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Abstract

With over 35 million people currently infected, the World Health Organization considers HIV a global
pandemic. HIV is characterized by a high mutation rate, which allows it to evade the host immune

system and develop resistance to drugs. However, this extraordinary adaptive ability may also be the

key to HIV’s demise. Through the field of phylodynamics, the evolutionary behavior of the virus is being

studied in an attempt to control the epidemic. In this thesis, three papers are presented in which we
analyze sequences generated through the Canadian HIV Strain and Drug Resistance Surveillance
program. In chapter 2 we validate a classifier which distinguishes between recent and established
infections based on the proportion of mixed bases observed in population-based pol sequences. Our
results will help identify recent infections and improve incidence calculations. In chapter 3, we
investigate immune-induced patterns in HIV that are shared by patients of the same ethnicity. An
understanding of the forces shaping HIV evolution is instrumental to the development of a vaccine
relevant to the Canadian epidemic. In chapter 4, we present preliminary results of a historical
reconstruction of HIV across the provinces of Canada. This analysis will highlight strategies that have
succeeded or failed in controlling the epidemic. Furthermore, our work will establish whether non-B
subtypes of HIV are an increasing threat to Canadian public health. Overall, this thesis provides the first

country-wide evolutionary and phylogenetic analysis of the HIV epidemic.



Résumé

Avec plus de 35 millions de personnes infectées, I'Organisation Mondiale de la Santé considére le VIH
comme étant une pandémie mondiale. Le taux de mutation du VIH est particulierement élevé, ce qui lui
permet d'échapper au systéme immunitaire de I'h6te et de développer une résistance aux traitements.
Cependant, cette extraordinaire capacité d'adaptation pourrait également étre son talon d’Achille. Au
cours de recherches phylodynamiques, le comportement évolutif du virus est étudié avec pour but de
controler I'épidémie. Dans cette thése, trois papiers sont présentés dans lesquels nous analysons les
séquences générées par le programme sur les Souches VIH et la Pharmacorésistance Primaire au
Canada. Dans le chapitre 2, nous validons un classificateur qui distingue entre les infections récentes et
chroniques en fonction de la proportion de bases mixtes observées dans les séquences pol. Nos résultats
permettront d'identifier les infections récentes et d'améliorer les calculs d'incidence. Dans le chapitre 3,

nous étudions les mutations induites dans les séquences pol par le systeme immunitaire de patients de

la méme ethnie. Une bonne compréhension des pressions sélectives entrainant I'évolution du VIH est
essentielle pour le développent d'un vaccin pertinent a I'épidémie Canadienne. Dans le chapitre 4, nous
présentons des résultats préliminaires d'une reconstruction historique du VIH a travers les provinces du
Canada. Cette analyse mettra en évidence les stratégies de controle de I'épidémie qui ont réussi ou qui
ont échoué. Par ailleurs, cette étude établira si les souches non-B du VIH sont une menace pour la santé
publique du Canada. Globalement, cette theése fournit la premiére analyse évolutive et phylogénétique

du VIH sur I'ensemble du pays.
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Chapter 1

Background

1.1 HIV Epidemiology

1.1.1 Worldwide distribution of HIV

The Human Immunodeficiency Virus (HIV) is the etiologic agent of Acquired Immunodeficiency
Syndrome (AIDS). The immune system of individuals infected with HIV is progressively destroyed by the
virus until they are no longer able to fight off opportunistic infections. The World Health Organization
(WHO) considers HIV a global pandemic, with 33.4 million people infected in 2009, an estimated 2.7
million new infections every year and more than 2 million people dying each year from AIDS [1]. HIV
infections are unequally distributed across the globe with low and middle income countries bearing the
heaviest of the burden. Two thirds of infections, totaling 22.4 million people, exist within Sub-Saharan
Africa. The number of people living with HIV continues to rise, although the ascent may have peaked in
1996 when an unparalleled 3.5 million people were newly infected. In addition to being a leading cause
of death in many developing countries, HIV is a major economic and social burden, greatly reducing
working life expectancy and leaving millions of children orphaned. Moreover, HIV is a highly stigmatized

condition due to its associations with homosexuality, drug use and race.



Despite being the most intensely studied infectious agent, thirty years into the epidemic, HIV has no
cure and continues to be a major global heath priority. Important advances have nevertheless been

made in treating HIV and preventing transmission (section 1.3).

1.1.2 HIV in Canada

In developed countries HIV is concentrated within risk groups, specifically amongst men who have sex
with men (MSM) and intravenous drug users (IDU). In Canada, approximately 73,000 people are living
with HIV (min 43,000 max 110,000) [2]. Aboriginals are disproportionately affected, comprising only 4%
of the population but 8% of prevalent infections. Aboriginal women accounted for 40.3% diagnoses
among females in 2008. The latest HIV statistics reveal that MSM account for the largest proportion of
positive HIV test reports (45.1%) followed by IDU (19.1%) [3]. The Canadian epidemic is costly, but most
importantly marginalizes already stigmatized groups. The recent criminalization of HIV, with the
prosecution of several individuals living with HIV for exposing their partners to significant risk, adds

another layer to the HIV debate.

1.1.3 HIV transmission
The dominant route of HIV transmission is through sex. HIV can also be transmitted from mother to

child (MTCT), and through contact with infected blood or blood products. In sub-Saharan Africa the main
mode of transmission is heterosexual sex, while in most other regions the predominant risk factors are

sex between men and the use of contaminated needles.

1.1.3.1 Sexual transmission of HIV
During intercourse, the receptive partner is at higher risk for HIV than the insertive partner [4] making
women at higher risk in heterosexual relationships than men [5]. Similarly in MSM, the receptive partner

is also at higher risk.

Longitudinal analyses of heterosexual sero-discordant couples (where one partner is positive and the
other negative) in Uganda have measured the risk of HIV transmission per sexual act to be around 1 in
1,000 [6]. A recent meta-analysis however, calculated estimates 2-8 times higher across developing
countries [7]. In the developed world, risk of sexual transmission from female to male in the developed
world was 0.04%, and from male to female, 0.08% [7]. It is generally accepted that during intercourse
MSM have a higher risk of contracting HIV than heterosexuals, in part due to the higher risk of

transmission during anal sex, 1.7% in pooled estimates [7]. Moreover, the higher prevalence of HIV



among MSM and possibly increased risk-taking behavior in this group [8] also contribute to this

increased risk.

The risk of sexual transmission of HIV is further increased in the presence of other sexually transmitted
infections [9]. If one partner has genital ulcer disease for example, HIV transmission risk is increased
fivefold [7]. In addition, transmission of HIV is highly dependent on the viral load of the infected partner
[10]. In turn, viral load is dependent on numerous factors, including stage of infection [11]. In particular
viral load is very high during the first few weeks following infection, thus a large proportion of
transmissions are believed to originate from recently infected patients. For all epidemiological studies
on HIV transmission it is essential to distinguish between newly diagnosed infections that are recent and
those that are chronic. In Chapter 2, | develop a method for classifying infections as recent or chronic

based on within host genetic diversity.

1.1.3.2 Mother to child transmission of HIV

MTCT may occur at three stages: during pregnancy, during delivery or through breastfeeding. In the
absence of treatment, the total risk across these stages is approximately 25% [12], with MTCT
accounting for ~10% of new infections annually. In developed countries, MTCT has been practically
eliminated by controlling the mother’s HIV infection with antiretroviral treatments (further discussed in

section 1.3).

1.1.3.3 Transmission of HIV through infected blood and needle sharing

Blood transfusion is the most efficient route of HIV transmission; in a retrospective analysis, 90% of HIV+
blood recipients became infected [13]. Before testing of donor blood was implemented this resulted in
14,000 new infections in Europe and the USA [14]. Hemophiliacs were overrepresented among these
infections [15]. In countries where donor blood is tested, HIV transmission through the blood supply is
nearly non-existent. Nevertheless, there are countries where blood remains untested and continues to
contribute to new HIV infections. Across the African continent for example, an estimated 5-10% of new

infections occur as a consequence of unsafe blood transfusions [16].

Exchange of blood through sharing needles among IDU is a very common route of HIV transmission. IDU,
their partners and children account for one third of AIDS cases in the USA [17]. Worldwide, 10% of new

infections occur through IDU, although in some regions it encompasses a much more significant portion,



as in Eastern Europe where over 80% of infections are related to drug use (http://www.usaid.gov/our_

work/global_health/aids).

1.2 Molecular virology

1.2.1 Disease progression

Two aspects of HIV biology make it a particularly challenging infection. First, HIV has a long period of

clinical latency during which patients show no symptoms of being infected. This interval lasts up to ten

years without treatment, a period during which many onward transmissions can take place. Second, the

virus directly attacks the CD4 T cells responsible for fighting off infection, leading to the progressive

failure of the immune system.
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Figure 1.1: HIV course of infection. CD4 counts and HIV copies in an untreated patient. By Jurema

Oliveira, and based on Figure 1 in Pantaleo et al [18]. Via Wikimedia Commons, GNU Free

Documentation License.

The progression from HIV to AIDS can be divided into three stages (Figure 1.1). The initial infection stage

lasting 2-4 weeks is characterized as the “acute” infection stage. During acute infection the virus



replicates rapidly and generic symptoms associated with immune activation may be experienced, such
as a sore throat, rash and flu-like symptoms. Viral load increases dramatically (10 viral RNA copies/mL
blood), likely contributing to high infectivity during this stage of infection [19]. Acute infection subsides
once host adaptive immune response is initiated in the form of immunoglobulins of subtype G (IgG)
specific against HIV proteins. Targeting viral particles for destruction, the appearance of IgG lowers viral
loads. The following 8-10 years are known as the latent period of HIV infection, during which the patient
shows no symptoms. At the start of latency the immune system is able to control the infection, but fails
as infection persists. Concomitantly, viral load increases gradually, correlating with the decline of CD4 T
cells and a progressive failure of the immune system. Eventually, the CD4 cell count drops below a
critical level, around 200 cells/mm?, whereupon effective cell-mediated immunity is lost. It is at this
point that patients are considered to have developed AIDS and may contract opportunistic infections.

Once the AIDS stage has been reached patients usually succumb to disease within a year [20].

1.2.2 Classification and life cycle
HIV is classified as a member of the retroviridae family in the lentiviral subfamily. The retroviral family is

characterized by a single-stranded positive-sense RNA genome. The virus particle is spherical and 120nm
in diameter and within each particle are two copies of the full genome. The genome is ~10,000bp and
contains nine genes: gag, pol, env (structural), tat, rev, nef, vif, vor and vpu (regulatory), which encode

19 proteins (Figure 1.2).

Target cells are those vital to the human immune system: CD4 T cells, macrophages and dendritic cells.
The CD4 receptor and co-receptors CCR5 or CXCR4 are essential for HIV binding. Upon entry into cells,
the viral RNA genome in converted to double stranded DNA (dsDNA) by the viral enzyme reverse
transcriptase (RT). The dsDNA then integrates into the host cellular DNA using the viral protein integrase
with a preference for active transcription units [21]. At this stage the virus can enter either the latent or
the lytic pathway. During viral latency (not to be confused with clinical latency), the integrated virus lies
dormant within the host DNA, and may be expressed at low levels, or not at all. The virus can reactivate
at any time and enter the lytic pathway, characterized by high levels of viral gene expression and
production of viral particles that are released from infected cells. Factors controlling entry into and out

of latency remain poorly understood but include the site of integration into host DNA [22].
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Figure 1.2: HIV structure (a) and genome organization (b). See text for details. Reproduced with
permission from Roe et al [23]. ©2008 Cambridge University Press.

1.2.3 Viral replication and mutation
The reverse transcriptase (RT) of HIV, which transcribes the single-stranded RNA genome into dsDNA, is

an error-prone enzyme. In contrast to the DNA polymerases RT has no proofreading mechanism, making
one error every 1,000-10,000 bases [24]. As a consequence 5 to 10 nucleotide misincorporations are
found per new HIV genome synthesized. In addition HIV has an extremely high replication rate. Based on
measurements of the half-life of HIV virions (1-2 days) [25], it is estimated that in the absence of
treatment infected individuals generate on average 10 virions per day [26]. With its high replication

and mutation rates combined the evolutionary rate of HIV is 1 million times that of humans [27].



As a result of its extreme mutation rate HIV displays high genetic variability both within a host and at the
level of the population. While patients are usually infected with a single founder virus genetic diversity
subsequently increases during the course of infection, an observation that | harness in Chapter 2. This
ever-present variation within a host allows HIV to evolve rapidly, evading the human immune system
and developing mutations that confer drug resistance. Furthermore, the high genetic variability at the
level of the population is one reason why the search for a vaccine that would protect against a sizeable

proportion of circulating isolates is extremely difficult.

1.3 Treatment and prevention

1.3.1 HIV treatment
Azidothymidine (AZT) became the first approved antiretroviral treatment (ART) for HIV in 1987. AZT

competes with endogenous thymidine and terminates reverse transcription. As AZT is missing a 3’-
hydroxyl group, the DNA chain cannot be extended beyond it. Although AZT also inhibits the human
DNA polymerase it has a 100 fold higher affinity for RT, and has a more limited effect on normal human

DNA replication.

However AZT does not halt viral replication; it only inhibits it and delays disease progression. More
importantly, RT mutations allow the enzyme to develop resistance to the drug. AZT-resistant RT
preferentially incorporates thymidine and not AZT. In order to prevent the emergence of drug resistant
mutations within HIV by more efficiently suppressing viral replication, over 20 additional drugs have
been developed. Drugs fall into each of seven classes: (i) nucleoside reverse transcriptase inhibitors
(NRTIs), (ii) nucleotide reverse transcriptase inhibitors (NtRTIs), (iii) non-nucleoside reverse transcriptase
inhibitors (NNRTIs), (iv) protease inhibitors, (v) fusion inhibitors (vi) co-receptor inhibitors, and (vii)
integrase inhibitors [28]. Drug classes (i), (ii) and (iii) all target the reverse transcription of HIV, while
other classes target different stages of the HIV life cycle. Since 1995, combination therapy is prescribed,
containing three or more anti-HIV drugs from at least two classes. This treatment regimen is referred to
as Highly Active Anti-Retroviral Treatment (HAART). HAART significantly decreases the morbidity of HIV
and the number of AIDS cases. HAART does not cure HIV but has changed it to a chronic disease: viral

loads are lowered, optimally to undetectable levels, and CD4 cell count increases.



Current WHO guidelines recommend that ART should be initiated in patients whose CD4 cell count has
fallen below 350 cells/mm3 [29]. In clinical trials commencing drug regimens earlier demonstrates clear
benefits [30], but this approach poses problems. First, worldwide, there are huge problems of access to
ART because of its cost. In sub-Saharan Africa only 17% of eligible patients have access to ART. Secondly,
even in regions where people have access there are many problems associated with adherence to HIV
treatment. For numerous reasons including side effects and the complexity of drug regimens, patients
do not adhere to their ART regimens, decreasing ART efficacy and promoting the development of drug

resistant mutations. For these reasons it is not necessarily better to start ART as early as possible.

1.3.2 HIV prevention

As discussed previously, there are three routes for HIV transmission: sexual, MTCT, and through infected
blood. Increasing evidence supports the hypothesis that HAART, by suppressing viral loads, decreases
risk of all modes of HIV transmission [31, 32]. In addition each transmission route requires dedicated

prevention tools.

Condoms are the most efficacious prevention tool against sexual HIV transmission [33] and have been
available since the beginning of the epidemic but have not been successful in hindering the spread of
HIV due to lack of compliance. As the presence of other sexually transmitted infections (STI) increases
HIV transmission, STI treatment also decreases HIV transmission [9]. More recently male circumcision
has been demonstrated to decrease HIV acquisition in HIV negative men from HIV positive women [34-
37]. Male circumcision hence holds huge promise for the prevention of heterosexual HIV transmission.
In MSM, circumcision does not offer any protection as HIV is more likely acquired during receptive anal

sex [38].

In developed countries mother to child transmission has been practically eliminated by treating
expectant mothers and newborn infants with HAART, delivering babies by caesarean and avoiding
breastfeeding. Single-dose Nevirapine (an NNRTI) given to both mother and newborn has been
demonstrated to significantly decrease HIV transmission during delivery in developing countries [39]. In
many areas however breast milk is the only food available for the baby. Unavoidable breastfeeding can

alone increase overall transmission to 18-24% [40].

The size of the HIV epidemic among IDUs in different countries is a direct consequence of that country’s

policy towards harm reduction and legislation surrounding drug use. Harm reduction is a strategy which
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involves reducing health risks when eliminating them is not possible. For example, the benefit of needle
exchange programs (NEP) in reducing HIV incidence among IDU has been demonstrated in many
different cities around the world [41]. This leading example of harm reduction raises fears however that
overall drug use will increase, or that needles will be discarded improperly. To the contrary, not only are
NEPs an effective and inexpensive public health intervention, they also help IDUs access treatment for
their drug use and for HIV if they are already infected by reducing risky behavior [42]. Such programs are
illegal in many countries; in the USA, federal funding of NEP was prohibited for many years but has been

allowed since December 2010.

Finally, new prevention options are currently being explored. In the last year, two successful clinical
trials demonstrated that HIV acquisition could be decreased by the prophylactic use of antiretrovirals. In
the iPrEx (Pre-Exposure Prophylaxis Initiative) trial, 2499 MSM from six countries received either a
combination of two oral antiretroviral drugs, emtricitabine and tenofovir, or a placebo, resultingin a
44% reduction in HIV acquisition in the treated group [43]. In the CAPRISA004 (Centre for the AIDS
Programme of Research in South Africa) trial, 445 South African women used an antiretroviral,
tenofovir, as a topical microbicide before and after sex, resulting in 39% fewer infections among this
group than among 444 women on a placebo [44]. An HIV vaccine trial published in 2009 was also able to

demonstrate a modest efficacy of 31% [45].

1.4 Natural History of HIV

1.4.1 Discovery of HIV

Acquired Immunodeficiency Syndrome (AIDS) was first recognized in 1981, although the cause of the
disease was unknown at the time. The AIDS-causing virus was first isolated in France, in 1983. The
etiological agent was initially named lymphadenopathy-associated virus (LAV) in accordance with the
studied patient’s symptoms [46]. The retrovirus was subsequently re-isolated in the USA that same year,
and a definite link between the virus and AIDS was established [47]. The virus was renamed Human T
Lymphotrophic Virus lll (HTLV-IIl) by the American group because it closely resembled the HTLV-I and Il
viruses studied in their laboratory. However, the newly isolated virus had serological and morphological
properties distinct from the HLTV family members. In 1986 the appellation “HIV” became internationally

accepted as the official nomenclature [48].



1.4.2 Origin of HIV

The lack of a close relative for HIV prompted the search for related lentiviruses in other species to better
understand its origin. Simian immunodeficiency virus (SIV) was rapidly isolated from rhesus macaques
[49], suggesting that HIV arose by zoonotic transfer from non-human primates. In 1986 a related virus,
but with distinct antigenic components was isolated from West African patients with AIDS; this new
virus was subsequently named HIV-2 [50]. Further investigations revealed different zoonotic origins of
HIV-1 and HIV-2. HIV-1 is closely related to SIV in chimpanzees (SIVcpz), while HIV-2 more closely
resembles SIV in sooty mangabeys (SIVsm) [51] (Figure 1.3). Although non-zoonotic theories on the
origin of the virus have been put forward, such as the oral polio vaccine theory, they have been reliably

discredited [52, 53].

Since the original isolation of SIV thirty-nine species of non-human primates have been shown to
possess a strain of SIV [54]. However, in most natural hosts, the virus does not cause serious illness. This
points to a long-term adaptive co-evolution in non-human primates which has resulted in low
pathogenicity [54], in sharp contrast to the recent emergence and pathogenicity of HIV in humans.
Although estimates of the date of HIV introduction into human populations have been as recent as the
1930s [52, 55], the discovery of ancient samples and the application of modern methods point to the
beginning of the 20th century [56] as the most likely time of transmission. The current understanding is
that the emergence of HIV in humans is the result of a series of independent cross-species transmission
events from non-human primates to humans, some of which remained contained and others that led to
the existing subtypes of HIV (section 1.4.3; Figure 1.3) [57, 58]. Most likely, these cross-species
transmission events occurred in the Congo [59], as it is the country displaying the highest genetic
diversity of HIV. While the route of transmission of HIV to humans is not known with certainty, in view
of ongoing hunting for primate bush meat in central Africa, it is likely that transmission occurred though
this practice. Exposure to infected blood may have occurred through animal bites or during butchering

[58].

1.4.3 Sequence diversity

As more isolates of HIV were characterized and sequenced researchers became aware of its
extraordinary genetic diversity. To manage this diversity HIV has been classified according to genetic
similarities and sero-reactivity. HIV-1 contains three groups, M (main/most), O (outlier) and N (non-M,
non-0), while HIV-2 separates into eight, A to H. HIV-1 group M is the pandemic-causing strain, and it
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comprises a further 11 major subtypes (A1, A2, B, C, D, F1, F2, G, H, J, K) [60]. The HIV-1 groups M, N and
O are each individually closer to SIV isolates than they are to each other and so are probably the results

of different cross-species events (Figure 1.3).
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Figure 1.3: Primate lentivirus phylogenetic relationships based on the pol region. Scale in
nucleotide substitutions per site. See text for details. By Kuiken et al [61], via Wikimedia. © Copyright
2011 Los Alamos National Security, LLC all rights reserved.

HIV-1 group M subtypes are differentially distributed across the globe (Figure 1.4). Worldwide, subtype
Cis the most prevalent, accounting for 56% of infections, while subtype B predominates in Europe and

North America accounting for 12% of infections globally [62].
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Figure 1.4: Worldwide HIV diversity. Countries are color-coded based on dominant HIV-1 subtype
(data unavailable for countries in gray). The size of pie charts is proportional to the number of HIV

infected individuals in each region. Reproduced from Arién et al [63] with permission from Macmillan
Publishers Ltd.

Subtypes are defined based on the high genetic distances found between them: 25-35%, as compared to
5-20% found within a subtype [64]. Their existence is believed to be due to a small number of original
strains which expanded in number as a consequence of random founder effects [57, 58]. However, as
the epidemic continues to spread and experimental sampling improves, subtype separation may
become meaningless [26]. In particular, better sampling has uncovered numerous circulating
recombinant forms (CRF) between previously sampled subtypes which in some geographical regions
account for over 50% of infections [65]. CRF are officially recognized as independent strains once

sequences have been isolated from three different patients with no epidemiological linkage.
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Studies have further explored the pathological differences between the M group subtypes, suggesting
variation in rates of MTCT [66] and of disease progression [67], but such results remain preliminary. The
extensive spread of subtype Cis more likely to be a consequence of its entering a population with high
rates of partner exchange than because of increased transmissibility. However there may be a biological
basis to the M group epidemic [26], as it appears to be more virulent and infective [68]. HIV-2 has a
longer latent period and lower morbidity than HIV-1, with an epidemiologic distribution mainly confined

to West Africa.

1.5 Molecular evolution of HIV

Due to the rapid replication and error-prone reverse-transcriptase of HIV, mutation rate is up to a
million times higher than that of vertebrates [27]. Patients are usually infected with a single transmitted
founder virus [69-71], which results in strong population bottlenecks. Subsequently, intra-patient viral
genetic diversity increases over time [72], until HIV establishes itself as a genetically diverse population
of viral genomes, called a quasispecies (Chapter 2). Although some mutations may accumulate due to
genetic drift with no effect on viral fitness, others result from adaptation to the strong selective pressure
exerted by the host immune response and are essential for viral success. Viral escape mutants that
result in reduced recognition and destruction by the immune system are strongly selected [73-75].
Additionally, non-immune related selection is driven by ART which results in drug-resistant viral

genomes. Together these forces drive HIV evolution both within hosts and at the population level.

1.5.1 Viral escape under host immune pressure
Two types of immune responses exert selective pressure on the virus. Antibodies target free-floating

viruses by neutralizing epitopes on the surface of HIV; while the human leukocyte antigen (HLA)
mediated cytotoxic T lymphocyte (CTL) response eliminates HIV-infected cells. Escape mutations for
antibody responses are located in env, creating hypervariable regions where they accumulate incredibly

rapidly. On average, one such adaptive mutation is generated every 2.5 months within a patient [76].

The CTL response is initiated when HLA cell-surface molecules bind and display short segments of HIV
proteins (viral epitopes) to CD8+ T cells. There are over 5000 HLA class | alleles distributed across three
loci, A, B and C, making them one of the most polymorphic alleles of the human genome. Different HLA

proteins are able to display and bind a particular set of epitopes, as the pockets of HLA alleles will carry
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different affinities for amino acid sequences. The replacement of amino acids within HIV epitopes can
therefore avoid their being displayed by HLA proteins to the immune response by decreasing the
efficiency of epitope binding. Other paths to immune escape include mutations that interfere with the

CTL response either by reducing intracellular processing of epitopes or impairing recognition by T cells.

As any viral protein can be processed and displayed as an epitope, HLA-associated escape mutations are
scattered across the entire genome [77]. Furthermore, HIV escape mutants are HLA allele-specific [78].
In large cohorts for which both HLA allele data and HIV sequences are available, links have been
established between HLA alleles and the polymorphisms that they generate. HIV genome-wide maps of
such escape mutants are now available [77]. As HLA alleles are differentially distributed across ethnic
groups [79], ethnic-specific mutation patterns may be expected at HLA-associated sites in HIV. In

Chapter 3, | specifically test this hypothesis in the ethnically diverse Canadian epidemic.

As a consequence of the founder effect of transmitted virus, HLA-associated polymorphisms can be
transmitted. Within the new host there is evidence of either transmitted escape mutants reverting to
wild-type or of mutation patterns becoming consistent with the new host HLA alleles [69]. With the
potential of HLA-driven mutations becoming fixed in a population, frequencies of HLA-associated HIV
polymorphisms have been shown to reflect the prevalence of HLA alleles in a population [80]. A recent
study goes as far as suggesting that HLA-driven evolution may have been central to HIV subtype

evolution [81].

Finally, HLA alleles are crucial to immune control of HIV and are the most important genetic determinant
of disease progression identified so far [82, 83]. In particular some alleles such as HLA B57, offer a

protective effect against HIV disease and are called ‘super-controller’ alleles [84].

1.5.2 Drug resistance
Since the 1990s an increasing number of antiretroviral drugs (ART) have become available for the

treatment of HIV. However, because HIV is able to adapt to selective pressure at such an alarming rate,
most drugs induce drug resistant mutations (DRM) which allow the virus to continue to replicate and

increase the likelihood of treatment failure.

In developed countries, viral load testing is performed on patients who are being treated with ART to

monitor their disease progression. Should viral loads increase, this is taken as evidence for treatment
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failure. Most drugs available target protease (PR) and RT, so most DRM currently found occur in the pol
region of HIV (Figure 1.2). To determine specific DRM, the HIV pol gene is sequenced, or genotyped. This

allows for tailoring of drug regimens. Progression to second-line therapy may be more expensive.

Despite subtype C virus being the most prevalent globally, most HIV infections in the West are caused by
subtype B (Figure 1.4). This has caused an imbalance in research efforts and most drugs have been
developed against subtype B. Although no major differences have yet been observed in subtype C-
infected patient responses to treatments developed for subtype B, some problems may arise due to
drug resistance. Some DRM naturally occur more frequently in non-B subtypes [85]; furthermore, in the

presence of drug selective pressure DRM are more rapidly acquired in non-B subtypes than in B [86].

1.5.3 Transmitted drug resistance
The use of HAART has led to the development of DRM in circulating strains. These DRM may be

transmitted to drug naive patients: this scenario is referred to as ‘transmitted drug resistance’ (TDR).
TDR can considerably reduce the efficacy of first line therapies. Because of increasing prevalence of TDR
[87, 88], and recent advances in our understanding of HIV drug resistance persistence [89, 90], po/
genotyping is recommended for all newly diagnosed individuals and is routinely performed in a number

of countries [91-93].

The WHO realized the importance of standardizing the list of mutations used to track TDR. The list
facilitates comparisons between regional, national and international statistics and adjusts for non-drug
related polymorphic DRM [94, 95]. These efforts have culminated with the publication of the
Surveillance of Drug Resistance Mutations (SDRM) list [96]. Based on this list a software application
called the Calibrated Population Resistance tool has been developed by Stanford University which uses
an algorithm to determine whether sequences harbor mutations conferring drug resistance [97]. The
tool has already been used in a number of WHO-sponsored studies [98, 99]. In Canada, TDR is tracked

through the Strain and Drug Resistance Surveillance Program.

1.6 Availability of HIV sequences

1.6.1 The Strain and Drug Resistance surveillance program
The Strain and Drug Resistance surveillance program (SDR) was initiated in 1998 as an enhanced

surveillance initiative to characterize the HIV epidemic in Canada [100]. It aims to (i) assess circulating
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strains to monitor genetic diversity, (ii) evaluate TDR, (iii) assess patterns of transmission and (iv) ensure
the safety of the blood supply. Through a collaboration between the National HIV and Retrovirology
Laboratory (NHRL), the Surveillance and Risk Assessment Division and provincial health ministries the
Public Health Agency of Canada (PHAC) publishes regular reports on the state of the HIV epidemic in
Canada [101]. So far, seven provinces have taken part in the SDR program: British Columbia (BC), Alberta
(AB), Saskatchewan (SK), Manitoba (MB), Nova Scotia (NS), Ontario (ON) and Newfoundland (NF).

Through the program, remnant diagnostic serum from newly diagnosed, treatment naive individuals is
sent to the NHRL in Ottawa for analysis. Epidemiological data linked to each sample are also collected
from each patient, including age, sex, ethnicity, year of positive test, city where the test was conducted,
type of serological specimens collected and risk factors associated with infection (exposure category).
Exposure categories are divided hierarchically (Appendix Figure 1) and patients are asked questions to
determine their most likely route of transmission. Sequences and epidemiological data are irretrievably
unlinked from patient identity before being sent to Ottawa, so that analyses at the federal level are non-

nominal.

The National Laboratory for HIV Genetics (NLHG) generates pol genetic sequence (sequence position
2253-3549 in reference strain HXB2 [102]) using in house primers and assays (Appendix Figure 2).
Sequence subtype is then determined using the Rega HIV-1 subtyping tool
(http://dbpartners.stanford.edu/ RegaSubtyping/) and sequences are tested for the presence of DRM

using the Stanford Calibrated Population Resistance Tool [97] (http://cpr.stanford.edu/cpr/).

In parallel, the National Laboratory for HIV References Services (NLHRS) determines timing of infection
(< or > 155 days) using the Calypte BED-CEIA™ (capture enzyme immunoassay). The BED-CEIA measures
the proportion of IgG antibodies which are HIV-specific in a sample [103], to detect the increased
immune response to HIV in chronic infections. As explained previously, distinguishing between recent
and chronic infections is essential for epidemiological analyses. Among these the estimation of the
number of newly diagnosed infections which are recently acquired (HIV incidence) is of the upmost

importance (Chapter 2).

1.6.2 Use of the pol region for HIV research

Population-based studies of evolutionary virology have been made possible by a growth in
computational power and the increased availability of appropriate analytical tools but also by the
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accumulation of HIV sequences. Indeed, HIV is one of the most sequenced organisms on earth [104]. In
particular genotyping of HIV by sequencing the pol region for subtype determination and for the

surveillance of TDR has resulted in an abundance of pol genetic information in databases.

Traditionally, genetic analyses of HIV have been carried out using the gag and env regions of the HIV
genome [105-107] (Figure 1.2), while pol was criticized for being too genetically conserved [108].
However, the validity of pol for the phylogenetic reconstruction of transmission events (section 1.7.2.3)
was demonstrated by Hue and colleagues [109], and this region of the genome is now extensively used
in phylogenetic studies to address questions regarding HIV transmission dynamics [110-112]. Pol
sequences have also been successfully used for the reconstruction of HIV epidemic history [113-116]
(section 1.7.2, Chapter 4). Furthermore pol sequences contain extensive information on HLA-induced
adaptation [77] (Chapter 3). Finally, within a patient, po/ sequence diversity has been shown to gradually

increase with time and to be a good measure of stage of infection [72] (Chapter 2).

Studies based on HIV genotype data can be carried out at little additional cost and have the added
advantage of being non-biased (as opposed to cohort studies) and non-nominal (avoiding legal issues
pertaining to transmission). As a consequence the SDR database has huge potential as a public health

tool for research and epidemic management.

1.7 Recent advances in HIV molecular epidemiology

1.7.1 Methods in molecular evolution
While HIV evolves under strong selective pressure at the host level, its evolution is considered broadly

neutral at the population level. Nevertheless HIV mutates so rapidly that it displays huge genetic
variability across the population, making HIV sequences extraordinarily suitable for phylogenetic analysis
and molecular epidemiology. In the case of HIV the accumulation of mutations is so rapid that it occurs
on a similar time scale as ecological processes such as epidemic dynamics, transmission bottlenecks and
immune pressure; thus, HIV evolution is phylodynamic, responding in regular ways during host infection
and disease spread [117]. Consequently the reconstructed phylogenetic relationships between the
genetic sequences of isolates can be used to infer the evolutionary and transmission history of the

pathogen.
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1.7.1.1 Phylogenetics

The evolutionary relationships between viral sequences can be visualized using a phylogenetic tree.
Phylogenetic trees are reconstructed based on the differences found between sequences. However, the
number of possible trees increases exponentially with the number of sequences, rendering the search
for an optimal tree no trivial task. A number of methods exist to reconstruct trees, including maximum

parsimony, distance-based methods, maximum likelihood, and Bayesian inference.

a) Maximum parsimony
Maximum parsimony is a character-based approach to phylogenetics, where the reconstructed tree is

the one that requires the smallest number of evolutionary changes to explain the observed data [118].

However, the maximum parsimony approach is inconsistent, and is not guaranteed to produce the best
tree as the number of sequences increases [119]. Moreover parsimony does not explicitly state which
evolutionary model is used, and the premise that evolution is parsimonious is all the more incorrect as
deeper phylogenetic depth is investigated. As a result, parsimony is particularly affected by a
phylogenetic artifact named long-branch attraction, where highly divergent sequences appear more
similar because multiple substitutions have hit the same site. Consequently, the number of mutations
between them is dramatically underestimated. The maximum parsimony method is thus only

appropriate for closely related sequences.

b) Distance-based methods
In order to construct a distance-based tree distances between each pair of sequences are calculated to
construct a distance matrix. Distances are calculated based on a model of evolution which corrects for
multiple substitutions and describes how frequently substitutions between nucleotides occur, based on

both the frequency of those nucleotides, and the rates of change.

Once distances have been calculated, Neighbor-Joining [120], the most frequently used algorithm for
tree reconstruction, joins the most closely related sequences in pairs according to the distance matrix to
form subtrees, gradually forming the full tree. However information is lost by summarizing sequence
information into distances and by looking at sequences only two at a time. Nevertheless, the method is

fast and works well in practice [121].
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¢) Maximum likelihood
The maximum likelihood (ML) method is also based on a model of evolution. In addition, the ML method
is character-based, using all the information contained in the sequences, and statistically robust and
well-founded. The approach calculates the probability of the observed data (the sequence alignment),
given the proposed model (tree topology, branch lengths and the parameters of the evolutionary
model). For each site in the alighment, the probability of the observed nucleotides is calculated as the
sum of probabilities of every possible reconstruction of ancestral states, given the substitution model.
As sites in the sequence alignment are considered to evolve independently, the probability of the
observed sequences is the product of the probabilities for each site. Under ML, the best tree is the one
with maximizes the likelihood, or the probability of observing the data. Overall, this method produces

accurate results [122] but can be computationally intensive.

d) Assessing the reliability of the tree
Bootstrap values are assigned to nodes evaluating our confidence in the observed branching patterns.
They are calculated by resampling the data and rebuilding the tree. Specifically, columns in the original
sequence alignment are re-sampled with replacement so that some columns may be represented more
than once in the bootstrap replicates and others not at all. The phylogenetic tree is re-estimated from
each bootstrap replicate, and the bootstrap value assigned to each node represents the frequency that
each node is observed in the trees reconstructed from the bootstrap samples. For example if the data
were bootstrapped 100 times and a group of sequences stayed together in 93 of the trees, the
bootstrap value assigned to that grouping would be 93%. Bootstrapping can be used with MP, distance-

based and ML tree reconstruction methods.

e) Bayesian inference
As previously explained, the ML approach calculates the likelihood of the data D (indicating the
sequences), knowing the model and parameters 6 (including tree topology, branch lengths, and
parameters of the evolutionary model): p(D|06). In contrast, Bayesian analysis calculates the posterior
probability of parameters, given the data observed: p(8|D). The two are related through Bayes’ theorem

equation:

_p(D]6)p(®)
p(@|D) = O (1)
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where p(8) is the prior probability distribution and p(D) is marginal probability of data [123].

ML searches for the tree that maximizes the probability of the data given 8, while the Bayesian approach
searches for the distribution of trees that is most probable given the sequence alignment under a
particular model of evolution. The Bayesian approach also makes use of likelihood, but incorporates
prior knowledge, which enables the user to convey any expectations or uncertainty about some of the

model parameters before looking at the data.

A difficulty exists however with the denominator p(D), as calculating the marginal probability of the data
requires the complex integration of all parameters entering the model. This problem is solved by using a
Markov chain Monte Carlo (MCMC) sampler [123, 124], a random walk algorithm that allows sampling
directly from the target distribution, p(6|D). The initial state is chosen either at random, or input by the
user. The parameters are then modified by proposing a new state drawn from a proposal distribution. In
the simplest case where proposal distributions are symmetrical, the probability of accepting the new
state is calculated as a ratio of the posterior probabilities between the proposed and the current state of
the chain. This ratio avoids calculating p(D), as it is common to both the proposed and current states.
Therefore, the higher the probability of the new state is, the more likely its acceptance. However less
probable proposed states can also be accepted. As a result the MCMC sampler samples from the target

distribution, namely p(6|D).

MCMC chains can nevertheless become entrapped in local optima. To check for this all chains must be
run at least in duplicate and solutions validated only if replicate chains converge on the same
distribution. Bayesian inference is computationally intensive and as a result running large number of

sequences is a limiting factor (Chapter 4).

In the same spirit as the bootstrap values attributed to branching patterns in ML, clade posterior

probabilities are estimated in Bayesian phylogenetic trees to measure confidence.

1.7.1.2 Phylogenetic dating under a strict molecular clock
The molecular clock is a technique used in molecular evolution to date events on phylogenetic trees. It
was first observed, by Linus Pauling in 1962, that the number of differences in hemoglobin amino acid

sequences sampled across species was proportional to the duration of time since the species diverged
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[125]. The suggestion that mutations accumulate in sequences linearly with time, thus at a constant

rate, constitutes the molecular clock hypothesis:

enetic distance
rate = g g (2)
2 X time

In the case of species divergence, the clock is calibrated using fossil records to infer rate of evolution. In
the case of viruses, which evolve much faster, sequentially sampled isolates have been used to calculate
evolutionary rate [126]. Application of the molecular clock uses time-stamped sequences to date events
in the evolutionary history of the virus which can be very useful to test different hypotheses, for

example those concerning the origin of HIV [52].

1.7.1.3 Time-stamped Bayesian phylogenetics

a) The relaxed molecular clock
However, the strict molecular clock is rejected for most organisms, including HIV [127]. As suggested by
equation (2), genetic distance, or branch length, is the product of the rate of molecular evolution and of
the time duration of that branch. In the strict molecular clock, the rate is a constant, estimated by
calibrating the clock with fossil information or time-stamped data, and branch lengths are directly
proportional to time. In a relaxed clock model prior distributions are used to model rates of evolution on
the one hand, and to model the speciation process on the other hand. In this way the relaxed molecular
clock allows the rate of the clock to vary across the phylogenetic tree [128]. Earlier relaxed clock models
were based on autocorrelated models of rate change, so that the rate of evolution at each branch was

assumed to be inherited from the rate of the parental branch.

However because the topology of the tree is sometimes uncertain uncorrelated clocks dependent only
upon the mean clock rate associated with the whole tree have been developed [129]. Uncorrelated
clock rates are made to vary according to an underlying distribution, for example lognormal or

exponential. Within a population, the prior placed on times is based on coalescence theory.

b) Coalescence theory
Coalescence theory is a retrospective model of population genetics used to trace the relationships
between a set of sequences sampled from a population back to their most recent common ancestors
(MRCA) [130]. Coalescent theory describes the distribution of the times at which each pair of sequences

shares a common ancestor (or coalesces) on their phylogeny. Nevertheless the estimation of such a
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distribution depends on the demographic model which describes the pattern of change of the viral
population over time. Models of demographic change include constant population size, logistic growth,
and exponential growth. More recently the Bayesian skyline plot (BSP) was introduced, which is more

flexible [131].

¢) Bayesian evolutionary analysis by sampling trees (BEAST)
These relaxed molecular clock models developed in a Bayesian framework are implemented in the
program BEAST [132]. The program reconstructs the evolutionary history of time-stamped specimens,
and provides non-parametric estimates of past population dynamics. In the case of a pathogen a
number of parameters can be estimated from a subset of circulating viruses: the population size through
time, the number of incident infections, the epidemic growth rate and doubling time, the time to the

MRCA (or the date of introduction of the virus) and the evolutionary rate.

The best demographic model is selected in BEAST by means of the Bayes Factor (BF), which compares

the marginal likelihoods (see equation (1)) of pairs of models (M):

_ p(D | M)

BF = ———
p(D | My)

(3)

While the marginal likelihoods entering equation (1) can be estimated directly by the application of
MCMC, their accurate estimation remains a problem. BEAST uses the harmonic means estimator, which,

although widely used (and will be used for convenience in Chapter 4), is statistically unreliable [133].

1.7.1.4 Phylogeography

Demographic reconstructions can also been enhanced by the inclusion of geographic parameters into
analyses [134]. This has made possible the analysis of viral spread with a spatial dimension, for example
to understand the effect of migrations on the spread of HIV [65] or the connections between different

national epidemics [113]. This field of study is called phylogeography.

1.7.1.5 Detecting Selection

Methods have been developed to determine whether the selective pressure driving the fixation of
mutations in sequences is positive/adaptive (selecting for advantageous mutants) or negative/purifying
(selecting against disadvantageous mutants). Because of the redundancy of the genetic code, nucleotide

substitutions can lead to a change in amino acid sequence (non-synonymous change, N) or not
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(synonymous change, S). At sites undergoing positive selection higher rates of N mutations are expected
(w =dN/dS > 1), while under negative selection, higher rates of S mutations are expected (w = dN/dS <

1).

Several algorithms have been developed to estimate selective pressures. Counting methods compare
the number of observed N and S to the maximum numbers possible [135], while ML fits a codon
substitution model to the data that incorporates a parameter w describing the proportion of Nto S

substitutions [136].

Nevertheless these methods suffer from several limitations: they are sensitive to the number of
sequences used, and if S substitutions accumulate faster than N, it becomes harder to detective positive
selection even if it exists. Finally, w rate ratios make the false assumption that S mutations are

selectively neutral.

1.7.2 Population histories of national and international HIV epidemics
BEAST has been used to investigate the epidemic histories of different HIV subtypes across geographical

regions revealing subtype-specific and regional-specific patterns of growth, as well as to estimate dates
of introduction into each region. However these types of analyses have not been broadly carried out for

all geographical areas; therefore results presented here are limited to those currently available.

1.7.2.1 Demographic reconstruction of HIV
When studying HIV sequences from different regions or different subtypes using BEAST demographic

models selected for the analysis can vary.

A worldwide analysis of subtypes B (most prevalent in the West) and C (most prevalent in sub-Saharan
Africa) concluded that the growth of the former was logistic, and that of the latter, exponential [116].
Thus, while the subtype B epidemic initially exploded in the West (growing twice as fast as it had in
Africa), it stabilized in the 1990s, whereas the subtype C epidemic in sub-Saharan Africa appears to be
continuing to grow exponentially. In agreement a model of exponential growth was also the best fit for
the Ethiopian subtype C epidemic [137]. In Eastern Europe however, an exponential model was selected
for the subtype B epidemic [138]. In South America logistic models of growth have been selected for
subtypes B, F [114] and C, as well as for the recombinant subtype CRF31_BC in Brazil [115] and the

recombinant BF in Argentina [139].
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By studying HIV samples within the same country it is possible to compare epidemic histories between
different subtypes, or between CRF and non-CRF strains. In Albania such analysis revealed a growth rate
five times higher for subtype A than for subtype B. In Brazil CRF31 appears to have spread at a faster
rate than subtype C [115]. In the UK subtype B (the most prevalent) from MSM and non-B were analyzed
separately [140, 141], under the assumption that most non-B sequences originated from heterosexuals.
Transmission dynamics differed between the two groups with a smaller number of associated infections

for each sequence in non-B, and more time between transmission events.

For the most part authors conclude that HIV epidemic growth patterns are likely a consequence of the
underlying characteristics of the transmission networks. The most notable of these differences being
that in sub-Saharan Africa, a large proportion of HIV transmission occurs though heterosexual sex and
from mother to child, while in the rest of the world MSM and IDU are most affected. Within smaller
populations and geographical areas other epidemiological factors are likely to affect the rate of spread,
including times of introduction into different risk populations, sexual and drug behaviors, as well as
laws, health policies and education relating to HIV. Nevertheless, some subtype-specific patterns have

been observed which may be playing an additional role in the dynamics of these distinct epidemics.

1.7.2.2 Dating introductions of HIV across the globe

As well as being used to reconstruct past demographics of different subtypes as above and to date the
zoonotic transmission of HIV from non-human primates to humans [53, 142], BEAST has also been used
to date the introduction of HIV subtypes into different geographical regions and populations. While the
strict molecular clock is consistently rejected for HIV sequences [65, 113, 115, 116, 137-139], dating is
possible nonetheless using relaxed clock models. In the published literature dates of viral introductions
into different parts of the worlds are consistent with our overall understanding of HIV spread across the
world. Studies place the most recent common ancestor of subtypes B and C in the early 1960s, in Africa
[116]. In the late 1960s, subtype B emerged in Haiti, and swiftly spread to the USA, then Europe [143].
Before the end of 1960s, subtype B was also circulating in South America [114], but was not introduced
into Eastern Europe until the 1980s [138]. Other strains were not identified outside of Africa until later:
F1 did not spread to South America until the late 1970s [114], although it had started diversifying in the
Democratic Republic of Congo by the 1950s [113]; AE, now responsible for the epidemic in Thailand, also
appeared there in the late 1970s [144], although the African MRCA dates back to the 1960s. CRF_BF

seems to have appeared in Brazil only in the early 1990s [139].
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Analyses of HIV epidemic history have a number of benefits. They allow for epidemics to be monitored
for example to help guide intervention strategies, and it has even been suggested they may engender
predictions about the future of the epidemic [145]. Finally demographic analyses have been applauded
for their ability to give unbiased views of epidemics, in contrast to collecting epidemiological data.
Similarly they may reveal important information in countries where epidemiological data are lacking. For
example in Albania analysis of the HIV epidemic based on only 52 sequences suggested that the number
of circulating infections was twice as high as that reported [138]. In Chapter 4, | use a similar approach

to compare the epidemic history of HIV across Canadian provinces.

1.7.2.3 Transmission networks and Public Health

On a local scale phylogenetics is used to address questions related to transmission networks and events.
Indeed while two sequences taken from the population are on average 10% different within a subtype
[146], or 5% within a city [147], more closely related sequences can be deemed to represent
epidemiologically linked infections, associated with the same transmission chain. These constitute
transmission clusters and are defined in the literature based on low genetic distance and high bootstrap

values.

a) Transmission patterns
Increasingly phylogenetics is being used as a public health tool for the analysis of transmission networks.
Due to its intimate modes of transmission (sex and intravenous drug use) and the time-lapse between
infection and diagnosis, HIV contact network data using traditional epidemiological tools are difficult to
obtain and often unreliable [148]. Meanwhile as sequencing coverage increases and analyses become
more fine-tuned, the evolutionary relationships between viral sequences reflect the transmission
dynamics of the local population. Thus phylogenetic analyses can be used to supplement traditional

epidemiological tools in order to elucidate characteristics of transmission networks.

In this way phylogenetics has been used to identify correlates of transmission including risk group [140],
stage of infection [110, 112], cluster size [149], the presence or absence of co-infections, including other
STI [150] as well as drug treatment and compliance. A recent study tried to determine the relative
contribution of each of these variables to the risk of onward transmission [32], concluding for the first
time that ART truly did decrease HIV transmission risk. A high resolution analysis in the UK investigated

the pattern and timing of HIV transmissions within MSM transmission clusters, revealing that after the
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first infection, other members became rapidly infected [141]. In San Diego, a phylogenetic approach was
used to assist public health directly by identifying clustered individuals with high rates of onward

transmission in order to target prevention intervention towards them [147].

It is generally agreed that a thorough understanding of transmission networks is essential for the proper
targeting of prevention efforts [151], and may even allow for outbreak management, as implemented in
San Diego. However although molecular epidemiological approaches of this type have been successfully
used for epidemic management of infections such as syphilis [152] and tuberculosis [153, 154], severe
limitations remain concerning establishing direct HIV transmission links based on molecular data [155],

which will be addressed in the following section.

b) Transmission links
The first application of phylogenetic analyses in HIV was in fact in forensics, to confirm transmission
pairs in contact investigations, the first of which established transmission of HIV from a dentist in Florida
to his patients [106]. More recently in the news, phylogenetic analyses were used in a criminal trial to
exonerate six foreign medical workers accused of transmitting HIV to over 400 children in a hospital in

Libya [156].

However many researchers have insisted that phylogenetics alone cannot be used to prove a
transmission link [157]. Indeed even if two isolates are very similar to each other, a missing partner
linking the two could be involved, or both subjects may be part of a wider transmission network.
Moreover the recipient could have been infected previously, and then re-infected [155]. Until recently,
researchers were also adamant that directionality of transmission could not be inferred using
phylogenetics [157]. However, a recent publication has claimed the contrary [158]; the authors assert
that they can differentiate between transmitters and recipients based on tree structure. Nevertheless
the article was based only on two cases and each time more than one recipient had become infected,
facilitating the inference of directionality as compared to a transmission pair. Furthermore the authors
admit that sequence divergence over time will decrease the efficacy of this approach if there is a delay
between the transmission event and sampling. Finally, because of liabilities associated with transmitting
HIV in a number of countries, caution should be used when establishing transmission links at the

individual level.
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1.8

Objectives of the thesis

As discussed in section 1.6, the SDR program has generated an abundance of HIV pol sequences that can

be used to elucidate transmission networks, to reconstruct HIV epidemic history and to study HIV

evolution at the individual and population level. In this thesis, | address three particularly pressing issues

relating to HIV epidemiology in Canada.

a) The ability to distinguish between recent and established infections is of the upmost importance

b)

to Public Health, for the estimation of incidence rates, and hence for the evaluation of HIV
prevention programs. Currently, PHAC uses the BED assay, but this test tends to over-classify
infections as recent and hence inflate incidence rates. In Chapter 2, | validate and extend a
mixed base classifier (MBC) to resolve infections as < or > 155 days based on the proportion of
mixed bases in pol sequences generated during population-based Sanger sequencing.

As explained in section 1.5.1, a large part of HIV adaptation occurs in response to HLA immune
pressure exerted by the host population. Understanding and potentially predicting evolution
within HIV epitopes has important applications for vaccine design. The Canadian epidemic is
ethnically diverse, presenting a complex genetic background for HIV evolution. In Chapter 3, |
investigate the adaptive evolution of po/ at HLA-associated sites in different ethnic groups in
Canada.

Finally in Chapter 4, | draw conclusions on the applications of evolutionary analyses of HIV. |
further present preliminary results on the population history of the Canadian HIV epidemic

across different provinces.

Improvements in methods for the identification of recent infections will make it possible to provide

relevant interventions to recently infected patients in order to reduce their chances of transmitting the

virus. In addition, more accurate estimates of HIV incidence will help for the evaluation of prevention

campaigns. Further characterizing the Canadian epidemic by investigating the different epidemic

histories across provinces will help identify strategies that have already been successful and better

target prevention efforts. Finally, an understanding of viral evolution at the population level will add to a

body of work essential for the development of a vaccine against HIV.
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Chapter 2

Genetic Diversity as a Marker for
Timing Infection in HIV Patients:
Validation and Comparison with

Serological Methods

2.1 Abstract

It has been reported that the increase in HIV sequence diversity within a host, as measured by the
number of mixed base calls in a pol-based genotype, may be used to determine stage of HIV infection.
Here, we describe the optimization of a mixed base classifier (MBC) that was employed to distinguish
infections < or > 6 months. We show that for best results, the area of the secondary peaks on the
sequencing chromatogram should account for 15% or more of the area of primary peaks. Using a cutoff
of 4.5 mixed bases per 1000 nucleotides (0.45%) in the pol region best distinguished between recent
and established infections. We further evaluated the MBC for its performance in classification by
enumerating mixed bases exclusively at sites that reflect evolutionary pressures: HLA selection sites,

sites that increased in entropy over the course of infection, and position within a codon. An entropy-
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based approach most significantly improved the MBC. The optimized classifier performed better in an
extended dataset of specimens classified as recent or established by BED than the classifier based on full
sequences. In conclusion, infections can accurately be classified as < or > than 6 months using the

optimized MBC.

2.2 Contributions

This work was presented at the 18th Conference on Retroviruses and Opportunistic Infections in
February 2011, for which | received a Young Investigator Award. It also received a prize at the 5th Public

Health Agency of Canada Science and Research forum in March 2011.

Isabelle Joanisse, Harriet Merks, Dominic Vallée and Kyna Caminiti amplified and sequenced all the
samples from the NHRL training dataset and BED dataset. Michael Rekart and Darryl Cook (BC Centre for
Disease Control) identified the acute infections and shared specimens. John Kim and Laurie Malloch
carried out all the BED assays. Additional sequences were obtained from Drs. Bluma Brenner (Jewish
General Hospital, Montreal), Frank Maldarelli (National Institute of Health, Bethesda USA) and Richard
Harrigan (BC Centre for Excellence, Vancouver). The initial idea to classify infections as recent or
established based on the proportion of mixed bases was James Brooks’. Improvements to the method
(setting the threshold, testing different categories of sites) were my suggestions and | conducted all the
analyses. JB and Stéphane Aris-Brosou offered their guidance and support throughout the project.
Xuhua Xia implemented the mixed base counter in DAMBE. | wrote the first draft of the manuscript and

JB and SAB both revised and edited it. All analyses on the SDR database were conducted at PHAC.

2.3 Introduction

The early symptoms of HIV infection are non-specific, variable and rarely severe enough for patients to
seek medical attention. Consequently, the majority of HIV infections are diagnosed among people who
are chronically infected [3] with the true date of seroconversion remaining unknown. Nevertheless,
correct identification of recent HIV infections (RHI), i.e. less than six months, is critical to public health
for at least three reasons. First, reliable estimates of RHI are required to assess the population-based
rate of HIV infection within a period of time (HIV incidence rate). This information is required to

determine trends in the HIV epidemic as well as to evaluate the success of prevention strategies.
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Second, contact tracing of RHI patients is critical as it is believed that high rates of onward HIV
transmission are associated with the high viral loads during early infection [19]. Third, as viral strains in
RHI patients are closely related to the virus population found in the transmitting partner, identification
of RHI offers unique opportunities to improve our understanding of the biology of HIV transmission
[159]. However, current methods used to tease apart recent from established infections have severe

shortcomings [160].

Incident infections may be identified during the course of routine diagnostic testing. At the simplest
level, discordant serology (negative test followed by a positive test) over a brief and defined time period
accurately identifies a recently infected person. Alternatively, during the first 2-4 weeks of infection and
prior to seroconversion, the detection of viral capsid (p24) and genetic material in a serology negative
diagnostic specimen may be taken as reliable evidence of an acute infection [161, 162]. However, these
methods will only identify incident infections in the minority of patients who are either frequently
tested or present to health care during acute infection and are provided the opportunity for non-

serologic testing.

Beyond the 2-4 week window, HIV-specific immunoglobulin G (IgG) appears as a consequence of the
host adaptive immune response. Following this seroconversion event, the proportion of a patient’s total
IgG that is HIV-specific increases over the course of infection. As a result, the increase in HIV-specific
antibody, relative to total antibody, can be used to follow the course of the infection within a patient
[103], as implemented in the Calypte BED-CEIA™ test (capture enzyme immunoassay; originally
developed for subtypes B, E and D) — or BED for short hereafter. Initially designed to classify infections
as < or > 6 months (183 days), calibration using samples from patients with known duration of infection
determined that the best cutoff for distinguishing ‘recent’ from “established’ infections was 155 days.
Since its development, BED has been used in HIV surveillance programs to estimate the prevalence of
recent infections and therefore, to assess HIV incidence. However, BED has a number of limitations.
First, HIV-specific antibodies can drop during the course of an infection, either as patients progress to
AIDS, or when viral load is naturally suppressed [163]. As a result of this decrease, BED misclassifies such
infections as recent [164]. Although a corrective algorithm can be applied, incidence estimates may not
always be accurate depending on the overall number of tests performed [165]. Second, the

recommended 155-day cutoff varies dramatically between subtypes: from 155 for subtype B to 360 days
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for subtype C [160, 166]. Thus, the application of BED to a population with a multitude of viral subtypes

can be challenging.

An alternative approach to determining stage of infection has been to measure the genetic diversity of
HIV within an individual [72]. Previous work showed that sexually transmitted HIV infection is
established by only a limited number of viruses [70, 71], with viral genetic diversity increasing
throughout the HIV infection [167, 168]. As a proxy for within-patient genetic diversity, the proportion
of “mixtures” during population-based sequencing can be used to approximate diversity, reflecting
polymorphisms within the viral population. In their pioneering work, Kouyos et al. determined that a
mixed base cutoff of y3¢, = 0.5% achieved a sensitivity of 86.8% and a specificity of 70% in predicting
whether patients had been infected for more or less than a year [72]. Here, given the existing body of
work utilizing BED-based incidence calculations, we wished to examine whether the MBC would provide
a concordant classification of early and late infections using the 155-day BED cut-off. In addition, as the
number of mixed bases in a nucleotide sequence implicitly depends on the threshold t for calling mixed
bases, we varied this threshold based on the sequencing chromatograms to improve the accuracy of the
classifier. Finally, because selective pressure on the pol gene is not evenly distributed, we evaluated
whether mixed bases in specific subsections of po/ would provide greater resolution of recent versus

established infections.

2.4 Materials and Methods

2.4.1 Study populations

The Canadian HIV Strain and Drug Resistance Surveillance Program (SDR) monitors subtype and
transmitted drug resistance among newly HIV-diagnosed antiretroviral-naive patients in Canada [169].
Remnant HIV diagnostic serum specimens are sent to the National HIV and Retrovirology Laboratories
(NHRL) in Ottawa for genotyping. In the present analysis, 1450 samples received from Western Canada
between 2002 and 2008 were analyzed. The SDR program is approved by the Health Canada research

ethics board.

Additional external sequences originating from patients with known duration of infection were obtained
from published work [77] or were kindly provided by other laboratories. All additional sequences were

of subtype B.

31



2.4.2 Stage of infection
Three datasets were assembled, two with sequences of known infection period and one with sequences

of unknown duration of infection. In the NHRL training dataset of 96 specimens, stage of infection was
resolved as follows: 66 specimens were diagnosed as recent either because viral p24 antigen was
detected in the sample in the absence of antibodies, or because the patient tested negative within the
155 days prior to diagnosis. Infections were classified as established for the remaining 30 specimens

who tested positive with a second HIV test performed at least 155 days after initial HIV diagnosis.

An additional 237 sequences from other laboratories, or from the literature [77], that were clearly
identified as originating from infections < or >155 days in duration were added to the NHRL training
dataset to form the full training dataset. The aggregate, full training dataset contained 333 sequences in

total, composed of 162 recent and 171 established infections.

NHRL sequences for which duration of infection was unknown were classified according to BED results
as < or > 155 days (recent vs. established, respectively) [103]; this third dataset is denoted hereafter as

the BED dataset.

2.4.3 Amplification and sequencing
Viral RNA was extracted from samples, and the pol region was reverse transcribed, amplified by two

rounds of PCR and Sanger sequenced as previously described (Appendix 2) [149]. Contigs were
assembled, edited, aligned to the NCBI HIV-1 reference genome (accession number: NC_001802) and
trimmed using BioEdit Software, version 7. 0. 9 [170]. Pol sequences obtained covered 1305 bp,
including the protease gene (PR, bases 1-297) and a portion of reverse transcriptase (RT, bases 1-1008).
Sequences from samples collected before 2005 have previously been made available in GenBank [149]
(accession numbers: HM468499-HM469374). All new sequences were deposited in GenBank (accession
numbers: xxxxxx-xxxxxx). Subtype determination was based upon submission of the pol fragment to the
REGA HIV-1 Subtyping Tool, version 2. 0 (http://dbpartners.stanford.edu/RegaSubtyping/) [171]. As
subtype B predominates in the Canadian epidemic, we limited our dataset to this subtype in the present

analysis.

2.4.4 Mixed base calls

Mixed bases were identified on a sequencing chromatogram at nucleotide positions where a second

trace, representing a different base, was present above a threshold t percent area of the dominant,
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primary peak. For example, if a threshold t=15% is chosen, the secondary peak must represent at least
15% of the area of the primary peak in order for a mixed base to be called. Notation of mixed base calls
follows the International Union of Pure and Applied Chemistry guidelines (R, Y, K, M, S, W, N). The
threshold t for calling mixed bases in SeqScape [172] was varied from 5% to 45% for all samples
sequenced in our laboratory, creating a new sequence alignment each time. For each sequence, the

number of mixed bases was then counted using DAMBE [173].

2.4.5 Receiver Operator Characteristic (ROC) curve analysis
ROC curve analysis was used to assess whether sequences could be classified as recent or established

based on the number of mixed bases called during Sanger sequencing. We name this method the Mixed
Base Classifier (MBC). Under the hypothesis that the number of mixed bases in sequences increases with
duration of infection, we first determined with the NHRL training dataset the threshold t that maximizes
the area under the curve (AUC) in the ROC analysis. We then used the full training dataset to search for

the mixed base cutoff y;s5 that optimized classification of recent versus long-term infections at 155 days.

2.4.6 Sequence subsets
Multiple derivative datasets were created from the full training dataset, to contain only sites considered

informative for evaluation with the MBC. Sites that were more variable in established than in recent
infections were identified using two methods. First, the proportion of mixed bases at each site was
calculated for recent and established infections separately. By calculating the difference at each site,
those where the proportion of mixed bases increased in established infections were identified (True+).
Second, an entropy-based approach was applied. Site-specific Shannon entropy in a sequence alignment
measures the variability at each position. Site-specific difference in entropy between recent and
established infections at the nucleotide and amino acid level was calculated and randomized using the
Shannon Entropy-Two submission tool on the Los Alamos website
(http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html). Four alighments were created
using entropy-based measures, containing sites that increased in entropy: (i) in nucleotide sequences
(AE+Nuc), (ii) in amino acid sequences (AE+AA); and (iii) significantly after randomization (a = 0.05) in

nucleotide (AE+Nuc.Sig) and amino acid sequences (AE+AA.Sig).

Human Leukocyte Antigen (HLA)-associated sites previously described [77] were mapped along the pol

sequences (HLA+) and sites undergoing positive selection (Pos) were inferred using HyPhy under the

33



GTR substitution model and the SLAC method [174]. A significance level of 0.1 was chosen in order to
increase the number of positively-selected sites. Based on this analysis, three additional alignments,
HLA+, Pos and both together (HLA+Pos) were generated. Finally, three datasets were generated, for
each codon position (CP1, CP2 and CP3). In total, 11 subdatasets containing select categories of sites
were created for comparison against the full sequence. For each sequence in the subdatasets, we
calculated the proportion of mixed bases. Using ROC analysis, we identified a mixed base cutoff yss to
separate recent from established infections. Classification performance was compared between
categories of sites. Finally, we evaluated the optimized MBC for its ability to distinguish infections

classified as recent or established by the BED in the BED dataset.

All statistical analyses were carried out in SPSS [175].

2.5 Results

2.5.1 Composition of the datasets

Datasets were analyzed differently according to the information available for each sequence. First,
sequencing chromatograms were used with the NHRL training dataset to identify the threshold t for
calling mixed bases which most improved classification performance of the MBC. Then, the full training
dataset was employed to identify the cutoff y,55 that best distinguished recent from established
infections. The full training dataset was further employed to generate 11 derivative datasets (Figure 2.1,

Table 2.1), each to be evaluated with the MBC.

2.5.2 A mixed base threshold t of 15% most improves accuracy of the

mixed base classifier
We wanted to test whether the MBC could classify infections as < or > 155 days as accurately as

infections < or > 1 year [72]. Knowing that the number of mixed bases in a sequence implicitly depends
on the threshold t chosen for calling for mixed bases, we first examined the effect of varying this
threshold t on the performance of the MBC. Sequencing chromatograms were reinterpreted from the
NHRL training dataset by adjusting the base caller threshold t to identify mixed bases at 5%, 15%, 25%,
35% and 45% of the area of the dominant peak. The agreement between the proportion of mixed bases
and stage of infection was evaluated using ROC curve analysis, which plots the true positive rate of the

new test (sensitivity) against its true negative rate (1-specificity). The threshold t that maximizes the
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area under the curve (AUC) represents the best classifier setting. The AUC for different thresholds t
ranged from 0.702 (95% Cl: 0.597-0.806) to a maximum of 0.802 (95% Cl: 0.706-0.897, Figure 2.2) for a
threshold t of 15%, i.e. secondary peaks accounting for at least 15% of the dominant peak should be
called as mixed bases. The MBC t =15% yielded a sensitivity and specificity of 78.8% and 80%,

respectively, in distinguishing recent from established infections. At this threshold T =15%, only a small

proportion of sequences (14.6%) continued to be misclassified.
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Figure 2.1: Site-specific differences in entropy (AEntropy) were calculated between recent and

established infections in the full training dataset, both in nucleotide (A) and in amino acid (B) sequences.

Site-specific AEntropy are color-coded: red represents significant differences; blue represents non-

significant differences.
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Table 2.1: Alignment sizes s for the categories of sites evaluated with the MBC at the amino acid
(AA) and nucleotide (nuc) levels

Alignment Full True AE+ AE+ AE+ AE+ HLA+ Pos HLA+

name Sequence Increase Nuc Nuc. AA AA. Pos
Sig Sig

SAA 435 311 104 78 26 85

Shuc 1305 551 356 50 933 312 234 78 255

NoTeEs—Four entropy-based measures are listed: sites which increased in entropy in nucleotide (AE+Nuc)
and amino acid sequences (AE+AA), and sites which significantly increased in entropy in nucleotide
(AE+Nuc.Sig) and amino acid sequences (AE+AA.Sig). Sites previously shown to be HLA-associated
(HLA+); sites inferred under positive selection (Pos); and a combination of both (HLA+Pos+) are also
shown.
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Figure 2.2: A mixed base threshold r of 15% most improves prediction of recent infections.
The threshold r for calling mixed bases was varied from 5 to 45% in SeqScape to generate a hew
alignment each time. For each threshold r, the mixed base classifier (MBC) was evaluated through ROC
analysis.
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2.5.3 An entropy-based approach can increase sensitivity and specificity

of the MBC
With this optimal threshold Tt =15%, we explored whether the sensitivity and specificity of the MBC

could still be improved. We used the full training dataset (n=333) to identify which sites were most
important for predicting whether infections were recent or established by comparing the performance
of the categories of sites in 11 derivative datasets (Table 2.1). The threshold t could not be varied for all
sequences in the full training dataset, because chromatograms were not available, but T was known to
have been set between 15% and 20%. When full sequences were analyzed, the frequency distribution of
mixed bases differed significantly between recent sequences and established sequences (0.22% and
1.28%, on average, respectively; Kolmogorov-Smirnov test, p < 0.001). ROC analysis indicated that y;s5 =
0.45% was the optimal cutoff, such that sequences would be classified as recent if they contained fewer
than 0.45% mixed bases, and as established otherwise. At this y;55 cutoff, the MBC achieved a sensitivity
of 77.8% and a specificity of 81.9% (AUC = 0.878) in distinguishing recent from established infections.
Performance of the MBC was further increased in four of the derivate datasets tested: True+, AE+ AA
and AE+ AA.Sig and AE+Nuc (Table 2.2). Among these, the AE+Nuc sites, which included only 25% of the
sequenced nucleotide positions, provided the best improvement in the ability of the MBC to correctly
classify recent from established infections. Concentrating on those nucleotide positions alone, we were
able to increase the sensitivity to 85.2% and specificity to 83.5% (AUC = 0.906), at a mixed base cutoff
Viss = 0.82%. While the negative predictive value was increased from 0.82 to 0.86, the positive predictive

value increased from 0.80 to 0.83 as compared to using full sequences.

2.5.4 HLA-associated sites and sites under positive selection are not

sufficient to predict recent infections
HIV is known to diversify under intense selective pressure early in infection from both the innate and

adaptive immune responses [75, 176]. We therefore investigated whether focusing on HLA-associated
sites, or on other sites inferred to be under positive selection, increased the predictive power of the
MBC. Neither category of sites alone improved the sensitivity and specificity of the MBC as compared to
the full sequence (Table 2.2). Nevertheless, sites under positive selection (Pos) yielded a surprisingly
high AUC of 0.802, given that these sites covered only 6.4% of the alignment (28/435 amino acid sites).
A combination of HLA+ and Pos sites increased performance beyond either category of sites alone (AUC

=0.858), but not beyond the MBC using full sequences. Although both HLA-associated and positively
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selected sites associated weakly with sites increasing in entropy (Fisher’s exact test, p = 0.013 and p

=0.037, respectively), these categories of sites were insufficient for optimal MBC performance.

Table 2.2: MBC performance of each category of sites in the full training dataset.

Alignment  Full True AE+ AE+ AE+ AE+ HLA+  Pos HLA+
name Sequence Increase* Nuc* Nuc. AA.* AA. Pos+
Sig Sig*

Best cutoff  0.45 0.90 0.82 1.00 0.50 0.54 0.71 0. 64 1.10
Yiss (%)

AUC 0.878 0.899 0906 0.843 0890 0.899 0.849 0.802 0.858
Sensitivity 0.827 0.846 0.852 0870 0.852 0.889 0.796 0.809 0.870
Specificity 0.788 0.747 0835 0.759 0.776 0.782 0.788 0.747 0.712

Notes—Four entropy-based measures are listed: sites which increased in entropy in nucleotide (AE+Nuc)
and amino acid sequences (AE+AA), and sites which significantly increased in entropy in nucleotide
(AE+Nuc.Sig) and amino acid sequences (AE+AA.Sig). Sites previously shown to be HLA-associated
(HLA+); sites inferred under positive selection (Pos); and a combination of both (HLA+Pos+) are also
shown. * indicate categories of sites which outperformed the full sequence.

2.5.5 All three codon positions are informative for distinguishing recent

from established infections
About 70% of the mutations at the third codon position are synonymous (do not lead to changes in the

amino acid chain) while most mutations in first and all mutations at second positions are non-
synonymous. We examined whether measuring mixed bases at each codon position, reflecting either
synonymous or non-synonymous diversification, improved the discriminatory power of the MBC.
Overall, restriction of the analysis to individual codon positions did not improve MBC performance
(Figure 2.3). The best performance was achieved with 3rd codon positions, yielding an AUC of 0.872, but
there was little difference between codon positions. It appears that mixed bases at all three positions
contribute to diversification with stage of infection suggesting that mixed bases resulting from both
synonymous and non-synonymous mutations can contribute information for timing of infection

classification using the MBC.
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Figure 2.3: Mixed base classifier (MBC) AUC-performance at individual codon positions. In
gray, based on the full training dataset, hatched gray, separate analysis of codon positions 1, 2 and 3
(CP1, CP2, CP3).

2.5.6 Evaluation of the concordance between MBC and BED results
Finally, the MBC was compared to BED using the BED dataset. 1354 serum specimens were classified by

BED as 440 recent and 914 established. At a 15% threshold t for calling mixed bases, the average
proportion of mixed bases was 0.852% per site for established infections and 0.346% for recent
infections. Mixed base frequency distribution differed significantly between the two groups
(Kolmogorov-Smirnov test, p < 0.001). Using full sequences and yiss = 0.45%, the MBC and BED agreed
on the classification of 909/1354 samples (67.13%). Of 445 discordant samples, three quarters were
‘established’ by BED but ‘recent’ according to the MBC. When the AE+Nuc sites determined in the full
training dataset and its yi55 = 0.82% cutoff was used, agreement between the BED assay and the MBC
increased to 68.98% (Figure 2.4).While using all sites or the AE+Nuc sites fared equally well in classifying
BED recent samples, the AE+Nuc was better able to exclude BED established samples from being
classified as recent. Therefore the frequencies of mixed bases at the AE+Nuc sites were higher in BED
established sequences. Nevertheless, the highest proportion of discordant results was found among

specimens classified as established by BED but recent by the MBC.
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Figure 2.4: Performance of the mixed base classifier (MBC) in the BED dataset. Of 1354
samples, BED testing classified 440 as recent (R), and 914 as established (E). Using full sequences and
the y155 = 0.45% cutoff, the MBC correctly classified 328 of the recent sequences and 581 of the
established sequences (numbers in plain). When the AE+Nuc sites determined in the full training dataset
and its yi55 = 0.82% cutoff was applied, the MBC continued to correctly classify 328 of the recent
sequences, but the number of correctly classified established sequences increased to 606 (numbers in
bold).

2.6 Discussion

In this study, we found that among a precisely timed cohort, stage of HIV infection can reliably be
inferred from the number of mixed bases identified during population-based sequencing of the po/
region, consistent with the work of others [72, 177-179]. In addition, we were able to improve the
resolution of the MBC and to reliably resolve infections < or > than 155 days, as opposed to the 1-year
threshold used by Kouyos et al. [72]. Indeed, at a mixed base y;55 = 0.45% cutoff, the MBC was able to
classify infections as <155 days with a sensitivity of 81.5% and a specificity of 78.9%. This re-calibration is
crucial as both historical and current estimates of incidence in many Canadian [180] and international

studies [181] classify only infections < 6 months as recent. As risk of HIV transmission is elevated early in
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infection due to high viral load levels [19], being able to reliably classify infections as occurring within

155 days can offer greater value to understanding HIV transmission dynamics.

We were able to optimize the performance of the MBC by varying the threshold t for calling mixed bases
during Sanger sequencing. The universal application of MBC classification depends on the calibration of
sequencing instruments and base-callers across laboratories [72]. There is no clear standard for the
threshold at which mixed bases are called. Furthermore, both intra and inter laboratory variability is
further exacerbated by the manual review of sequences that is accepted as a component of the
genotyping process. A mixed base threshold t of 15%, available in both SeqScape and Trugene,
performed best in the MBC. Manual editing was not carried out on any sequences in this analysis, out of
concern of introducing further bias. External validation of any MBC method, including ours, would
benefit from the use of an expert base-calling system such as ReCall which has been shown to provide

consistent base-calling that mimics expert human review [182].

We next explored whether certain categories of sites offered greater discriminatory power to tell recent
from established infections, and if the elimination of irrelevant “genetic noise” could improve predictive
power of the MBC. We addressed this question by analyzing the three codon positions separately, by
examining sites that are under positive and immune selective pressure and by focusing on sites that
increased in entropy. Careful analysis of codon positions revealed that, although the third codon
position contained most of the information relevant to the MBC, the predictive power of the MBC was
reduced when using individual codon positions compared to using the full sequence. We then tested
whether HLA-associated sites, known to diversify rapidly after transmission [75, 176], were informative.
Applying the MBC to the sites under HLA selection did not improve the resolution of the classification of
the stage of infection. It is possible that although variability at these sites initially increases under
adaptive immune pressure, continued selective pressure ultimately results in a reduction in the number
of mixed bases. In contrast, the performance of the MBC was improved by focusing on those 25% of
sites among which an increase in entropy was found between recent and established infections. By
including only those sites that increased in entropy, the optimized classifier reached a sensitivity and

specificity of 85.2% and 83.5%, respectively.

Our results are consistent with the idea that as HIV infection progresses, the combined effects of rapid

viral demographic expansion and diversifying selection pressure [69] result in the accumulation of mixed
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bases at both synonymous and non-synonymous positions. Diversification at all three codon positions, in
the absence of preferential selection of the mostly synonymous 3rd positions, is quickly followed by an
adaptive phase, mostly from immune-mediated selection pressure at HLA-associated sites. Given that
changes in the viral genome in the early stage of HIV infection are the result of both neutral and
adaptive evolution [69], it is not surprising that the best MBC optimization was achieved using our
entropy-based approach that captures both forms of evolution. Future work should validate our list of
entropy-identified, highly informative sites, and determine the functional significance of those that were

not HLA-associated.

Focusing only on AEntropy sites was more consistent with the results from BED testing than an MBC
analysis based on full sequences. However, the optimized MBC could only achieve a concordance of 70%
with the BED. The high frequency of mixed bases observed in sequences classified as recent by BED is
consistent with the assay’s tendency to over classify infections as recent [183] and may partially explain
the lack of agreement between the two methods. As estimates of BED success vary widely [184, 185], it
is possible that the lack of observed concordance on a per specimen basis is reflective of the less than
perfect performance of BED in predicting recent infections. Unfortunately, due to the lack of serology
positive specimens, it was not possible to run the BED assay on the precisely timed test datasets used in
the validation of the MBC. This being said, the widespread reporting of BED results in the scientific
literature means that the reconciling of BED results with the MBC and other incidence measurements

remains an important, albeit challenging, endeavor.

There is a global need for methods that allow for the correct classification of HIV infections as recent or
established. In the absence of a clear gold standard, the sensitivity and specificity of the MBC on a
precisely timed dataset is comparable to other assays used to classify recent infections. Our results add
to a growing body of evidence that the MBC may be considered as a potential addition to the public
health toolbox for the identification of recent infections. A significant advantage of the MBC method is
that no additional laboratory work needs to be performed beyond the genotyping performed for clinical
or surveillance purposes. A mixed base counter, freely available, has been implemented in DAMBE [173],
and the cutoff y,55 identified in this study can be directly applied to existing pol sequences generated for
subtype determination and the estimation of the emergence rate of drug resistance. Standardization of
an MBC threshold for identification of mixed bases could lead to the re-evaluation of existing

longitudinal sequencing databases to create new potential models of HIV transmission patterns.
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Although our findings are compelling, there are several limitations to our analysis. Most importantly,
even the optimized MBC misclassified 16% of validated recent infections. This may in part be due to an
inability to optimize the threshold t for calling mixed bases in the full training dataset, as
chromatograms were not available for 237 specimens. In addition, 18% of the validated established
infections in the test dataset contained less than 1% mixed bases, resulting in misclassification. It is
possible that the slight decrease in genetic diversity in advanced HIV infection [167] may compromise
the classification of some established infections by the MBC. This last point is somewhat ironic in its
convergence with the similar limitation of the BED assay. Indeed as patients progress to advanced stages
of infection HIV-specific antibodies drop causing BED to misclassify such samples as recent [164]. A
principal component analysis, that would incorporate both the MBC as well as results from laboratory
assays, such as the BED, or clinical information, may further improve our ability to correctly classify

infections.

It is notable that the cutoff y;s5 of 0.45% for classifying recent and established infections at six months is
close to that previously demonstrated for classification at one year (yss5s = 0.5%), suggesting that
mutations accumulate much faster during the first six months of infection than later during infection.
This is consistent with the notion that mutations accumulate at a decreasing rate over the course of
infection [72]. Such a result implies that it may easier to classify recent and established samples for time

points earlier than six months.

The sequences used in this study represent a fairly heterogeneous group of early and late infections. The
late infection sequences were obtained from individuals who were infected anywhere from 156 days to
more than three years prior to the sample being drawn. Furthermore, the early infection group
consisted of both very early infections from patients identified as p24 positive prior to seroconversion as
well as from individuals who were identified as recently infected based on discordant HIV tests
separated by up to 155 days. Despite this heterogeneity, the optimized MBC performed extremely well
on the precisely timed dataset. As more sequences collected over a continuous time frame become

available, the MBC could be further tested and refined.

In conclusion, we have validated the utility of MBC for a 6-month threshold, and have optimized its
predictive ability by focusing on sites that increase in entropy during the course of the infection. Sanger

sequencing is slowly being replaced by next generation sequencing technologies which are better suited
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to quantifying population genetic diversity. Our laboratory is currently investigating the ability of
estimates of genetic diversity obtained through pyrosequencing of HIV samples to predict stage of

infection.
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Chapter 3

Adaptive Selection of HIV at HLA
Epitopes is Associated with Ethnicity

in Canada

3.1 Abstract

Host immune selection favors the development of mutations in HIV that allow immunologic escape.
Specifically, the human leukocyte antigen (HLA) induces HLA-associated mutation patterns that are
allele-specific. As ethnic groups have distinct and characteristic HLA allele frequencies, we can expect
divergent viral evolution within ethnicities, but this pattern has never been documented before. Here,
we sequenced and analyzed subtype B HIV pol genes from 1248 individuals from 5 ethnic groups in
Canada. Phylogenetic analysis showed no separation between pol sequences from different ethnic
groups, yet Fsr values showed significant divergence between ethnicities. A total of 17 amino acid sites
showed an ethnic-specific fixation pattern (0.015< Fs;r <0.060, p <0.01), and 27 codons were inferred to
be under positive selection (p <0.01), with both strongly associated with HLA sites (p =1.78x10° and
p=1.91x107, respectively). Within the pol gene, eight sites were HLA-associated and were correlated
with ethnicity, indicating ‘adaptive divergence’ between the groups studied. Our results emphasize the
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importance of collecting ethnicity data when carrying out HIV/ HLA genetic association studies in

ethnically heterogeneous populations such as in Canada.

3.2 Contributions

This work was presented at the Robert Cedegren Bioinformatics Colloquium in November 2010, where it

received a prize, and at the 18th International HIV Dynamics and Evolution conference in May 2011.

Isabelle Joanisse, Harriet Merks, Dominic Vallée and Kyna Caminiti amplified and sequenced all the
samples. Nicolas Petronella provided a Perl script for conversion of amino acid frequency data to
Arlequin format. The idea to look for mutation patterns in the sequences was mine and | conducted all
the analyses. Stéphane Aris-Brosou and James Brooks offered their guidance and support throughout

the project. | wrote the first draft of the manuscript and they both revised and edited it.

3.3 Introduction

Immune-mediated selection pressure is one of the strongest forces driving HIV evolution. Specifically,
the human leukocyte antigen (HLA) genes encode cell-surface proteins that bind and display antigenic
epitopes cleaved from viral proteins. Epitope display initiates the cytotoxic T lymphocyte (CTL) response
and the destruction of HIV infected cells. However, HLA proteins are able to display only epitopes to
which they bind tightly. Consequently, amino acid replacements within HIV epitopes can interfere with
the CTL response by decreasing the efficiency of epitope binding, disrupting the intracellular processing
of epitopes or impairing recognition by T cells. Thus, the incredibly high evolutionary rate of HIV [186],
combined with strong selective pressure, permits immune escape through the mutation of sequences

that are targeted by the CTL response [73-75].

HLA alleles are extremely diverse, each allele allowing binding to a specific set of viral epitopes.
Therefore, HIV escape mutations are HLA-allele specific and, among hosts who share HLA alleles, HIV
can evolve convergently at HLA-associated sites [77, 187, 188]. Concordantly, the frequency of HLA-
associated polymorphisms in circulating HIV isolates has been shown to reflect the prevalence of HLA
alleles in different populations [80]. Links between HLA alleles and the HIV mutation patterns they
generate have been established by multiple large scale association studies on cohorts for which both

HLA allele data and viral sequences are available [77, 78, 187, 189-191]. In the largest study of its type,
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Brumme et al. mapped polymorphisms due to HLA immune escape across HIV genome sequences within
a multi-center cohort of over 1500 HIV patients (International HIV Adaptation Collaborative, or IHAC)
from the USA, Canada and Australia [77]. In a subsequent study, John et al. noted that, in view of HLA
alleles being differentially distributed across ethnic groups, ethnicity data should be included as a
variable for analysis, as well as HLA type and viral polymorphisms. Among the ethnically diverse USA
population, ethnic-specific selection patterns were observed even between HLA variants that bind

similar epitopes (HLA supertypes) [188].

Like the American HIV epidemic, the Canadian HIV epidemic is ethnically heterogeneous. According to
surveillance data reported in 2008 and for which ethnicity data was available, 44.3% of HIV cases were
Caucasian, 33.3% Aboriginal, 11.6% African-Caribbean, 4.5% Asian, and 4.1% Latin-American [3]. Of
particular note is the over-representation of Aboriginals in the Canadian HIV epidemic, estimated to
account for 8% of prevalent infections [192] but only 4% of the population [193]. Populations studies in
the USA have shown that HLA allele frequencies differ significantly between the five major ‘outbred’
ethnic groups: African-Caribbeans, Asians, Caucasians, Native Americans and Latin-Americans [79, 188].
To gain insight into the forces driving the evolution of the HIV epidemic, we sought to investigate
whether HIV sequences coming from different ethnic groups in Canada exhibited characteristic mutation

patterns resulting from shared host-driven selective pressures.

In the studies cited above, HLA allele frequency data were used to examine HIV evolution, but such data
are currently not available for the Canadian population. However, Perez-Sweeney et al. recently
developed a method to compare host selection pressure between populations in the absence of HLA
allele frequency data [194]. In order to examine host selective pressure exerted by patients from
different ethnic groups, we compared site-specific frequencies of amino acids in HIV pol sequences.
Using this method, we show that HIV sequence patterns are divergent between ethnic groups at 8 sites
under positive selection, shown in other studies to be under HLA-associated immune pressure. We
therefore conclude that HIV is evolving convergently within ethnic groups at these sites in response to

shared HLA alleles.
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3.4 Results

3.4.1 Epidemiological characteristics of the study population
In order to maximize the probability that observed mutation patterns were associated with the genetic

background of the patient currently infected, and were not polymorphisms acquired upon transmission,
we chose to include only samples from long-term infections (older than 155 days), as determined by the
capture enzyme immunoassay or BED-CEIA test [103]. In the present analysis, sequences from 1248
ethnicity-typed subtype B samples, from established infections, were included. Sequences were
separated into five ethnic groups (Table 3.1): Caucasian (907, 72.68%), Aboriginal (179, 14.34%), African-
Caribbean (23, 1.84%), Asian (81, 6.49%) and Latin-American (58, 4.65%). The 1239 bp (413 amino acids)
sequenced pol fragment encompasses the entire protease region (PR, 297 bp, 99aa) and the first 942

nucleotides of the reverse transcriptase gene (RT, 314 aa).

Table 3.1: Epidemiological characteristics of the population

Aboriginal African- Asian  Caucasian Latin- All
Caribbean American ethnicities

Sex Female 173 9 6 105 3 1049
Male 105 14 75 801 54 196
Other/ 1 0 0 1 1 3
unknown

Age <20 3 0 0 4 0 7
20-29 33 3 18 129 23 206
30-39 67 12 34 255 17 385
40-49 62 4 16 326 12 420
>50 14 4 13 193 4 228
Other/ 0 0 0 0 2 2
unknown
Mean 37.39 39.74 37.99 41.57 34.77 40.40

Exposure

category MSM 21 6 47 448 35 557
MSM/IDU 7 1 1 33 0 42
IDU 95 2 6 226 5 334
HET 46 10 23 172 14 265
Other/ 19 6 5 56 6 92
unknown

Total 179 23 81 907 58 1248

Notes—MSM men who have sex with men, IDU intravenous drug users, HET heterosexual.
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3.4.2 Viral divergence cannot be explained by phylogenetic history
Because observed sequence patterns could be due to founder effects and phylogenetic clustering

among ethnic groups, we first wanted to exclude sequences showing an association between
phylogenetic tree topology and ethnicity. A maximum likelihood (ML) tree containing 1272 sequences
was first constructed with FastTree 2.1 [195] under the most appropriate model selected by jModelTest
[196], which was the general time reversible model with among-site rate heterogeneity (GTR+l). Two
apparent within-ethnicity clusters of sequences were removed, and ML tree reconstruction was
repeated on 1248 sequences. The APE package [197] implemented in R [198] was then used to sample
subtrees randomly across the tree for further Bayesian phylogenetic analysis in BEAST [132]. Seven
subtrees containing 88-161 sequences were sampled, covering 66.4% of the tree (829/1248 sequences).
Subtrees were then tested for clustering of ethnicities in BaTS (Figure 3.1, Supplementary Figure 3.1 for

all other subtrees) [199].

Within each subtree, terminal nodes were annotated with our character of interest (ethnicity) and we
tested whether the distribution of ethnicity on the phylogeny was non-random. Association indices and
parsimony scores both indicated an absence of phylogenetic clustering by ethnicity groups in any of the
subtrees (Figure 3.2). Therefore, sequences from ethnic groups were no more clustered on the final tree
than expected by chance, and we could proceed with testing whether pol sequences nevertheless

showed evidence of ethnic-specific mutation patterns.

3.4.3 Seventeen sites in pol are divergent between ethnicities
In spite of this lack of shared viral ancestry within ethnic groups, an analysis of molecular variance

(AMOVA) [200] of 413 amino acid sites in the pol region demonstrated significant divergence in amino
acid composition between ethnicities at 17 sites (p < 0.01; Supplementary Figure 3.2). Divergent sites
were highly polymorphic, as compared to the rest of the pol sequence, and their average entropy was
seven times higher (0.28 and 0.04; respectively, p < 5x10°). The extent of population differentiation at
these sites was measured through the fixation index (Fsr [201]). Fsr quantifies the proportion of the
observed variation that is contained within the subpopulation (‘S’, here, ethnic group) as compared to
the total population (‘T’). Measured in this way, population differentiation could either be indicative of
divergence in amino acid composition between all groups, or could point to a deviation within a single

ethnic group. Significant Fs; values (at the 1% level) ranged from 1.5% to 6.0%, signifying that at sites
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that are divergent between groups, ethnic subgrouping accounted for up to 6% of the observed
variation. At all but two of these 17 sites the most common amino acid was conserved across ethnic
groups; only the frequencies of amino acids differed between groups. The highest Fs; values were noted
at sites where the most prevalent amino acid differed between ethnicities, PR93 (Fs; =0.060) and RT277

(Fst =0.052, Figure 3.2; Supplementary Figure 3.2).
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Figure 3.1: Phylogenetic subtree 2. The phylogenetic relationships between taxa in the subtree were
reconstructed in BEAST for subsequent analysis in BaTS. For graphic visualization, a maximum clade
credibility tree was generated in TreeAnnotator and annotated in FigTree.
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Table 3.2: Results from the analysis of seven subtrees in BaTS

n Al p PS p

Subtree1 161 8.43 0.09 50.33 0.25
Subtree2 118 5.06 050 24.74 0.32
Subtree 3 152 770 015 44,53 0.12
Subtree 4 99 3.92 0.25 21.05 0.07
Subtree 5 88 3.72 0.70 15.98 1.00
Subtree 6 91 2.52 0.22 12.95 0.08
Subtree 7 121 4.71 0.85 22.89 0.36

Notes—n is the number of sequences in each subtree. The results of two statistics are shown: Al
association index and PS parsimony score. p values > 0.05 indicate that sequences are not clustered by
ethnicity in the subtrees.
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Figure 3.2: Amino acid frequency distributions at sites PR93 and RT277. For each ethnic group,
the frequencies of alternative amino acids are shown for one site in protease (PR) and one in reverse
transcriptase (RT). Amino acids represented are: leucine (L), isoleucine (1), glutamine (Q), arginine (R)
and lysine (K). Fstvalues at PR93 and RT277 are 0.06 and 0.0521, respectively. Notation of ethnicities is
as follows: Aboriginal (Ab), African Caribbean (AC), Asian (As), Caucasian (Ca), and Latin American (LA).
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3.4.4 Divergent sites are strongly associated with HLA sites and sites

under positive selection
In order to understand the origin of this differentiation at viral sites according to ethnicity, we further

investigated the role of HLA-driven convergent selective pressures. Based on the literature, 78 sites
known to be HLA-associated (HLA+) were mapped across the sequenced pol region [77]. In parallel,
using the Single Ancestor Counting algorithm in HyPhy [174], 27 codons were inferred to be under
positive selection (Pos+, p <0.01). As most selective pressure in HIV is immune-mediated [78], we
expected HLA+ and Pos+ sites to be strongly associated, which was indeed the case (p =2.93x10™,

Fisher’s exact test, Figure 3.3) [174].

HLA
Total: 78

p=1.91 x 10”7
p=2.93 x 103

g/

Divergent between ethnic
groups
p=1.78x10° Total: 17

Positive selection
Total: 27

Figure 3.3: Overlap between sites of interest. Of a total of 413 amino acid sites, considerable
overlap is observed between HLA-associated sites, sites under positive selection and sites divergent
between ethnicities. Associations were tested using Fisher’s exact test. Note that all three tests take into
account the 7 sites in the center of the diagram.

Sites divergent between ethnicities were also strongly associated with both HLA+ (p=1.91x10”, Fisher’s
exact test) and Pos+ sites (p=1.78x10"®, Fisher’s exact test, Figure 3.3). Eight codons were both divergent

between groups, and inferred to be under positive selection: PR35, PR93, RT135, RT162, RT245, RT277,
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RT293 and RT297 (Supplementary Figure 3.2). When sequences from each ethnic group were analyzed
separately, sites under positive selection differed between groups (Supplementary Figure 3.2).
According to the definition put forward by Perez-Sweeney et al. [194], these sites can be considered
“adaptively divergent”, i.e. selective pressure differs at these codons between the groups studied. Of
these, all except RT293 were also on the list of HLA-associated sites produced by Brumme et al.,
suggesting that the observed selection pressure is the result of HLA alleles differentially distributed
across ethnicities. Moreover, fifteen additional sites were HLA+ and Pos+, although not divergent
between ethnicities. These sites appear to be under strong HLA induced selection pressure within the
Canadian population, in response to HLA alleles shared among the different ethnic groups examined.
Finally, six sites were divergent between groups, and HLA+, but not Pos+ (Figure 3.3). These sites could
either be false positives due to low frequency haplotypes, or false negatives not detected by the codon

model.

3.5 Discussion

The main aim of this study was to characterize HIV sequence diversity and evolution in the ethnically
heterogeneous Canadian epidemic, in the absence of HLA data. We first demonstrated that HIV
sequences from patients of diverse ethnic origin showed distinctive mutation patterns, but that these
patterns were not associated with viral ancestry. Further analysis confirmed that, although small in
number, divergent sites were strongly associated with sites known to be under HLA selective pressure.
The five ethnic groups studied had previously been demonstrated to have characteristic HLA allele
frequencies [79]; we therefore suggest that HIV has evolved convergently at these sites within ethnic

groups because of shared HLA alleles.

Although not included in the initial list of HLA sites used, our data showed that RT293 was divergent
between ethnicities and under positive selection [77]. This site has, however, been identified to be
under HLA immune pressure in a subsequent HIV/HLA genetic association study performed in Mexico
[189]. Because amino acid frequencies at this site differed between ethnicities and positive selection

was detected, we suggest that selection pressure at this site is indeed HLA-driven in Canada.

Understanding the forces shaping HIV genetic diversity is crucial to surveillance efforts and for the

control of the HIV epidemic. It is clear that HLA alleles, and thus ethnicity, are strong forces shaping the
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evolution of HIV [78, 81]. The role of ethnicity is particularly important in Canada where a single ethnic
group, Aboriginals, is disproportionately affected by the HIV epidemic. Although most risk factors are
behavioral [202, 203], recent evidence suggests there may be a genetic basis to HIV susceptibility among
Aboriginals due to HLA alleles. Specifically Keynan et al. identified high rates of HLA allele B35 among
Aboriginals [204]. B35 is known to cause faster disease progression [205], which could explain the higher
proportion of AIDS diagnoses made in Aboriginals [180]. Meanwhile, in newborns, the B35 allele has
been shown to increase risk of HIV acquisition from their mothers [206], so in this way B35 may also
confer susceptibility to HIV through sex or shared needles. In addition, the B57 allele, which is
associated with low viral loads [207] and thus reduced transmission risk [10], was found by Keynan et al.
to be at a lower frequency among Aboriginals . Consequently, there is ongoing research in Manitoba
investigating the role of HLA alleles in disease progression and their contribution to risk of transmission

among Aboriginals (Canadian HIV Trials Network CTNPT 004).

Our results reconfirm the recommendation of Carrington et al., that studies examining the effects on
HLA alleles on HIV evolution require large populations, viral phylogenies, HLA types and information on
patients’ ethnic background [208]. In John et al., high-resolution HLA typing (to four digits) was used to
decipher the effect of HLA alleles on HIV evolution. At this level of resolution, different allele frequencies
were found between ethnic groups studied, resulting in diverse HLA-associated mutations in HIV even
within HLA supertypes. In our study, different HLA-associated mutation patterns were identified

between ethnic groups, even in the absence of HLA data.

In HIV research, phylogenetics is used not only for the analysis of global historical evolution patterns,
but more recently for the molecular epidemiological analysis of patterns of transmission [209]. In this
context, part of the analysis consists in identifying “clusters” of closely related sequences, which
represent transmission chains. Clusters are strictly defined based on low intra-cluster distance (usually
0.015 nucleotide substitutions/site [109]) and high bootstrap values. The presence of HLA-driven
evolution across ethnicities has implications for the use of pol sequences for the reconstruction of
transmission events, due to artifactual HLA-driven clustering. Indeed, a recent publication highlighted
the role of HLA in driving the evolution of HIV clades and the resulting clustering identified by
phylogenetic trees [81]. From our study and others examining HLA induced mutations, it appears that
hosts who share HLA alleles, or more recent transmission events where HLA-associated sites have not

yet adapted to a new host’s genetic background, might be more likely to conform to this strict
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definition, and therefore more likely to be considered clusters. In contrast, sequences from related
infections where patients have different HLA types may more rapidly diverge. We are currently
investigating whether removing such convergent sites alters phylogenetic clustering at the population
level. In view of the present findings, we will also be evaluating whether such a cluster definition tends

to promote clustering among individuals of the same ethnicity.

Although our findings are compelling, there are several limitations to our analysis. Most importantly, the
HLA alleles expressed across our ethnic groups are not population-specific. In particular the Caucasian
group is likely to be of admixed origin, and to contain subpopulations with different HLA allele
frequencies. Concordantly, a larger number of sites under positive selection were observed among
Caucasians than in any other group. Moreover, distinct HLA alleles can drive the selection of the same
escape mutant [80], potentially obscuring a correlation between the two. Because of these limitations, it
was beyond the scope of this paper to establish links between the mutation patterns observed in HIV
and frequencies of HLA alleles in the different ethnic groups studied. However, despite the potentially
imperfect grouping in our analysis, statistical associations were found between mutation patterns and

ethnic groups, confirming that our analysis is robust.

Another limitation of this type of analysis is that HLA-associated mutation patterns in HIV may not
necessarily reflect the HLA background of the patient currently infected. Although HIV evolves rapidly
within a new patient to match his or her HLA type [210], usually during early infection [75], there is also
evidence that HIV may revert to wild type [211] or, in the absence of a fitness cost, maintain escape
mutants associated with the transmitter’s HLA type. In the acute stage in particular, an adaptation
profile specific to the newly infected individual may not yet have been generated. Instead, HLA-
associated sites may reflect adaptation to a previous HLA type. To avoid this issue, we used HIV
sequences only from patients classified as having established infections according to the BED assay, as

with time HIV is more likely to adapt to the new patient’s HLA type.

We have shown that HLA-associated mutation patterns differ across the ethnicities studied. These
observations support ongoing research investigating whether differences in HLA allele frequencies could
explain the susceptibility of Aboriginals to HIV. Furthermore, our study illustrates the importance of
incorporating ethnicity information to future HLA association studies in Canada. It may also be

important to consider HLA background and ethnicity when identifying clusters of related infections,
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because of convergence at HLA-associated sites. Finally, ethnic specific host influence on viral evolution
may prove important in vaccine development, as an effective vaccine will require targeting regions that

are reactive across groups.

3.6 Materials and Methods

3.6.1 Study Population

The Canadian HIV Strain and Drug Resistance Surveillance Program (SDR), receives serum samples from
all newly diagnosed, treatment-naive HIV patients in Canada. During sample collection, basic
epidemiological data including age, sex, ethnicity and exposure category are recorded. Between 2002
and 2009, 3648 samples were sent to the National HIV and Retrovirology Laboratory in Ottawa. The SDR

program has institutional research ethics board approval.

3.6.2 Laboratory analysis
For each sample, viral RNA was extracted and the HIV pol region amplified by RT-PCR for sequencing as

previously described [149]. Pol sequence fragments from different sets of primers were assembled in
BioEdit v7.0.4.1 [170]. Assembled sequences were translated for in-frame alignment to the NCBI HIV-1
subtype B reference genome (accession number: NC_001802) using TranslatorX [212]. Nucleotide
sequences were trimmed to identical length (1239 bp) and deposited in GenBank (accession numbers:
HM468499-HM469374). All sequence manipulations, such as nucleotide to amino acid translations,
were carried out in BioEdit. For each sequence, the subtype was determined by submission of pol to the
REGA HIV-1 Subtyping Tool v2.0 (http://dbpartners.stanford.edu/RegaSubtyping/). In addition, stage of
infection was determined for each sample as < or > 155 days (recent vs. established, respectively) using
the Calypte BED-CEIA™ (capture enzyme immunoassay). The BED-CEIA (or BED for short) measures the
proportion of IgG antibodies which are HIV-specific in a sample [103]. Only subtype B samples, which
account for the majority of infections circulating in Canada [101], and originating from established
infections, as determined by BED, were included in the present analysis. Sequences were divided into
five datasets based on ethnicity: Caucasian, Aboriginal, African-Caribbean, Latin-American and Asian, for

analysis.
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3.6.3 Phylogenetic analysis and character association
Phylogenetic interrelationships between 1272 sequences were reconstructed in FastTree 2.1 under a

GTR+I model, as selected by jModelTest. Two clusters of sequences for which there was an association
between ethnicity and phylogeny were removed from the dataset and the ML reconstruction was
repeated on 1248 sequences. Using the APE package in R, subtrees were randomly selected for Bayesian
phylogenetic analysis in BEAST. Sequence subsets were run in duplicate under a Bayesian Skyline Plot
model with 10 breakpoints and linear splines. Convergence was assessed in Tracer after 100 million
generations. After elimination of a burn-in period (10-20% of run), a posterior distribution of trees was
generated for analysis in BaTS. Terminal nodes were annotated with our character of interest, ethnicity,

and the non-random distribution of ethnicity was tested in each subtree.

3.6.4 Positive selection and population divergence
Sites previously identified to be under HLA-mediated selection [77] were mapped along sequences in

the alignment. Sites inferred to be under positive selection (p<0.01) were determined using HyPhy in
each ethnic group dataset. In datasets exceeding 50 sequences, the SLAC algorithm was employed [213].
The SLAC algorithm calculates observed numbers of non-synonymous (N) and synonymous (S) mutations
at each codon in an alignment, and compares these to expected numbers (E[N] and E[S]) in order to
estimate selection pressure (AN=N/E[N], dS=S/E[S]). A low dN/dS ratio (<1) indicates purifying selection,
while a high dN/dS (>1) suggests diversifying positive selection pressure. In datasets <50 sequences,
both the FEL and REL algorithms were used, and only sites appearing in both lists were considered to be

under positive selection (as recommended by the HyPhy user manual).

Site-specific entropy values for each amino acid within the alignment were calculated using the Los
Alamos Entropy Tool (http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html).
Entropy is a measure of the variability at each position in an alignment; a site with high entropy is highly

variable.

Finally, population divergence between ethnic groups was measured at the amino acid level by
calculating the Fixation Index (Fsr) using an analysis of molecular variance, as implemented in Arlequin
v3.5.1.2 [214]. The significance of the input genetic structure (here, ethnic groups) is tested by
permuting haplotypes between populations and recalculating all statistics to estimate their null

distribution. In order to calculate Fsr, positional amino acid frequency data were generated in BioEdit
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and transformed into a format readable by Arlequin using an in-house Perl script (available upon

request).

In order to determine whether sites that were divergent between ethnic groups were associated with
sites under positive selection and HLA-associated sites, we used Fisher’s exact test. All statistical

analyses were carried out in SPSS [175].
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Supplementary Figure 3.1: All the subtrees. Maximum clade credibility reconstructions for all six
remaining subtrees evaluated in BaTS. Taxa are colored by ethnicity: Aboriginal (Ab, green), African
Caribbean (AC, orange), Asian (As, pink), Caucasian (Ca, blue), Latin-American (LA, red). (A)
subtree 1, (B) subtree 3, (C) subtree 4, (D) subtree 5, (E) subtree 6, (F) subtree 7.
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Supplementary Figure 3.2: Sites of interest in the pol sequence. Only amino acid sites that are HLA-associated (in blue, 78 sites),
positively selected (pink, 27 sites) or divergent between ethnicities (green, 17 sites) are shown. The top line indicates position in protease (PR)
and reverse transcriptase (RT) in the reference sequence HXB2. The second line is the amino acid in HXB2. For sites divergent between

ethnicities, amino acids are displayed in order of frequency. HLA alleles driving selection at each HLA-associated site are displayed in the bottom
line.
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Chapter 4

Conclusions and Future Directions

4.1 Can evolutionary approaches solve the HIV epidemic?

The year 2011 marks 30 years since the first AIDS diagnosis. After HIV was identified as the etiological
agent of AIDS, researchers and politicians promised the world a vaccine and a cure would be available
within a year. It turned out, however, to be much more complicated than anticipated, in part because of

the extraordinary adaptability of HIV.

However, this great ability of HIV may also be the key to its demise. In recent years, evolutionary
analyses have yielded an incredible amount of information about HIV which can be used to prevent new
infections. Resolving the origin of HIV has made it possible to monitor regions of the world where
zoonotic transmissions occurred to prevent new cross-species events [54]. Applying phylogenetics to
transmission networks has isolated the factors most strongly associated with transmission, so that
prevention campaigns can be better targeted [215]. In treated patients, drug regimens tailored to HIV
sequences prevent treatment failure due to drug resistance. In fact, no study on new antiretrovirals or

on a vaccine is complete without an evolutionary component.

The fastest moving field of scientific research is the interface between biology and engineering. HIV and
other rapidly evolving viruses such as influenza are particularly suited to this type of analysis. Combined

with technologies such as GPS and 3D imaging, real-time monitoring and tracking systems have been
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developed based on genetic sequences. Thus, the spread of epidemics can be visualized; potentially

highlighting new possibilities for prevention [216, 217].

In this thesis | used a bioinformatic approach to address two problems. | first developed a tool to

distinguish recent from established infections based on genetic sequence. Then, focusing solely on
established infections, | examined mutation patterns in HIV that were shared by hosts of the same
ethnicity. Both studies used minimal information in addition to sequences, as the SDR collects only

limited epidemiological data and no clinical data. Nevertheless, both studies yielded important results.

In Chapter 2, | developed a classifier that distinguished between infections < or > 155 days based on the
proportion of mixed bases in pol sequences generated during population-based Sanger sequencing. The
correct identification of recent infections is crucial because of their contribution to onward
transmissions and for the calculating of incidence rates. The mixed base classifier (MBC) put forth by
Kouyos et al in their groundbreaking publication earlier this year distinguished infections < or > 1 year
[72]. Our re-calibration is in better concordance with the more standard 6-month threshold. We were
further able to improve the performance of the MBC. Using an entropy-based approach, we identified
sites more likely to contain mixed bases in established infections, and using these sites alone in the MBC
radically improved its specificity. The MBC performs as well as laboratory-based assays to identify recent
infections, and can be carried out at no additional expense on pol sequences. However, just like the
other tools available, the MBC does not achieve a sensitivity and specificity of 100%. Indeed, a problem
may remain for pol sequences from patients in advanced stages of infection. The MBC would
hypothetically misclassify these infections as recent because genetic diversity is known to decrease.
However, stage of infection in this case would be evident to a trained physician, or by measuring CD4
levels. As discussed in Chapter 2, further studies should therefore test the MBC in combination with
other tools, or by incorporating clinical data. Moreover, if the sites detected here are shown to improve
MBC performance in other datasets, future work should also focus on identifying the function of those
that were not HLA-associated, and on elucidating the pressures resulting in their diversification during

the course of infection.

In Chapter 3, | identified differences in pol sequence patterns across five major ethnic groups in Canada.
The characterization of HIV epitopes in circulating isolates is essential for the correct selection of vaccine

epitopes appropriate for the epidemic at hand. Furthermore, an understanding of HLA allele diversity
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across the country is crucial to ensure any vaccine developed will be broadly reactive across hosts.
Future work in this area would hopefully take into account the results presented here, and incorporate
ethnicity information to HLA/HIV genetic association studies, as discussed in Chapter 3. This is of
particular importance in Canada, where a single ethnic group, Aboriginals, is so disproportionately
affected by the HIV epidemic. In addition, characterizing HLA alleles and the escape mutants associated
with them may also prove important if drug regimens become tailored to host genetic background. For
example, personalized HAART regimens in the future might include supplements targeting HLA escape
mutants predicted from patients’ HLA alleles. Already, screening is conducted for the allele HLA B*5701

because of its known association with hypersensitivity to the antiretroviral abacavir.

As well as the specific applications of the results in each chapter, this thesis as a whole highlights the
wealth of information contained within viral sequences. Thus evolutionary approaches have huge
potential for tackling aspects of the HIV epidemic. Nevertheless, the importance of epidemiological,

clinical and sociological research cannot be overstated.

As discussed in Chapter 1, HIV sequences such as those generated through the SDR program can also be
used to investigate the history of HIV in Canada. Ongoing work is addressing whether the HIV epidemic
is under control in Canada, and whether there are differences in the epidemic dynamics between

provinces.

4.2 Ethical considerations

Chapter 3 investigates whether common mutational patterns are observed in HIV in patients of the
same ethnicity. This piece of research raises certain ethical considerations because of the use of
ethnicity as a variable. Indeed, the merit of using of ethnicity as a classifier in biomedical and
epidemiological research has been questioned, and the term in itself does not have a generally agreed

upon definition.

Studies have repeatedly demonstrated associations between self-identified ethnicity and susceptibility
to illness and disease outcome. For example, African Americans suffer higher rates of cardiovascular
events than Caucasians in the USA, while rates of HIV in Canada are higher amongst Aboriginals than any
other group. However, these observed patterns are for the most part not biological, but sociological

[218]. Ethnicity is not the cause of the observed differences, but instead is linked to disparities in the
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social determinants of health: culture, diet, socioeconomic status, access to health care and education
[219]. Although ethnicity associates with the observed outcome, it is not causal, and so serves as a
surrogate variable concealing a far more complex truth. As such, the use of ethnicity as a surrogate
variable has been severely criticised [220]. Nevertheless, epidemiologists counter that they are limited
to the data available when estimating associations between variables and outcome. For example, in the
case of HIV only four variables are collected: age, sex, exposure category and ethnicity. Furthermore, its
role as a proxy variable is in fact the reason ethnicity data is often collected by public health agencies. Its
inclusion highlights the vulnerabilities of disadvantaged populations and can help target prevention
campaigns. Finally, inclusion of ethnicity data ensures that ethnicities that are traditionally

underrepresented in biomedical research and often overrepresented in diseases are included in studies.

In the study presented here, ethnicity is not used as a proxy for sociological determinants of health, but
rather for its genetic basis, in reference to the geographical ancestry of patients. Based on multi-locus
genetic data, humans cluster into the five major geographic regions: Africa, Europe and Middle East,
East Asia, Oceania and the Americas [221]. Even more surprisingly, Europeans cluster into their native
countries [222]. Here, we sorted patients into five groups on the basis of HLA genes: HLA alleles are
differentially distributed across our five ethnic groups [79, 188], and are one of the strongest predictors
of HIV mutation patterns [78, 187]. In the paper, we reject the hypothesis that the patterns shared
within ethnic groups are a consequence of shared viral ancestry, and demonstrate that they are more
likely linked to HLA alleles shared among hosts of the same ethnicity. Heterogeneous human
populations such as are found in North America thus act as a microcosm in which to study the impact of

human genetic diversity on the evolution of HIV.

There are several limitations to our classification, however, only some of which are addressed in the
discussion of chapter 3. First, the genetic basis of ethnicity is imperfect. In fact, 90% of genetic variation
is found within ethnic groups rather than between them. In addition, based on multi-locus genetic data,
Hispanics do not cluster alone but rather are distributed across the other ethnic groups; however, they
do differ from other groups based on HLA allele frequencies alone. Caucasians, meanwhile, are a large
group of likely admixed origin that are not very well defined genetically. Secondly, ethnicity is self-
identified, and may not reflect true ‘genetic’ ethnicity. Because the ethnicities studied have cohabited in

North America for some time, it is likely that many individuals are of mixed ancestry, even without
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necessarily being aware of it. Individuals of self-declared mixed ancestry were excluded from the

analysis, but this remains a limitation nevertheless, which will worsen as ethnic groups continue to mix.

Because of all the limitations addressed above, implications and conclusions should be drawn from this
paper with caution. Most importantly, it is not at all the wish of the authors that this paper be used to
justify research or policies of a racist nature. To the contrary, the authors wish to highlight the
importance of including Aboriginal patients in research on HIV evolution and vaccine development in
Canada, in particular in view of their overrepresentation among HIV cases. In other parts of the world,

similar efforts are needed to ensure that studied populations are of mixed ethnic origin.

In parallel, further research on the social determinants of health, as they pertain to HIV, is desperately
required, and efforts must be made to ensure that basic scientists take an integrated approach to their
research. Both worldwide and in Canada, HIV is concentrating in the most vulnerable of populations.
The highest risk predictors for HIV are country of birth and poverty. Risk is further exacerbated by
gender inequality, racism and other types of discrimination; abuse during childhood, access to
healthcare and to education. As well as increasing risk of acquiring HIV, the social determinants of
health influence whether patients will have access to ART, and thus how well they can manage their
infection and how fast they progress to AIDS. An integrated approach to healthcare is so important that
the WHO established in 2005 a Commission on Social Determinants of Health, which aims to improve
living conditions and reduce inequalities. This has also been the approach of the Bill and Melinda Gates
foundation, which focuses as much on improving access to clean water and sanitation, decreasing
homelessness and developing agriculture, as on basic scientific research. The Gates foundation further
emphasizes the importance of knowledge translation: research carried out in the lab should be followed
through until it is applicable in the field. Social determinants of health act both at the individual level, by
increasing the likelihood that an individual will engage in high-risk behaviours, and at the societal level,
for example by undermining the sustainability of national health care systems [218]. As such, reducing

inequities should be a focus of all health-related research and policy.

4.3 Ongoing work

The delivery of healthcare is a provincial responsibility in Canada, and the provinces have each

developed different strategies to control the HIV epidemic. British Columbia (BC), in particular has been
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applauded for the vast extent of its HIV programs targeted towards intravenous drug users (IDU), men
who have sex with men (MSM), and Aboriginals [223]. BC was the first province to instigate a needle
exchange program, in Vancouver in 1989; now over 100 exist across the country. BC still runs the only
safe injection site in Canada. Furthermore, differences in the epidemic dynamics are expected between
provinces, because 81% of HIV case reports are distributed across only three provinces: Ontario (ON),
Quebec (QC) and BC. Finally, 6000kms separate Halifax from Vancouver, making Canada the second
largest country in the world, yet travel within the nation’s borders is common. Thus it is unclear whether

the epidemics in each province are distinct from each other.

To address these questions, we sought to reconstruct the Canadian HIV epidemic for each of five
provinces for which time-stamped pol sequences were available: BC, Saskatchewan (SK), Alberta (AB),
Manitoba (MB) and Nova Scotia (NS). QC does not currently participate in the program, while samples
from ON were available only from a single year. Preliminary investigations in BEAST v1.6.1 [132]
indicated that MCMC chains for large datasets (>250 sequences) would not converge in a reasonable
amount of time. For the provinces of MB and NS, fewer than 250 sequences were available; we
therefore used all sequences from these two provinces. For the provinces of BC, SK and AB, we

subsampled two replicates of 100 sequences, without replacement, for analysis.

For each sequence dataset, three parametric and one non-parametric demographic models were
compared (constant population size, logistic increase, exponential increase and Bayesian skyline plot, or
BSP) and three clock models (strict, lognormal, and random) under a general time reversible substitution
model with rate heterogeneity (GTR+T), as selected by jModelTest [196]. Hue et al. demonstrated that
HIV collection dates spanning <5 years were insufficient for the accurate calculation of evolutionary
rates [224]. As the span of collection dates for each province ranged from three to six years, we input
the authors’ calculated substitution rate for pol of 2.55x107 [224]. In total, six models were run on each
dataset for 100 million generations and convergence was assessed using Tracer
(tree.bio.ed.ac.uk/software/tracer). After elimination of a burn-in period (10-20% of chains), the
marginal likelihood for each model was estimated in Tracer, and the model with the highest marginal

likelihood was selected for subsequent analysis.
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Table 4.1: Marginal likelihood for each demographic and clock model tested

Models BC SK AB MB NS
cst_strict -16,122.045 -8,553.247 -15,893.806 -31,112.376 -18,468.713
(+/- 0.167) (+/- 0.109) (+/- 0.144) (+- 0.187) (+/- 0.172)
cst_logN -16,101.098 -8,546.711 -15,822.834 -30,954.818 -18,369.513
(+/- 0.176) (+/- 0.139) (+/- 0.198) (+/- 1.104) (+/- 0.207)
cst_random  -16,117.286 -8,547.981 -15,868.762 -30,996.723 -18,451.010
(+/- 0.159) (+/- 0.140) (+/- 0.149) (+/- 0.381) (+/- 0.298)
log_logN -16,095.044*  -9,170.917 -15,819.622*  -30,976.725 -18,368.529
(+/- 0.179) (+/- 0.120) (+1-0.167) (+- 0.371) (+/- 0.220)
exp_logN -16,095.268 -9,166.319 -15,819.680 -30,930.002*  -18,367.746*
(+/- 0.178) (+1- 0.147) (+/-0.133) (+/- 0.458) (+/- 0.221)
BSP_logN -16,104.214 -8,545.442* -15,821.180 -30,980.394 -18,387.250
(+/- 0.147) (+- 0.121) (+- 0.179) (+/- 0.394) (+/- 0.171)

NoTeEs—British Columbia (BC), Saskatchewan (SK), Alberta (AB), Manitoba (MB), Nova Scotia (NS).
Demographic models: Constant (cst), logistic (log), exponential (exp), Bayesian skyline plot (BSP); rate
models: strict clock (strict), random local clocks (random), uncorrelated lognormal (logN). * Indicate
models with the highest marginal likelihood, used for analysis. SEs are indicated in brackets.

Table 4.2: Basic statistics and parameter estimates of HIV dynamics in different Canadian

provinces

BC SK AB MB NS
Total n 1673 557 469 242 135
n 100 100 100 242 135
Root for 1974 1986 1985 1988 1978
subtype B
Incidence 44094.547 NA 1653.063 278.171 3100.121
Pop size 4500000 1000000 3725000 1233000 1000000
Incidence rate 0.98% NA 0.04% 0.02% 0.31%
Growth rate 0.575 NA 0.183 0.149 0.142
Substitution rate  2.531x10°  2.550x10° 2.448x10° 8.266x10° 2.211x10°

NoTes— British Columbia (BC), Saskatchewan (SK), Alberta (AB), Manitoba (MB), Nova Scotia (NS).
Total n is the total number of samples received from the province since the SDR program was instigated.
n is the number of sequences used in the present analysis. The roots of subtype B clusters were
estimated from phylogenetic trees. Pop size refers to the population size of the province (from Wikipedia),
thus incidence rate was calculated by dividing the incidence by the population size. NA: not applicable

(different parameters are used by the BSP prior).
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Figure 4.1: Demographic reconstructions (A) and dated phylogenies (B). British Columbia (BC), Saskatchewan (SK), Alberta (AB),
Manitoba (MB), Nova Scotia (NS). Different subtypes are shown in different colors: subtype B blue, C orange, A and AG pink, other A (mostly A1,
some AE) yellow, D green, K red.
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Only in BC does the epidemic appear to be under control. For all provincial datasets, the strict
molecular clock was rejected, consistent with the work of others [65, 113, 115, 116, 137-139]. The most
appropriate demographic model differed between provinces. Most importantly, HIV epidemic growth
was found to be exponential in MB and NS, but logistic in BC and AB (Figure 4.1). Meanwhile in SK, BSP
was selected as the best demographic model. Incidence in SK appeared to have increased rapidly since
the 1990s. In AB, MB, and NS, the incidence increased each year since the introduction of HIV, while it
has remained stable in BC since 1995. Nonetheless, the growth rate in BC was 3 times higher than in any

of the other provinces (Table 4.2).

HIV subtypes are differentially distributed across the country. For each province, a consensus time-
scaled phylogeny was reconstructed under the best model (Figure 4.1). In BC, two clusters were
observed, both of which exclusively contained subtype B sequences. In the other provinces, however, B
and non-B clusters of infection were apparent. In SK, 94/100 sequences were subtype B, with a small
cluster of 6 subtype Al sequences. In AB, 22/100 sequences were non-B, including clusters of subtype C,
A and G/AG. In MB, 87/242 sequences were non-B (34%), belonging to subtypes A, C, D and G/AG.
Meanwhile in NS, 19/135 sequences were non-B (14%), including subtypes A, C, D and G. Thus, although
subtype B accounts for 88.3% of infections in Canada this number hides important geographic variation
in the distribution of subtypes, as noted previously [225]. BC is dominated by subtype B and accounts for
the majority of new diagnoses in Canada (Figure 4.2). However, in MB, non-B subtypes account for

33.7% of sampled infections.

HIV subtype B spread through Canada during the 1970s and 1980s. Based on the dated phylogenies, we
estimated the age of the root of the B subtype cluster in each province (Table 4.2). The HIV epidemic
seems to have diversified in the 1970s in BC and NS, on each coast of Canada, but not to have spread
inland until the 1980s. Overall, these dates are consistent with studies placing the most recent common

ancestor of the North American subtype around 1969 [143, 226].

Non-B subtypes are over-represented among heterosexuals, women and African-Caribbeans. Previous
studies have demonstrated that in the UK the subtype B epidemic circulates mainly in MSM populations
[141], while non-Bs circulate mostly in heterosexuals [140]. We tested this hypothesis with our Canadian

data. The distribution of subtypes across the two exposure categories was highly biased, with non-Bs
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much more frequent among heterosexuals (X’=253.93, 1df, p <0.0001). A higher proportion of non-Bs
was also apparent among females than among males (X?=185.84, 1df, p <0.0001), and among African-
Caribbeans than among Caucasians (X’=2693.37, 1df, p <0.0000) (Table 4.3). Such observations highlight
that comparisons of the population dynamics of each province and subtype will reflect the underlying

characteristics of the transmission networks.
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100% .
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

BC AB SK MB NS total
EB =mC mA Al, A2 ECRF mother

Figure 4.2: Subtype distribution of samples received through the SDR program 2003-2010.
British Columbia (BC), Saskatchewan (SK), Alberta (AB), Manitoba (MB), Nova Scotia (NS). Circulating
Recombinant Forms (CRF) include AE, AG, AB, AD and BC. Numbers above the columns indicate the
number of samples received from each province and in total.

Demographic patterns and past population dynamics may be shaped by the uneven geographical
distribution of subtypes. For example, the evolutionary rate of HIV in MB was three times higher than in
any other province (Table 4.2). This could potentially be due to MB having the highest proportion of
circulating non-B subtypes. Alternatively, an inverse correlation between epidemic size and evolutionary
rate has been demonstrated [227]. Thus, this high rate may be a consequence of the small size of MB’s
epidemic. Similarly, the logistic growth model was selected only for BC, where only subtype B sequences
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were analyzed. In spite of the unduly (and as yet unexplained) high growth rate in BC (Figure 4.2),
observed growth patterns could therefore suggest that the epidemic is under control in BC or that the
subtype B epidemic is under control across Canada but this is masked by the co-circulation of non-B

subtypes in the other provinces.

Table 4.3: Differences in epidemiological characteristics between B and non-B patients

B non-B X p
Exposure category
MSM 1026 34 253.9325 <0.0001*
HET 538 227
Sex
Female 661 231 185.8481 <0.0001*
Male 2183 189
Ethnicity
Caucasian 3643 60 2693.3790 <0.0001*
African-Caribbean 35 240

NoTES— MSM Men who have sex with men, HET heterosexual. * Indicate a significant difference between
B and non-B subtypes. The degree of freedom is 1 for each test.

4.4 Future directions

Subtypes should be analyzed separately to better characterize and compare HIV epidemics between
provinces and estimate subtype-specific growth rate, incidence and evolutionary rate. Our next step will
consist in analyzing subtypes B and C separately for each province, the number of sequences for other
subtypes being insufficient for provincial analysis. This approach will also allow us to make comparisons
between subtypes. As noted previously, subtype B appears to be better controlled worldwide than

subtype C [116]. We will test whether this is also true in Canada.

Furthermore, it has been suggested that the high local frequency of non-Bs in MB and AB is related to
travel and immigration from countries where non-B subtypes predominate [225]. We will conduct a
maximum likelihood phylogenetic analysis on non-B sequences from across the country to identify
groups of closely related infections. Such clusters are defined based on low intra-cluster distances and
high bootstrap values, as explained in Chapter 1. As the SDR includes samples only from infections
acquired in Canada, this will allow us to determine whether non-B transmissions are taking place within
the country. Moreover, if such clusters are indeed identified, their history could be reconstructed as has

been done in the UK [140, 141] to resolve more accurately their origin and rate of spread.
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If our results indicate that non-B transmission clusters are established in Canada and that non-B
infections are spreading more rapidly than subtype B infections, this could indicate that non-Bs are an
increasing threat to public health. As we saw in the previous section, non-B infections are circulating
among specific epidemiological groups, namely heterosexuals, women and African Caribbeans.
Numerous studies have demonstrated the importance of specifically targeting groups with prevention
campaigns [228]. Until now, the most successful campaigns have targeted MSM. Thus public health

should redirect messaging towards a different audience.

Furthermore, if subtype diversity is increasing in Canada, this would have important implications for
vaccine design. Current vaccine strategies are likely to protect only against a limited range of subtypes.
For example, the vaccine tested in the successful trial in Thailand protected only against subtypes B and
E [45]. Thus vaccines developed for the Canadian epidemic might have to cover a broader repertoire of

subtypes.

Finally, future work would benefit from incorporating geographical information available with each
sample to reconstruct the spatial dispersal patterns of HIV across Canada as well as temporal. A number
of phylogeographic studies have already been performed, and a user-friendly tool has only just been

made available [217].
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Appendix 1: Hierarchical exposure category

Exposure Hierarchy for the HIV/AIDS

§ Case Reporting Surveillance System:
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Appendix Figure 1: Hierarchical exposure category. Scanned from working document drafted by
PHAC, 2003. IDU intravenous drug user, MSM Man who has sex with men.
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Appendix 2: Sequencing of the pol region from HIV samples

Nucleic acids are extracted from 200-400ul of serum or plasma using NucliSens easyMAG (bioMerieux,
St Laurent, QC) according to manufacturer’s instructions. Combinations of primers are used sequentially

to amplify and sequence pol. Primer combinations are named ‘algorithms’.

Algorithm 1: Reverse transcription of the pol region and a first round of PCR (RT-PCR) are performed on
10ul of extracted RNA (OneStep RT-PCR kit, Qiagen, Mississauga,ON). RT-PCR is followed by nested PCR
amplification (AmpliTaq Gold, Applied Biosystems, California, USA). Samples successfully amplified are
sequenced using four primers, generating two overlapping regions covering the PR and RT genes

(Appendix Table 1, Appendix Figure 2).

Algorithm 3: If no product is obtained from algorithm 1, the PR and RT genes are amplified separately in

two rounds from extracted RNA then sequenced with the nested PCR primers.
Algorithm 4: If no product is obtained from algorithm 3, algorithm 4 is performed.

All amplifications are carried out at 53°C. PCR products are sequenced using BigDye Terminator V3 on an

ABI 3130x| Genetic Analyzer.
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Appendix Table 1: Primer sequences and sizes of products for sequencing algorithms.

Algorithm Region
amplified

Sequencing
step

Primer

Size of
product

Sequences (5' — 3')

Algorithm 1
pol

RT-PCR

Nested PCR

Sequencing

GaG1-PR-out.for
RT-new-out.rev

GaGp6-PR-in.for
RT-new-in.rev

GaGp6-PR-in.for
PR-new-in.rev
RT-new-in.for
RT-new-in.rev

1567bp

1448bp

1448bp

TGA ARG AIT GYA CTG ARA GRC AGG CTA AT
CCTCITTYT TGCATAYTTYCCTGTT

YTC AGA RCA GRC CRG ARC CAACAG C
GGY TCT TGR TAAATT TGR TAT GTC CA

YTC AGA RCA GRC CRG ARC CAACAG C
CTG GTG TYT CAT TRT TKR TAC TAG GT
TTY TGG GAR GTY CAR YTA GGR ATA CC
GGY TCT TGR TAAATT TGR TAT GTC CA

protease

RT
Algorithm 3

protease

RT

RT-PCR

Nested PCR
Sequencing

GaGpl-PR-out.for
PR-new-out.rev
RT-new-out.for
RT-new-out.rev

GaGp6-PR-in.for
PR-new-in.rev
RT-new-in.for
RT-new-in.rev

923bp

846bp

835bp

776bp

TGA ARG AIT GYA CTG ARA GRC AGG CTA AT
AYCTIATYCCTGGTG TYTCATTRTT
TTT YAG RGA RCT YAA TAA RAG AAC TCA
CCTCITTYT TGCATAYTTYCCTGT T

YTC AGA RCA GRC CRG ARC CAACAG C
CTG GTG TYT CAT TRT TKR TAC TAG GT
TTY TGG GAR GTY CAR YTA GGR ATA CC
GGY TCT TGR TAAATT TGR TAT GTC CA

protease

RT
Algorithm 4

protease

RT

RT-PCR

Nested PCR
Sequencing

RT-PROT-outer.for
RT-PROT-outer.in
RT-outer.for
RT-outer.in

RT-PROT-inner.for
RT-PROT-inner.rev
RT-inner.for
RT-inner.rev

747bp

810bp

684bp

724bp

GAA CTG TATCCT TTARCT TCCCTC A
ATC TAATCC CTG GTG TCT CAT TGT
GGA AGT TCA ATT AGG AAT ACC ACA
CTCATT CTT GCATAY TTT CCT GTT

CTT TAR CTT CCC TCA GAT CAC TCT
TCC TGA AGT CTT YAT CTAAGG GAAC
AAT CAG TAA CAG TAC TGG ATG TGG GT
GGC TCT TGA TAA ATT TGA TAT GTC CAT

NoTes— Nucleotide symbols are those designated by IUPAC. Degenerate bases (R, Y) indicate that

primers are used as mixtures corresponding to all permutations.
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- — — — |:| In-house RT-PCR Primers
GaGp1-PR-out.for PROT-outer.for RT-new-out.for RT-outer.for
2057-2085, 2233-2257, - 2813-2836
( ) ( ) (2KEL:2803) (¢ ) D In-house Second Round (Nested) Primers
—
— — —_—
GaGp6-PR-in.fo RT-PROT-inner.for RT-new-in.for RT-inner.for
(2135-2159) (2243-2266) (2808-2833) (2860-2885)

1 \/I

' £
1800 2050 2300 2550 2800, 3050 3300 3550 3800 4050 4300 4550 1800
/
\\ RT-new-in.rev \

RT-PROT-inner.rev RT-PROT-outer.rev (353\3’;1';558)

RT-new-out.rev

(2925-2001) PR-new-in.rev (2B15-2890) RT-inner.rev

¥, AND (3623-3599)
(2970-2945) (3583-3557)

o PR-new-out.rev a— AND
(2979-2955) RT-outer.rev
(3622-3599)
—
| GaGp1-PR-out.for 1567bp RT-new-out.rev J

RT-new-in.rev

S
GaGp6-PR-in.for 1448bp. | J Algorithm 1

[T GaGp1-PR-out.for 923bp PR-new-outrev | =
[ RT-new-out.for 846bp RT-new-outrev |
["GaGp6-PR-in.for 8356p PRIN-new.rev Algorithm 3
RT-in-new.for 776-bp RT-new-in.rev | ‘
[ RT-PROT-outer.for 747bp RT-PROT-outerrev |
| RT-outer.for 810bp RT-outer.rev |
nnecTor P RT-PROT-inner.rev - Algorithm 4
inner.for m RT-nnerrev

I*l Public Health Agence de la santé

Agency of Canada  publique du Canada Cana.d.é..

Appendix Figure 2: Annealing sites of primers on the pol gene and expected products. Positions are those of the reference strain
HXB2 (Genbank #K03455). Forward primers are listed above the map, and reverse primers below. Some primers may be used for amplification
and for sequencing. By Natalie Masse and Harriet Merks (PHAC), modified with permission.
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