
63 | 32048145 B BA B/B CISR B BA 47 BF B BA B BA B B/B
57 | 2029353 B BA B/B BA B BA 48 01B B B B BA B B/B
58 | 20258479 B B-like® | B/B BA B BA 48 01B B B B BA B B/B
60 | 15894934 B BA B/B BA B BA 48 01B B BA B BA 29 BF B/B
61 | 20055854| B B/F1 B/B BA B BA 48 01B B Br | 1501B| g~ 29 BF B/B
193 | 1451936 B BA B/B BA B BA 48_01B B BA B BA 03_AB B/B




pol-PR/RT envgp4l pol/env
Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\g‘T ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i
195 | 2996268 B B B/B B B BA 48_01B B BA B SHIV B B/B
197 | 5970878 B BA B/B BA B BA 48 01B B B B BA B B/B
146 | 20055850| B BA B/B BA B BA 51 01B B BA B BA B B/B
147 | 20786291| B BA B/B BA B BA 51 01B B BA B BA B B/B
196 | 5513449 B BA X/B BA B BA 51 01B B BA B BA B B/B
205 | 12953353| B BA B/B BA B BA 51 01B B BA B BA B B/B
4 | 3863952 B BA B/B BA B BA B B B B BA B B/B
5 | 5094482 B BA B/X BA B BA B B BA B BA B B/B
7 | 9140126 B BA B/B B CISR BA B B B B BA B B/B
9 | e707171 B BA B/B B B BA B - BA B BA B B/B
11 | 6096140 B BA B/B BA B BA B B BA B BA B B/B
12 | 20008784| B BA B/B BA B BA B B B B BA B B/B
13 | 16001672| B B B/B BA B BA B B B B BA B B/B
14 | 92457483| B BA B/B B B BA B B B B BA B B/B
15 | 19640144| B B B/B B CISR BA B B B B BA B B/B
16 | 15837375 B BA B/B BA B BA B B BA B BA B B/B
17 | 99141685 B B B/B B B BA B B B B BA B B/B
18 | 99172140| B BA B/B BA B BA B B BA B BA B B/B
19 | 16001681| B B-like® | B/B B B BA B B B B BA B B/B
20 | 19640123 B BA B/B BA B BA B B B B SHIV B B/B
21 | 5973887 B BA B/B CISR B BA B B BA B BA B B/B
22 | 6941144 B BA B/B B B BA B - Bw | 15 01B| g~ B B/B
23 | 3569864 B BA B/B BA B BA B B BA B BA B B/B
24 | 3842619 B BA B/B BA B BA B B B B BA B B/B
25 | 9950002 B BA B/B BA B BA B B BA B BA B B/B
26 | 91453154 B BA B/B BA CISR BA B B B B SHIV B B/B
27 | 4146887 B BA B/B BA B BA B B B B BA B B/B
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pol-PR/RT envgp4l pol/env
Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\g‘T ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i
28 | 23476192| B B B/B B CISR BA B B B B BA B B/B
29 | 20250438 B BA B/B BA B BA B B B B BA B B/B
30 | 30040121 B BA B/B BA B BA B B B B BA B B/B
31 | 2028523 B BA B/B BA B BA B B B B SHIV B B/B
32 | 5799925 B BA B/B BA B BA B B Bw | 15 01B| g~ B B/B
33 | 2771676 B BA B/B BA B BA B B BA B SHIV B B/B
34 | 2817947 B BA B/B BA B BA B B BA B SHIV B B/B
35 | 2508761 B BA B/B B B BA B B B B BA B B/B
36 | 30591960, B BA B/B BA B BA B B BA B BA B B/B
37 | 31768998 B BA B/B BA B BA B B BA B BA B B/B
39 | 20786165 B BA B/B BA B BA B - BA B BA B B/B
40 | 2204141 B BA B/B BA B BA B B B B BA B B/B
41 | 13530637| B B B/B BA B BA B B BA B BA B B/B
42 | 20169865| B BA B/B BA B BA B B BA B BA B B/B
43 | 20006543| B B B/B B B BA B B BA B BA B B/B
44 | 19640143| B BA B/B B B BA B B BA B BA B B/B
45 | 22990320 B B B/B B B BA B B BA B BA B B/B
46 | 21986259| B BA B/B B B BA B B BA B BA B B/B
47 | 2203990 B BA B/B BA B BA B B BA B BA B B/B
48 | 90017957| B BA B/B BA B BA B - BA B BA B B/B
49 | 12545668| B BA B/B BA B BA B B B B BA B B/B
50 | 2932525 B BA B/B BA B BA B B BA B BA B B/B
51 | 6707173 B BA B/B BA B BA B - BA B U B B/B
52 | 13000412 B BA B/B BA B BA B B BA B BA B B/B
53 | 20055849 B BA B/B BA B BA B B B B BA B B/B
54 | 33694639 B BA B/B BA B BA B B B B BA B B/B
55 | 1922272 B BA B/B BA B BA B B BA B BA B B/B
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pol-PR/RT envgp4l pol/env

Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\g‘T ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i
56 | 13044300 B B B/B B B BA B B B B BA B B/B
59 | 20851044 B BA B/B BA B BA B B BA B BA B B/B

62 | 17142811 B BA B/B BA B BA B B BA B BA B B/B
134 | 9232177 B BA B/B BA B BA B B B B BA B B/B
137 | 6027259 B BA B/B BA B BA B B BA B BA B B/B
140 | 5256171 B BA B/B BA B BA B B BA B B | 1501B | B/B
144 | 20823325 B BA B/B BA B BA B B B B BA B B/B
148 | 6276448 B BA B/B BA B BA B B BA B BA B B/B
173 | 14720791| B BA B/B BA B BA B B BA B BA B B/B
174 | 11468126| B BA B/B BA B BA B B BA B BA B B/B
175 | 20651815| B BA B/B BA B BA B B BA B BA B B/B
176 | 2168597 B BA B/B BA B BA B B BA B BA B B/B
177 | 22103235 B B B/B BA B BA B B BA B BA B B/B
178 | 22333559| B BA B/B BA B BA B B BA B BA B B/B
179 | 90130737| B B B/B BA B BA B - BA B BA B B/B
180 | 90144520| B BA B/B BA B BA B B BA B BA B B/B
181 | 11274406| B B B/B B B BA B B B B BA B B/B
182 | 11972330| B BA B/B BA B BA B B B B BA B B/B
183 | 1533024 B BA B/B BA B BA B B B B BA B B/B
184 | 15894939| B BA B/B BA B BA B B B B BA B B/B
185 | 19640209| B BA B/B BA B BA B B BA B BA B B/B
186 | 2713816 B BA B/B B B BA B B BA B BA B B/B
187 | 3087881 B BA B/B BA B BA B B B B BA B B/B
188 | 5973961 B BA B/B BA B BA B B B B BA B B/B
189 | 9051502 B BA B/B B B BA B B BA B BA B B/B
190 | 18668983| B BA B/B BA B BA B B B B BA B B/B
191 | 21830650| B BA B/B BA B BA B B BA B BA B B/B
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pol-PR/RT envgp4l pol/env

Case| Sample | jpHMM  REGA Stng‘fgd SCUEAL  COMET E';fA’\g‘T ME@A jpHMM  REGA COMET Els_fA[\IsLT M;%;/A ':Ji;;%i
192 | 22026640| B B B/B B B BA B B BA B BA 47 BF B/B
194 | 14665046| B BA B/B BA B BA B B B B BA B B/B
198 | 20798036| B BA B/B BA B BA B B BA B BA 28 BF B/B
199 | 12545640| B BA B/B BA B BA B B BA B BA B B/B
201 | 12760485 B BA B/B B B BA B B B B BA 47 BF B/B
202 | 20111954| B BA B/B BA B BA B B BA B BA 47 BF B/B
203 | 11846811 B BA B/B B B BA B B BA B BA B B/B
204 | 12760740 B BA B/B BA B BA B B BA B U 14 BG B/B
206 | 19640194 B BA B/B BA B BA B B BA B BA B B/B
207 | 19640342| B BA B/B BA B BA B B BA B BA B B/B
208 | 20959768| B BA B/B BA B BA B B BA B BA B B/B
209 | 2183643 B BA B/B BA B BA B B BA B BA B B/B
210 | 23997325 B B B/B BA B BA B B B B BA B B/B
211 | 2476955 B BA B/B BA B BA B B B B SHIV B B/B
212 | 2477024 B B B/B BA B BA B B BA B B~ | 15 01B | B/B
213 | 2816307 B BA B/B BA B BA B B BA B BA B B/B
214 | 2991479 B B B/B BA B BA B B BA B BA B B/B
215 | 30630697 B B" B/B CISR B BA B B BAA B AE/BA B B/B
216 | 30673601 B BA B/B BA B BA B B BA B BA B B/B
217 | 30812542| B BA D/B BA B BA B B BA B BA B B/B
218 | 3896556 B BA B/B BA B BA B B BA B BA B B/B
219 | 4513800 B BA B/B BA B BA B B BA B BA B B/B
220 | 5410195 B BA B/B BA B BA B B BA B BA B B/B
221 | 90131987| B BA B/B BA B BA B - BA B BA B B/B
91 | 18028751 C cr cic cr c cn c Al AL Al AL/DA Al CIAL

3 | 2476903 C cr cic cr C ch C C cn C ch C cic

8 | 20843896| C cr cic cr c AL/CA c c ch c ch c c/c
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pol-PR/RT envgp4l pol/env

. Stanford LANL MEGA . LANL MEGA Inferred

Case| Sample | jpHMM REGA CPR SCUEAL COMET BLAST phy jpHMM REGA COMET BLAST phy subtype
69 2618143 C cr C/C cn C ch C C cA C ch C C/C
70 2991463 C cn C/C cA C ch C C cn C CcA C c/IC
71 2991464 B cr C/C cn C ch C C cA C ch C C/C
72 14791830 C cn C/C cA C ch C C cn C CcA C c/IC
73 13932499 C cr C/C cn C ch C C ch C ch C C/C
74 14815292 C cn Cc/C cA C cA C C Ccn C CcA C c/C
75 30408245 C cr C/C cn C ch C C ch C ch C C/C
76 30408244 C cn Cc/C cA C cA C C cn C CcA C c/C
77 20785294 C cr C/C cn C ch C C ch C ch C C/C
78 4364138 C cn Cc/C cA C cA C C cn C CcA C c/C
79 16256696 C cr C/C cn C ch C C ch C ch C C/C
80 4294160 C cn C/C cn C ch C C cn C cA C c/C
81 9023702 C cr C/C cn C ch C C cr C ch C C/C
82 2007570 C cn C/C cn C ch C - cn C cA C c/C
83 5496316 C cr C/C cn C ch C C cr C ch C C/C
84 9077520 B cn C/C cn C ch C C cA C cA C c/C
85 99172132 C cr C/C cn C ch C C cr C ch C C/C
86 6707162 C cn C/C cn C ch C - Cc/n C cA C c/C
87 2618226 C cr C/C C C cA C C cA C cA C C/C
88 21376678 C cr Cc/C cn C ch C C ch C cn C C/C
89 12020855 C/B cr C/C C C cA C C cA C cA C C/C
90 31187450 C cr Cc/C cn C ch C C ch C cn C C/C
92 16001620 C cr C/C cn C cA C C cA C cA C C/C
93 18317169 C cr Cc/C cn C ch C C ch C cn C C/C
94 19640326 C cr C/C cn C cA C C cA C cA C C/C
95 20650791 C cr Cc/C cn C ch C - ch C cn C C/C
96 90060379 C cr C/IC ch C cA C - cA C ch C C/C

34

Z




pol-PR/RT envgp4l pol/env
. Stanford LANL MEGA . LANL MEGA Inferred
Case| Sample | jpHMM REGA CPR SCUEAL COMET BLAST phy jpHMM REGA COMET BLAST phy subtype
97 20857905 C cr C/C cn C ch C C cA C ch C C/C
98 20106524 C cn C/C cA C ch C C cn C ch C c/IC
100 | 19080945 C cr C/C cn C ch C C cA C ch C C/C
101 | 19640284 C cn C/C cA C ch C C cn C ch C c/IC
102 | 14648212 C cr C/C cn C ch C C ch C ch C C/C
103 | 19640289 C cn Cc/C cA C cA C C cn C ch C c/C
104 | 23141923 C cr C/C C C ch C C ch C ch C C/C
105 | 90415995 C cn Cc/C cA C cA C C cn C ch C c/C
106 | 32092009 C cr C/C cn C ch C C ch C B/CA C C/C
107 | 23953761 C cn Cc/C cA C cA C C cn C ch C c/C
Clcheck
99 21237697 C cn Cc/C cA C ch C C ch for 07 B/CA C C/U
64 | 22990325 D DA D/D 19 cpx® D DA D D DA D DA D D/D
2 16921534 B DA D/D D» D DA D - DA D A/D? D D/U
153 | 22976612 A1/B Al/B AE/B CISR CISR AE/BA | 52_01B AE Al AE AEA AE U/AE
125 | 21032866 Al Al AE/AE CISR Al Al1N Al Al A1N Al AN Al U/AL
200 | 12242272 ALB | 7. | AEIAE | CISR CISR AEA AE B o B B B u/B
38 | 2204038 B B-liken B/B CISR B BA B B BA B BA u/B
Al/check
6 90203162| A1/B/Al AGH AG/AG CISR AG AGH AG Al A1A for AG AGH AG u/u
Al/check
65 15989247 G/B B/G AG/B CISR CISR BA 23 BG Al A1A for AG AGH AG u/u
Al/check
66 20835856 G/B B/G AG/B CISR CISR BA 23 BG Al A1A for AG AGA AG u/U
Al/check
67 30417851 G/B B/G AG/B CISR CISR BA 23 BG Al A1 for AG AGH AG u/u
68 2818947 C/B OSXBC C/C CISR 08 BC 08 BC~ | 08 BC C ch 08 BC 08 BCA 08 BC u/u
Al/check a
N
108 | 22111189| G/A1 AG AG/AG CISR AG AGA AG Al A1 for AG AGH AG u/u
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pol-PR/RT enwgp4l pol/env

. Stanford LANL MEGA . LANL MEGA Inferred
Case| Sample | jpHMM  REGA CPR SCUEAL  COMET  1'\or ohy jpHMM  REGA COMET .\ ohy subtype
Al/check
N
109 | 22108496 A1l AG AG/AG CISR AG AGA AG Al AL for AG AGA AG u/U
Al/check| 63 02A
N —
110 | 92006411| GJ/Al AG AG/AG CISR AG AGA AG Al AL for AG I Al u/U
Al/check| 63 02A
A _ _
111 | 90119902| G/B/G AG AG/AG CISR AG AG/ALA AG AL (or AG I Al u/U
112 | 99874530 B G" AG/AG CISR AG AGA AG Al/B Al AG AGA AG u/U
113 | 9213856 | GI/ALl AG" | AG/IAG G~ AG AEA AG Al A1A AG AGA AG u/U
Al/check
N
114 | 13876®3 G AG AG/AG CISR AG AG/UA AG Al AL (or AG AGA AG u/U
Al/check
N N
115 | 23624532 GJ/ALl AG AG/AG G AG AGA AG Al a1 | for AG ALA AG u/U
Al/check
116 | 90285489 GJ/Al AG" | AG/IAG CISR AG AGA AG Al ALA for AG AGA 36_cpx u/U
117 | 31130046| G/A1 | AG~ | AG/AG | CISR AG AG Al Al/check AG Uy
AG? Al for AG AGA
Al/check| AG/Al
124 | 31130019| A1 A1/K K/AE A1N Al ALA AE Al ALA for AG " 45 _cpx u/U
133 | 6603741 | B/C/B 07;BC B/C CISR 07_BC | 07_BC"| 07_BC C cn 07_BC | 47 gen| 07-BC u/U
Al- AG/22_0 Allcheck|
139 | 16010109 A1l iken | AGIAE A2 Al IALR Al Al AL (o AG ™ Al u/U
Al/check
N
145 | 22391692 B AG AG/AG CISR AG AGA AG Al AL for AG ALA AG u/U
Key:* (under REGA, SCUEAL and LANL BLAST = bootstrap value O70%)

assign pure subtgpbecause it did not stdiuster with a pure subtype, ** (Und&fEGA phy = part of transmission cluster with bootstrap

value 098% and genetic diversity O1. 59%)t,r a\p (Qu7n0d%)r, RE @Mdera snsoi gsnue
LANL heading = UnassignedimianHuman Immunodeficiency Virus) CISR (complex intersubtype recombinant form), @at

available)
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Abstract

Monitoring HIV subtype distribution is important for understanding transmission dynamics. Subtype B has
historically been dominant in Australia, but in recent years new clades have appeared. Since 2000, clade data
have been collected as part of HIV surveillance in South Australia. The aim of this study was to evaluate the
prevalence of and risk factors for HIV-1 non-B subtypes. The study population was composed of newly diag-
nosed, genotyped HIV subjects in South Australia between 2000 and 2010. We analyzed time trends and subtype
patterns in this cohort; notification data were aggregated into three time periods (2000-2003, 2004-2006, and
2007-2010). Main outcome measures were number of new non-B infections by year, exposure route, and other
demographic characteristics. There were 513 new HIV diagnoses; 425 had information on subtype. The majority
(262/425) were in men who have sex with men (MSM), predominantly subtype B and acquired in Australia.
Infections acquired in Australia decreased from 77% (2000-2003) to 64% (2007-2010) (p=0.007) and corre-
spondingly the proportion of subtype B declined from 85% to 68% (p=0.002). Non-B infections were pre-
dominantly (83%) heterosexual contacts, mostly acquired overseas (74%). The majority (68%) of non-B patients
were born outside of Australia. There was a nonsignificant increase from 1.6% to 4.2% in the proportion of
locally transmitted non-B cases (p=0.3). Three non-B subtypes and two circulating recombinant forms (CRFs)
were identified: CRF_AE (n=41), C (n=36), CRF_AG (n=13), A (n=9), and D (#=2). There has been a sub-
stantial increase over the past decade in diagnosed non-B infections, primarily through cases acquired overseas.

Introduction

IV-1 15 DIVIDED INTO DISTINCT lineages, Major (M),

Outlier (O), New (N), and P, most likely reflecting four
separate introductions of simian immunodeficiency viruses
into humans.' Analysis of nucleotide sequence variations of
the reverse transcriptase and protease regions of the HIV pol
gene is routinely conducted to determine resistance to anti-
retroviral drugs. Thus this region can be also exploited to
define HIV into subtypes, and track HIV evolution and di-
versity.* Over 99% of the HIV pandemic is attributable to the
M lineage* and there are at least nine phylogenetically distinct
subtypes: A-D, F-H, J, and K.%° Viruses of different subtypes

can also recombine and create hybrid or circulating recom-
binant forms (CRFs) of which there are currently 52.*7
Historically, HIV subtypes and CRFs have been broadly
linked with geographic location and risk group.® However,
subtype distribution of the global HIV pandemic has diver-
sified extensively through mutation and recombination,
partly driven by a combination of population mobility, sexual
mixing, and the impact of antiretroviral therapies.”’ Subtype
and CREF differences have been linked to disease progression,
transmission route, pathogenicity, transmissibility, accuracy
of current diagnostic assays, response to therapy, and devel-
opment of drug resistance mutations.>>'®"" Other factors can
also influence these characteristics, which makes it difficult to
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establish the independent effects of subtype, but this vari-
ability potentially has major clinical and epidemiological
significance.*'?

Surveillance systems have been in place since the beginning
of the global pandemic, and in recent years have incorporated
molecular epidemiology as a tool both for surveillance of
HIV-1 genetic diversity and to monitor transmission and
geographic pathways of genetic variants.>**® For example,
recent mapping of HIV strains in Asia revealed a large genetic
diversity, including two new CRFs and transmission of new
recombinant HIV-1 subtypes.'*'®

Historically, subtype B has predominated in Western
countries®® where transmission is primarily through male-to-
male sex.”*'” However, subtype B accounts for only 11% of
global HIV infections,” and the prevalence of non-B infections
in Western countries is increasing. Recent studies in France
have found non-B prevalence rates of 42-48% in newly di-
agnosed HIV infections.'® In Italy, non-B prevalence rates rose
from 25% in 2000 to over 60% in 2008, with African cthnicity
and heterosexual acquisition as independent predictors.’ In a
Washington cohort the non-B prevalence rate was 13%,'® and
in one broad population-based study in the United States a
national non-B prevalence rate of 5.1% was reported in newly
diagnosed infections.'” In a very recently published Austra-
lian study, Chibo and Birch (2012) found a non-B prevalence
rate of 22% in a Victorian cohort.*’

Parallel to this genetic diversity, there are increasing data
on subtype-specific differences, related to genotyping, trans-
mission efficiency, disease progression, vaccine development,
and drug therapy.’>?! Though subtype B has always ac-
counted for a relatively small percentage of the total pan-
demic, it has historically been the predominant global
reference clade for assay development, drug resistance test-
ing, and antiretroviral susceptibility.'>'>

In 2000, South Australia became the first state to integrate
drug resistance testing as part of the routine HIV reporting
and surveillance system. The resulting data provide the first
analysis of Australian trends and molecular epidemiology of
HIV subtype distribution over the past decade. We report a
pattern of increasing non-B subtypes in South Australia,
though subtype B still characterizes the predominant HIV
infection in this cohort.

Materials and Methods
Surveillance system for HIV in South Australia

AIDS and HIV notification was commenced in South
Australia in 1985 and 1991, respectively. For each new person
diagnosed, a standardized form is completed, which includes
demographic, epidemiological, and clinical information.
Where possible, an in-depth interview is also conducted.

In 2000, South Australia became the first jurisdiction to
conduct routine genotypic and drug resistance testing as part
of an enhanced surveillance system. This genotype informa-
tion is housed on a separate database, but is linked to the
notification system via patient number. The South Australian
Health Department is the custodian of both databases. For the
current study, the two databases were merged to create a
combined dataset. Patient identifiers such as name and ad-
dress were removed, and limited demographic, epidemio-
logical, and clinical data were retained, including gender, age,
reported continent of birth, reported exposure route, and re-

HAWKE ET AL.

ported location of infection acquired (overseas/Australia).
This study was approved by both the South Australian Health
and Flinders University Research Ethics Committees.

Study population and design

Five hundred and thirteen people newly diagnosed with
HIV between 2000 and 2010 were identified from the South
Australian HIV notification database, and 425 were retro-
spectively selected from this dataset according to the follow-
ing inclusion criteria: no previously documented positive
diagnosis and a plasma-derived RNA pol sequence available
for genotyping, taken within 12 months of diagnosis. For each
patient, notification data, including location where the infec-
tion was acquired, were collected through a standardized
form and interview at the time of diagnosis, as part of the
routine notification protocol.

HIV-1 genotyping

Blood was collected for routine drug resistance testing,
viral load, and CD4" cell count. Due to the number of routine
samples, patient plasma was stored at —20°C until genotyp-
ing. Past experience has demonstrated negligible degradation
of virus nucleic acid. Viral RNA was extracted and a 1098
nucleotide fragment of the pol gene that encompasses the
protease and reverse transcriptase genes was sequenced in
both directions, using RT-PCR and dye terminator sequencing
with standard commercial reagents. Sequences were assem-
bled and proofread to obtain a contiguous sequence using
Kodon 2.4 (Applied Maths, Sint-Martens-Latem, Belgium).
The entire sequence was submitted to the Stanford HIV Drug
Resistance Database for the determination of virus subtype
and for drug resistance interpretation. Although phylogenetic
and subtype analysis was carried out on the entire 1098 nu-
cleotide fragment of the pol gene, only the protease region was
used in subsequent epidemiological analyses for simplicity.

Statistical methods

HIV genetic and notification data were linked and analyzed
using subtype as the dependent variable, and year, country of
origin, where infection was acquired, reported risk exposure,
and age as explanatory variables. Notification data were ag-
gregated into three time periods (2000-2003, 2004-2006, and
2007-2010) of relatively equal numbers and with significant
power to conduct statistical tests. Categorical variables were
analyzed using chi square tests-for-trend and Fishers exact
test to identify subtype-specific characteristics. Multivariate
analysis was performed using logistic regression. Variables
used are described in Table 1. Significance levels were set at
p<0.05. All data were analyzed using the software package
Stata 10.1 (StataCorp LP, College Station, TX).

Results
South Australian HIV population; genotype

There were 513 reported diagnoses between 2000 and 2010,
and 425 (83%) had genotypes determined. The annual num-
ber of diagnoses has remained relatively stable over the past
11 years (mean=47/year). Demographic and other charac-
teristics of those for whom genotypes were obtained (1n=425)
were very similar to those for the total diagnosed population
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