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Abstract

The emergence and reemergence of infectious diseases and the persistent circulation of
human pathogens, have stimulated a growing interest and effort to understand the origins
and causes of disease outbreaks and dissemination. The field of phylodynamics, has proven
to be a proper framework for the integration of epidemiological and evolutionary dynamics,
and a key source of information about the spatiotemporal patterns of epidemics and their
way of transmission through a susceptible population. This thesis aimed to characterize the
demographic dynamics exhibited by some clades of HIV-1 across multiple epidemiological
scales in different geographical regions by applying a phylodynamic approach. The specific
HIV-1 strains analyzed were: the subtype B, the CRF02_AG and the subtype C. Despite that
subtype B is the most widely spread HIV-1 variant in Latin America, the precise number,
geographic extension and dissemination dynamics of major subtype B pandemic clades
circulating in the region was largely unknown. Among the 90 circulating recombinant
forms (CRFs) currently described, CRF02_AG is responsible for the largest number of global
infections and the most prevalent HIV variant in West and West-Central Africa. Little was
known, however, about the number and demographic patterns of major CRF02_AG lineages
in those African regions. In addition to being the most prevalent lineage globally, the HIV-1
subtype C accounts for an important fraction of HIV infections in East Africa and South
Brazil, but its evolutionary dynamics in those regions had not been fully analyzed. The
main results obtained show that one third of HIV-1 subtype B infections in Latin America
originated from the spread of a few B pandemic founder strains probably introduced in
the region since the late 1960s onwards. Our analyses also revealed that major West and
West-Central African CRF02_AG clades are the result of a few founder strains introduced
from Central Africa between late 1960s and mid-1980s. The West African CRF02_AG clade
showed a high geographic dissemination and its introduction in Asia and Europe lead to the
emergence of local epidemics. The coalescent and the birth-death phylodynamic approaches
applied for the analyses of the subtype C lineages circulating in Eastern Africa and Southern
Brazil pointed to an initial stage of exponential growth in all them until roughly mid-1990s.
Both models are also congruent in a subsequent drop of the epidemic growth of the analyzed
C sub-epidemics and their stabilization until the early 2000s. However, very divergent
epidemiological patterns were supported by these two phylodynamic approaches for the
most recent stages of the C sub-epidemics, underscoring the importance of their joint use in

the reconstruction of past population dynamics of HIV epidemics.
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Chapter 1

Introduction

1.1 HIV Discovery and Classification

The Human Immunodeficiency Virus (HIV) belongs to the Lentivirus genus
of the Retroviridae family and it is enough to think about the meaning of
the prefixes "Retro" and "Lenti" to extrapolate two of the most important

characteristics of this viruses:

® Retro: means that they possess a positive sense RNA single-stranded genome,
which is back-transcribed in an intermediate form of double-stranded DNA

by an enzyme called reverse transcriptase.

e Lenti: comes from slow and points to a very important evolutionary strategy
of the Lentivirus genus, which is the long interval between the initial infection

and the appearance of severe symptoms (incubation period).

The genus Lentivirus is classified into seven major groups according to their
hosts: lagomorphs, small ruminants, cattle, horses, cats, anthropoids and
prosimians [1] (Fig. 1.1). The Lentivirus found in anthropoids are the HIV
and the Simian Immunodeficiency Virus (SIV). The HIV is the cause of one
of the largest and most devastating pandemics in human history, being on

par with the 1918 Spanish flu as the world’s leading infectious cause of



adult death since the bubonic plague of the 14th century [2]. The natural
history of the HIV infection is characterized by an initial acute phase with
very high circulating levels of virus and a rapid decline in CD4+ T-cells.
Despite a strong immune response, the host is not capable of clearing the
virus and allows HIV to establish a chronic infection that after some years of
asymptomatic course evolved to the Acquired Immunodeficiency Syndrome

(AIDS) phase [3].

The first cases of AIDS were described in the United States (US) in 1981
and corresponded to homosexual males affected by infrequent diseases
(until that moment) such as Pneumocystis pneumonia caused by Prneumocystis
jirovecii (formerly known as Pneumocystis carinii) and Kaposi’s sarcoma [4],
[5]. Quickly, however, similar cases were reported in other social groups
including injecting drug users (IDUs) [6], hemophiliacs [7], recipients of
blood transfusions [8], children [9], female sex partners of infected men [10],
and prisoners [11], providing evidence that the transmission of this new
syndrome occur by exposure to organic fluids of infected individuals via
parenteral, sexual or vertical. Two years later, at the Pasteur Institute in Paris,
the research group led by Luc Montagnier detected reverse transcriptase
activity in culture supernatant of lymph node cells from a patient with AIDS,
indicating the presence of a retrovirus, which they called Lymphadenopathy
Associated Virus (LAV) [12]. In 1984, four papers of the scientific team
led by Robert Gallo of the U.S. National Institute of Health reported the
isolation of a new retrovirus found in peripheral mononuclear cells as
the probable cause of AIDS and denominate it as Human T-Lymphotropic
Virus Type III (HTLV III) [13]-[16]. Subsequently, these two viruses (LAV
and HTLV III) were defined as variants of the same retrovirus, etiologic
agent of AIDS [17] and the International Committee on Taxonomy of

Viruses (ICTV) recommended the name of HIV in 1986 [18]. In the same
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year, Montagnier’s team isolated a variant of HIV from an AIDS patient
from West Africa [19], which led to a modification of the nomenclature
becoming as HIV type 1 (HIV-1) the first variant discovered and as HIV

type 2 (HIV-2) the subsequently isolated variant.

1.2 The current state of the HIV epidemic

By 2016, after more than three decades of the discovery of the HIV, it was
estimated that existed 36.7 million (30.8 - 42.9 million) people infected with
that virus globally. In the same year, 1 million (830.000 - 1.2 million) people
died from AIDS-related causes worldwide and approximately 5.000 new HIV
infections occurred daily around the world [20]. If trends over time are
analyzed, the number of newly infected individuals in 2016 was 18% lower
than in 2010 and the HIV incidence was brought down substantially in both
the overall population (11%) and children (47%) (Fig. 1.2).

The sharp decline in the HIV incidence in children was fully consistent
with the increase in the percentage of pregnant women (29%) with access
to antiretroviral therapy (ART) in the same period [20]. However, even
though new HIV infections have declined, the number of people living with
HIV continues to increase, in large part because more people globally are
accessing ART and are living longer that at initial phase of the pandemic
[21], [22]. As of June 2017, 20.9 million (18.4 - 21.7 million) people living with
HIV were accessing ART, which is one of the greatest achievements in the

history of global health [21].

International and regional HIV prevalence and incidence estimates, however,
should be interpreted with caution, since they reflect average numbers and
can mask infection clusters among severe hard-to-reach populations and

significant unmet needs [23], [24]. The last Global AIDS data update from
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Figure 1.1: Phylogenetic tree summarizing the evolutionary relationships among
known Lentiviruses. The tree shows branching relationships within and between the
seven major Lentivirus lineages so far described (lagomorph, equine, small ruminant,
bovine, feline, prosimian and simian).Virus names: BIV, bovine immunodeficiency virus;
CAEV, caprine arthritis encephalitis virus; EIAV, equine infectious anemia virus; FIV,
feline immunodeficiency virus; HIV, human immunodeficiency virus; JDV, jembrana
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the Joint United Nations Programme on HIV/AIDS (UNAIDS) [25], draws
attention about the alarming rise in new HIV infections in eastern Europe
and central Asia and the discouraging proportion of people knowing their
HIV status, initiating ART, and reaching virologic suppression among key
populations in India and in the Russian Federation. Such data, coupled with
the potential 17% slash in the US President’s Emergency Plan for AIDS Relief
(PEPFAR) announced in September 2017 [26], are shrinking the optimism to
achieve the UNAIDS 90-90-90 HIV treatment targets by 2020 [27] and the
ambitious Sustainable Development Goal of ending the AIDS epidemic by
2030 [28].

1.2.1 Zooming into regional HIV epidemics

Sub-Saharan Africa is home of 13% of the world’s population and it has been
the most heavily affected region throughout the history of the HIV epidemic;

currently hosting the 70% of all people living with HIV in the world (~26
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million) (Fig. 1.3). The HIV prevalence varies considerably within the
African continent and is disproportionately elevated in the Eastern and
Southern regions. Together, these two African regions account for about
53% (~19 million) of all people living with HIV in the world and harbor a
mean HIV prevalence of 7% among adults aged 1549, reaching extremely
high values in Swaziland (27%), Lesotho (25%), Botswana (22%), South
Africa (19%), Zimbabwe (13%) and Zambia (12%) [22]. In most Western,
Central and Northern African countries, by contrast, the HIV prevalence
remains low (<2%) [22]. The observed differences in the HIV epidemic
among African regions have been associated to the complex interplay
between biological, behavioural and structural (cultural and social) factors
[29]. Heterosexual (HET) intercourse is the most common mode of HIV
transmission in sub-Saharan Africa (>80% of infections), generally associated
with a high Gender Inequality Index (GII) [30]. In sub-Saharan Africa,
adolescent girls and young women experience the most elevated HIV risk
and vulnerability linked primarily to gender-based violence including sexual
abuse, lack of access to education and health services, and infection rates

among young women are twice as high as among young men [31].

An estimated 2 million (1.7-2.5 million) people in Latin America and the
Caribbean were living with HIV in 2016 (Fig. 1.3). While the number
of new HIV infections among the general population for both sub-regions
remained roughly stable between 2010 and 2015, it was observed a rise by
3% among adults (15-49 years age) and a sharp decline by more than 50%
among children in the same period. An estimated 32% of adults living with

HIV in Latin America and 50% of adults in the Caribbean are women [22].

The Caribbean has the second highest HIV prevalence in adults (1.3%)
after sub-Saharan Africa. Haiti accounts for 48% of all people living with

HIV in the region but the highest prevalence in the Caribbean region is
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found in the Bahamas (3.3%) [22]. In this region, the primary mode of HIV
transmission is HET contact (79%), followed by men who have sex with other
men (MSM, 12%) [32]. There was great progress in the Caribbean related
to the elimination of mother-to-child transmission which plummeted from
an estimated 2.300 (1.600-3.000) in 2010 to 400 (200-700) in 2015. Among
low and middle-income countries, Cuba became the first board-certified
country in the world to have eliminated mother-to-child HIV and syphilis
transmission by 2015 [33].

Latin America harbors a regional HIV prevalence of 0.5% among the general
adult population. The epidemic in the region predominantly affects MSM,
transgender women, female sex workers and IDUs [22], [34]. Brazil accounts
for 46% of all HIV infections in Latin America, with an estimate of about
830.000 people living with HIV in 2016, followed by Argentina, Venezuela
and Colombia that together host 20% of all HIV infections in the region
(~120.000 people living with HIV by 2016) [22]. Latin America has one of
the highest HIV treatment coverage in the world, with around 55% of people
living with HIV receiving antiretroviral therapy by 2015 [35]. However,
the number of new HIV infections has risen above 20% between 2010 and
2015 among the adult populations from some countries including Belize,
Nicaragua, and Guatemala. Increases, albeit smaller, were also reported for
the same time period in Mexico and Panama (8%), Chile (6%), Colombia (5%)

and Brazil (4%) [35].

In 2016, ~160.500 people were newly diagnosed with HIV in the WHO
European Region, the majority (80%) were from the eastern part, 17% from
the western part and 4% from the central part. Those amount of new
diagnoses represent the highest number of people ever newly diagnosed
in one year since HIV case reporting began in the 1980s [36]. Russia

and Ukraine were responsible for 73% of the newly diagnosed infections
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Figure 1.3: Estimated number of people living with HIV, 2016. Data Source : World

Health Organization http://gamapserver.who.int/mapLibrary/app/searchResults.

aspx
in the whole WHO European Region and of 92% of those in the Eastern
European sub-region. Data on transmission mode indicate that among
those new diagnoses, HET transmission accounted for 52%, IDUs for 32%,
MSM for 15% and mother-to-child transmission for 0.8% [36]. It has been
observed an increasing trend between 2006-2015 of new HIV diagnoses
among natives (originating from the reporting country) and European
migrants (originating from another European country) and a decline among

non-European migrants, mainly among people from sub-Saharan Africa [37].

The countries of Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan and Uzbekistan) are currently experiencing a rapidly
expanding HIV epidemic largely fueled by IDUs [38]. While HIV
surveillance among MSM is subject to great bias due to high levels of stigma
and criminalization of homosexuality, studies suggest that there is a growing
epidemic in this group [39]. Turkmenistan is a special case, as no data
related to HIV infection has been reported to the international community
and the government denies that there is any problem [38]. Similar prevalence

estimates of HIV infection among the adult populations in Kazakhstan,
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Tajikistan and Kyrgyzstan (0.2-0.3%) were reported in 2016 [22]. There is
no updated HIV data for Uzbekistan but its known that this country harbor
the largest epidemic in Central Asia [40]. Coverage of ART in Central Asia
remained significantly lower than the global average, holding in conjunction

with Eastern Europe only 21% of people living with HIV on treatment [35].

1.3 Origin of HIV

While there are two types of HIV (HIV-1 and HIV-2), many different
strains of SIVs are found in more than 40 species of non-human primates
in sub-Saharan Africa [41], [42]. Several studies indicate that due to
the close phylogenetic relationship, the similarities in organization of the
viral genome, and the geographic coincidence and plausible routes of
transmission [43]-[45], HIV strains originated as a result of at least 13
independent zoonotic transmissions of SIV to humans (Fig. 1.4) [46].
Four of these zoonotic transmissions originated groups M, N, O and P of
the HIV-1. Phylogenetic analyses demonstrated that groups M and N of
the HIV-1 are closely related to isolates of SIV infecting chimpanzees of
the Pan troglodytes troglodytes species (SIVcpz-Ptt) from southeastern and
southern-central Cameroon [45], [47]; while groups O and P are more
closely related to SIV that infects gorillas of the specie Gorilla gorilla (SIVgor)
distributed in western and southern-central Cameroon [48], [49]. SIVcpz-Ptt
virus in turn, is a recombinant of the SIVs naturally infecting two different
monkeys, the red-capped mangabey (Cercocebus torquatus) and the greater
spot-nosed monkey (Cercopithecus nictitans) [50] and SIVgor strains were
derived from a single lineage within the SIVcpz radiation [49], [51] (Fig.
1.4). While groups N, O and P remain mainly restricted to Central Africa

[52]-[54], the M group was able to spread worldwide being responsible for
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>99% of global HIV-1 infections [55]. Using dated molecular phylogenies,
it was estimated that the M and O groups have been originated between
1909 and 1930 [56]-[58], while the N and P groups seem to have emerged

more recently [46].

The remaining zoonotic events resulted in the nine different groups of HIV-2
(A-I) that probably originated from the transmission of SIV from sooty
mangabeys monkeys (SIVsmm) to humans in West Africa [59]-[61]. Of the
nine HIV-2 groups, only groups A and B have become widespread in humans
and the time of their most recent common ancestor (tMRCA) was dated to
1940-1945 [60]. The lack of sequences of SIVsmm of defined geographic
origin makes it difficult to determine the exact origin of HIV-2 strains.
However, phylogenetic analyses suggest that HIV-2 groups E and F viruses
are closely related to SIVsmm strains from Sierra Leone, group D strain is
closely related to the Liberian SIVsmmLIB1 strain [43] and groups A, B, C, G,

and H are more closely related to SIVsmm strains from Cote d’Ivoire [61].

1.4 The pandemic spread of the HIV-1 group M

The most accepted hypothesis about how zoonotic transmission events
happened, argues that infection of humans by SIV probably occurred
in successive exposure events to nonhuman primate blood as a result
of hunting, butchering, or other activities such as consumption of
uncooked contaminated meat [62]. The opportunities for such cross-species
transmissions have endured due to the fact that this activities have been
taking place since past times and continue to occur in present days [63],
[64]. Indeed, it is likely that other zoonotic transmission events in addition to
those already identified occurred and continue happening in isolated rural

communities [65]. In this context, it is of utmost importance to analyze the
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Figure 1.4: Patterns of cross-species transmission of SIV to humans. Clades in color
represent viruses identified in humans after their transfer from chimpanzee, gorilla, and
sooty mangabey reservoirs. Adapted from: Foley et al. 2016; Tebbit et al. 2010
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reasons why among the 13 independent transmissions of SIVs to humans
known until now, the HIV-1 group M was the only one who had the ability

or opportunity to spread in the human population at a pandemic scale.

To account for the establishment of group M as an epidemic in the early part
of the 20th century in Central Africa, a combination of social, economic,
and behavioral changes has been proposed. The initial source of HIV-1
group M epidemic dispersion after the transmission of SIVcpz-Ptt from
chimpanzees to humans in southeast Cameroon, was recently traced to
Kinshasa, capital of the Democratic Republic of the Congo (DRC) [58]. It
was there, where human interventions such as colonization, urbanization,
prostitution and extensive re-use of needles and syringes in medical practice
and campaigns against endemic tropical diseases took place and were the
likely cause of the early establishment, dissemination and epidemic growth
of the HIV-1 group M [66]. After accumulating a substantial diversity while
confined for several decades in Central Africa [57], the chance exportation
of different group M strains to other geographical regions since the 1960s
onwards, led to the differential distribution of viral variants reported

today around the world [56], [67], [68].

1.5 Generation of HIV genetic diversity

Several diversity-generating mechanisms make the RNA viruses in general
and the HIV in particular one of the fastest evolving organisms studied so
tar [69], [70]. Its rapid evolutionary rate provide HIV an effective mechanism
to evade immune pressure and drug therapy and make difficult to produce
an effective vaccine. The fast evolutionary dynamics exhibited by HIV-1
reflect the low fidelity of its replicative process. The HIV-1 mutation rate,

which encompass the combined error rate of the viral reverse transcriptase
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(RT) and human RNA polimerase II, is approximately 2 x 10 per nucleotide
per replication cycle (0.2 error per genome per replication cycle) [71]. This
high mutation rate coupled with the fast viral turnover, fuel the HIV
rapid evolutionary change and enable on average a unique genome in each

generated virion [72].

Recombination also has a central role in generating HIV diversity. It happens
at all phylogenetic levels (between and within HIV-1 groups) and is boosted
by the diploid RNA genome that allow the RT to "jump" from one strand to
the other during the replication process. Therefore, cells infected with two
different HIV-1 strains might produce heterozygous virions with the ability
to infect new cells and generate recombinant proviral DNA that will generate
a progeny of recombinant viruses. It has been determined a minimum
estimated rate of 2.8 crossovers events/genome/replication-cycle, which is
a very high rate given the small size of the genome (~10 kb) [73]. Finally, the
HIV replication process can also be affected by cellular factors, in particular,
the cytidine deaminase activity of the host-encoded Apolipoprotein B
mRNA-editing catalytic polypeptide-like enzymes (APOBECs) responsible
for G-to-A hypermutations [74]-[76] that elevates the HIV-1 mutation rate by

40-fold above the RT/RNA polimerase II error rate [77].

1.6 Global distribution of HIV-1 group M strains

The extensive HIV-1 genetic variation coupled with historical and ecological
factors such as founder effects and global travels, eventually resulted in
the extreme diversification observed within the HIV-1 M group [65], [66],
which is currently phylogenetically divided into ten subtypes (A, B, C, D,
F G, H, J, K and L; denomination that does not follow an alphabetical

order because it was observed that subtypes E and I were not real subtypes
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but recombinat forms) [78]-[80], two sets of sub-subtypes (A1-A4, F1-F2)
and various unique and circulating recombinant forms (URFs and CRFs,
respectively) that comprise segments of different subtypes. While the HIV-1
intra-subtype genetic variation was found to be around 8.2% (5.3-10.0%), the
inter-subtype divergence was estimated near 14.7% (12.2-15.8%) depending
on the gene compared [81]. For the description of a new CREF it is necessary
to identify three or more epidemiologically unrelated individuals infected
by a virus with the same recombinant points across the entire genome [82].
By December 2017, 90 different HIV-1 CRFs had been described (Los Alamos

National Laboratory, http://www.hiv.lanl.gov).

There is a great variance in the distribution of HIV-1 M subtypes and CRFs
from one region of the globe to another (Fig. 1.5). On a global scale, the
subtype C is the most abundant strain, responsible for approximately half
(48%) of all HIV-1 infections worldwide. Subtypes A and B caused 12% and
11% of infections respectively, followed by CRF02_AG (8%), CRF01_AE (5%),
subtype G (5%) and D (2%). Subtypes F, H, ] and K together caused < 1% of
infections worldwide while others CRFs and URFs are each responsible for
~ 4% of global infections [83]. The greatest genetic diversity of HIV-1 group
M has been found in Central Africa, which is consistent with the notion that

this region is the likely epicenter of the group M pandemic [84].

1.6.1 Origin and dissemination of HIV-1 subtype B

Despite not being the most globally prevalent HIV-1 variant, subtype B
(HIV-1B) was the first HIV lineage to infect individuals outside the African
continent and is currently the most widely spread, being found at high
prevalence in the Americas, Western and Central Europe, Australia, several
Asian countries (Hong Kong, Japan, Korea and Taiwan), Northern Africa and

the Middle East [83]. The hypothesis with greater scientific consistency to
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Figure 1.5: Global distribution of HIV-1 M group subtypes and CRFs. Data Source :

Hemelaar et al. 2011; Taylor & Hammer 2008
date, suggests that HIV-1B was introduced from the DRC to the American
continent through Haiti around the mid-1960s (1962-1970) [85]. Such date
suggests that its arrival in Haiti may have occurred with the massive return
of Haitian to their country of origin after years of work in the former Belgian
Congo (current DRC) [66], [86] (Fig. 1.6). From Haiti, several subtype B
strains were disseminated to neighboring Caribbean and Latin American
countries from the early 1970s onwards. The widely dissemination in the
Caribbean region of HIV-1B strains from the epidemic established in Haiti,
allowed the establishment of effective local epidemics and the emergence of
the so-called subtype 'B Caribbean' (Bcar) clades [87]. This was not the case
for the Latin American countries, where despite that some HIV-1B strains
directly introduced from the Caribbean achieved locally spread, overall,
these lineages disseminate with low prevalence in this region [88]. Of note,
due to the non-pandemic circulation of the Bcar clades as well as of their
descendant strains disseminated through Latin America, they have been
jointly identified as 'subtype B non-pandemic’ (Bnon-panDEMIC) clades [87],

[88]. Another subtype B strain directly introduced from Haiti to the US
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Figure 1.6: Spatial dynamics of HIV-1 Subtype B around the world. Blue arrows
represent the main dissemination routes of HIV-1Bpanpemic form while blue circles
indicate its main disease epicenters. Red lines represent the dissemination of the

BNoN -pANDEMIC lineage.
around 1969 (1966-1972) was a major epidemiological event in the genesis
of the HIV-1 M group pandemic, given its subsequent spread throughout the

globe, defining the 'subtype B pandemic' (Bpanpemic) clade [85], [89].

Archived US HIV sequences, have recently allowed to trace New York City
(NYC) as the source location of early US HIV-1B diversification and date by
1972 (1970-1974) its MRCA [90]. The inferred time of the US HIV-1B ancestor,
uncovers a time-gap of ~10 years of cryptic circulation of the virus in the US
until the initial recognition of the HIV/AIDS in 1981. Among the several
cases of sexual transmission reported during the early 1980s in the US, some
of them corresponded to HET transmissions, however, the HIV epidemic was
by far primarily disseminated through MSM transmission networks. Indeed,
it has been suggested that the HIV-1B introduction into US from Haiti, would
have occurred as a result of sex tourism practiced on the island, which by that
time was a prime destination especially for male homosexuals from NYC
[66]. The intense international connection and large-scale migration existing
in the US, surely had important implications in the spread of HIV-1B beyond

this country limits and fostered the emergence of the Bpanprmic clade.
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Despite the successful dissemination of the Bcar clades in several American
countries including: Haiti and the Dominican Republic (75% of HIV-1B
infections), Jamaica (~50% of HIV-1B infections), Trinidad and Tobago
(~95% of HIV-1B infections), other Lesser Antilles (~40-75% of HIV-1B
infections), French Guiana (56% of HIV-1B infections) and Suriname (54%
of HIV-1B infections), the HIV-1B epidemic in Caribbean countries such as
Cuba and Puerto Rico is primarily driven by the Bpanpemic clade (~96-99%
of HIV-1B infections) which was back-introduced from the US [87], [88].
In most Latin American countries, the dominance of the Bpanprmic clade
is overwhelming and account for >90% of the current HIV-1B infections
[88]. In addition, a single introduction of the Bpanpemic clade, has been
indicated as the reponsible for the majority of the current HIV-1B cases

(62%) in Central America [91].

Subtype B dominates the HIV-1 epidemic in Western and Central Europe
[83], [92], where it was introduced with few exceptions by multiple founder
events, some of which achieved the establishment of local transmission
networks [93] mainly at the country level [94]. Notwithstanding,
phylogeographic analyses suggest a high level of geographical mixing of the
subtype B strains across Europe which highlight the importance of human
mobility across international borders in the spread of this clade [99]. HIV-1
molecular epidemiology in Europe is highly stratified according to gender
and risk group. It is so that subtype B in this continent was significantly
more common in men than in women and in the MSM population than
in IDUs or HET individuals [98]. Early epidemiological data on the most
probable modes of acquisition of HIV in Europe reported that the majority
of the infected MSMs had travelled to the US, where they experienced high
risk sexual relations [95], reinforcing thus, the role of the US as crucial hub of

early dissemination of the Bpanpemic clade.
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Despite the epidemiological importance of the HIV-1B in Asia (prevalence
~25%) [83], its spatiotemporal dissemination patterns through the overall
population are currently not well known. However, some works on the
characterization of the HIV-1B lineages associated with transmission among
MSMs in East Asia, revealed that approximately one-third of the Japan
subtype B strains belong to a large monophyletic Bpanpemic cluster that has
been widely disseminated into nearby regions of Asia (China and Taiwan)
and to the western hemisphere (the US and European countries), most likely

through global MSM networks [96], [97].

1.6.2 Origin and dissemination of HIV-1 CRF02_AG

CRFs and URFs contributed substantially to the worldwide epidemic,
with prevalence ranging from 10% to 50% depending of the region under
analysis [98]. The most prevalent CRF worldwide among the 90 CRFs
currently described is the CRF02_AG, responsible for at least 8% of total
HIV-1 infections [83]. The epidemic emergence of the CRF02_AG clade
has been dated back to 1973 (1972-1975) in the DRC [99]. From DRC,
the earliest migratory events of this lineage were traced to Cameroon
and Gabon (Fig. 1.7). Given that this migratory trends did not reflect
sustained human migratory flows, it has been suggested that the early
dissemination of the CRF02_AG clade probably occurred as a consequence
of chance exportation [99]. Currently, there is a low prevalence of the
CRF02_AG in its native African region (8%) [83], [100], which has been
explained as a reflection of the poor accessibility (i.e. large estimated
travel time) among the major population centers in Central Africa [101],
[102]. A growing trend of the CRF02_AG prevalence is discernible toward
West and West-Central Africa, where it stands for about 50% of the HIV-1

infections [83], [103]. Notably, Cameroon has been proposed as the hub
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Figure 1.7: Spatial dynamics of HIV-1 CRF02_AG around the world. Yellow arrows
represent the main dissemination routes of HIV-1 CRF02_AG lineages while green circles
indicate its main disease epicenters.

of the CRF02_AG dispersal and where this lineage reaches its highest

proportion of infections [104], [105].

The presence of the CRF02_AG lineage outside Africa is increasingly
common, particularly in former Soviet Union (FSU) countries where it
is mainly associated with IDUs networks [106]-[111]. Large increasing
proportions of CRF02_AG have been also reported among newly diagnosed
patients living in Europe [112]. While the presence of HIV-1 non-B
subtypes in Europe is commonly attributed to migration of individuals
from non-European countries, there is increasing evidence of indigenous
transmission networks of CRF02_AG in this continent. Particularly in
France, Belgium and Italy, recent analysis evidentiate the existence of
some native CRF02_AG transmission clusters particularly among highly

connected networks of MSM [113]-[116].

In America, particularly in Brazil, at least five introduction events of the
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CRF02_AG lineage have been reported, of which at least two have been
disseminated locally in the state of Rio de Janeiro since 1985 (1979-1992)
[117]. These CRF02_AG strains circulating in Brazil are closely related to
those circulating in western African countries where this CRF is highly
prevalent [117], [118] which demonstrates the potential for larger-scale

dissemination of this HIV-1 variant.

1.6.3 Origin and dissemination of HIV-1 subtype C

Subtype C predominates widely in Southern Africa [119], Burundi, Djibouti
and Ethiopia [120]-[123], and also reaches high prevalence in India and
Southern Brazil [83], [124]. Little is known about the potential factors that
might explain why the HIV-1 subtype C (HIV-1C) is the most prevalent
lineage worldwide. Some recent studies support that the successful
dissemination of subtype C could be linked to virological factors that resulted
in a lower replicative fitness and virulence, that therefore resulted in a higher

transmissibility, in comparison with subtypes A and D [125]-[127].

The origin of HIV-1C was traced to the Katanga region of the DRC in the
late 1930s [58] from where it spread independently to Eastern and Southern
Africa probably through migrant labor, leading to a phylogeographic
subdivision between the HIV-1C strains circulating in those two African
regions [128], [129] (Fig. 1.8). The subtype C epidemic in the Southern
African region present a strong panmixia pattern, which suggests multiple
introductions of C strains into the countries of the region. Molecular clock
analyses place the origin of this Southern African epidemic between 1956
and 1964 and the phylodynamic reconstruction revealed a strong early stage
of exponential epidemic growth during the 1970s and 1980s that coincide
with a period of socio-political changes in that region [130]. In turn,

phylogenetic analysis indicate that most HIV-1C strains (70%) from east
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Figure 1.8: Spatial dynamics of HIV-1 Subtype C around the world. Pink arrows
represent the main dissemination routes of HIV-1C while purple circles indicate its main
disease epicenters.
Africa belong to a single regional monophyletic clade, the so-called 'Cga'
[131]. The Cga clade was probably originated in Burundi around the early
1960s from where it was subsequently disseminated through the Eastern

African region and ignited several local Cga sub-epidemics between the early

1970s and early 1980s [131].

Interestingly, the epidemic of subtype C in Brazil was probably initiated
by the introduction into the Parana state of a single founder Cga strain
originated in Burundi [132]-[134]. Estimates of the time scale of this founding
event suggest that it took place in the mid-1970s (1974-1976), coinciding
with the origin of the African Cga sub-epidemics. The states of Parana and
Santa Catarina have been the most important hubs of HIV-1C dissemination
through Brazil [133]. The HIV-1C dissemination occurred rapidly through
the southern Brazilian states where this lineage accounts for 20-80% of
the HIV-1 infections but its dispersion to other Brazilian regions has been

much slower reaching a prevalence < 10% in the southeast and central-west
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regions [133], [135]. Notably, phylogenetic analysis revealed a clade of
HIV-1C sequences from MSMs of United Kingdom (UK) origin that branch
within the HIV-1C Brazilian radiation, supporting a scenario of direct viral
flow from Brazil to the UK [134], [136]. Recent phylogeographic analysis,
found the occurrence of multiple introductions of HIV-1C in Cuba, but the
successfull establishment and dissemination of only two of them [131]. While
the major of the two characterized HIV-1C Cuban clades probably belongs
from the Cga clade, the minor one, by contrast, probably derives from

Southern African HIV-1C lineages.

In Asia, the highest number of HIV-1C infections were diagnosed in India.
Phylogenetic analysis showed that the majority of Indian HIV-1C sequences
belong to a single monophyletic clade with close ancestral linkage to South
Africa. The tMRCA of the predominant Indian HIV-1C clade has been dated
back to the early 1970s (1965-1982) [137], [138]. There is also evidence
supporting the Indian origin of the HIV-1C epidemic in China and the
existence of an 'Indian-Chinese’' cluster whose emergence is likely the result
of transmigration of people between China and India via the Burmese heroin

trafficking route across the northeast of India [137], [139].

1.7 Phylodynamics

The area of study that allows the estimation of epidemiological and
evolutionary parameters through detailed phylogenetic analysis is known
as phylodynamics [140]. The central tenet of the phylodynamic approach is
that in rapidly evolving pathogens, population genetic processes occur in a
similar timescale that epidemiological and ecological processes [141]. Due to

overlapping scales of both types of processes, epidemiological and ecological
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drivers that shape genetic patterns can be recovered using phylogenetic

techniques coupled with population and epidemiological dynamic models.

1.7.1 Molecular Clock hypothesis and Neutral theory

The concept of a molecular clock is essential to the phylodynamic analyses
by enabling the estimates of divergence dates and hence, dating epidemic
origins and providing a timescale to the population dynamics and the
processes that shape viral genetic diversity. The molecular clock hypothesis
proposed in the 1960s [142], [143] postulates that DNA and protein sequences
evolve at a constant probability rate over time and between different
organisms. Notably, the molecular clock as originally proposed by Pauling
and Zuckerkandl was stochastic rather than metronomic and held as
corollary that the genetic distance between two species is proportional to the
time elapsed since the species diverged from their MRCA, thus allowing the

estimation of evolutionary time scales from genetic data (Fig. 1.9).

The hypothesis of a molecular clock was controversial with the Darwinian
evolution since there was no concrete evidence underpinning the uniform
rate of accumulation of adaptive variations. The neutral theory of
molecular evolution proposed by Motoo Kimura in 1968 [144], provided
a big support to the molecular clock hypothesis proposing that the
vast majority of substitutions in DNA and proteins are neutral and not
positively selected. Under the neutral theory, the fate of each neutral
mutation (fixation in the population or lost) is determined stochastically by
genetic drift. In this way, the neutral theory predicts that the molecular
evolution has a roughly constant 'ticking' rate when the proportion of
mutations that are neutral is constant over time, thus providing a rational

basis for the molecular clock hypothesis.
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Figure 1.9: Molecular Clock hypothesis: Rates of amino acid changes in cytochrome c.

Observations about amino acid changes that occurred during the divergence between

species, show that molecular evolution takes place at an approximately constant rate.
A persistent problem for the molecular clock hypothesis is the existence
of departures from the clock-like evolutionary behavior and variations
in the rate of evolution of the same gene between lineages [145]-[148].
Indeed, there is substantial evidence that the ideal clock-like assumption
is rejected at a general level for RNA viruses and particularly for HIV
[149]-[151]. To contemplate this non-uninform evolutionary behavior,
alternative models that relax the assumption of a 'strict' molecular clock have
been described. Among the 'relaxed' approaches are those which estimate a
separate molecular rate for groups of branches in the tree (local molecular
clock models) [152] and the ones that model the rates per branch in an
autocorrelated (as function of the rate of the parent branch) [153], [154] or

uncorrelated [155] way from a parametric distribution.
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1.7.2 Calibrating the clock

To provide measurements on an absolute timescale, rather than in relative
ages, the molecular clock needs to be calibrated. This can be done
by incorporating information about the absolute rate or by assigning or
constraining the ages of one or more nodes in the phylogeny which can then
act as time reference for the whole tree. The age information of the nodes
can come from various sources such as fossil record, geological evidence
or historical migration events [156]. In measurably evolving populations
(MEPs), the use of sampling times (age of external nodes) turns out to
be an alternative calibration approach. MEPs populations are defined as
those populations for which a statistically significant number of accumulated
genetic differences within the sampling temporal range exist. Following this
line of reasoning, MEPs are characterized by either a high mutation rate (i.e.
RNA virus), or a wide range of sequence sampling times (i.e. ancient DNA
from fossil record) [157]. Dated molecular phylogenies of pathogen MEPs in
conjunction with population and/or epidemiological models can be used to

estimate population dynamics and timing epidemiological events.

1.7.3 Coalescent and Birth-Death models

Two types of models are currently widely used to estimate key population
(e.g. growth rate [r]) and epidemiological (e.g. transmission rate [A] and
basic reproductive number [Ry]) parameters from pathogen sequence data
within the phylodynamic framework: the coalescent [158]-[160] and the
birth-death process [161], [162].

The coalescent theory originally formulated by Kingman [158]-[160]
provides a conceptual framework for the analysis of processes that

historically influenced populations and that led to the current distribution
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Figure 1.10: Schematic drawing representing the coalescence process in two
populations.  The red dots represent individuals sampled at two time points
(heterochronic), the yellow dots represent the common ancestor between them and
the gray dots represent individuals of the non-sampled population. The two schemes
represent the phylogenetic relationships between individuals sampled from a population
of constant size (a) and exponential growth (b). Moving back in time from the present,
we follow the number of lineages in the genealogy in each generation. This value
decreases when two lineages share a common ancestor (a coalescence event), and
increases when sampled individuals are encountered (a sampling event). The probability
that a coalescence event occurs at a particular time is inversely proportional to the
population size at that time. This relationship is reflected in the size of the branches of the
phylogenetic tree and can be used to estimate the demographic history of the population.
Adapted from Drummond et al. 2003.
of its genetic variability. Through this population genetic model, the
probable relations among sampled individuals from a population of interest
are characterized retrospectively until their MRCA by reconstructing the
probabilistic structure of the underlying tree [163]. (Fig. 1.10). The inference
of coalescent times is made progressively backward in time, as a function of
the effective population size (Ne) [163]. Therefore, any population process
that affects the relatedness of randomly selected individuals will also affects
the distribution of its coalescent times, enabling the inference of the shape
and magnitude of the perturbation [164]. Within a viral disease context,
the viral population size equals the number of infected individuals and
coalescence events occur when the same donor infects two individuals.

In essence, the method assumes that the estimated phylogeny from viral

sequences accurately reflects the underlying transmission tree [165].
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In its seminal paper [159], Kingman presents the statistical description
of the genealogies expected from 7 individuals sampled at random from
the present generation of a Fisher-Wright population (i.e. panmictic
population not subjected to natural selection or recombination events
and with non-overlapping generations) of size N, with n < N.
Although in its most basic formulation the coalescent theory relies
on a Fisher-Wright population model [166], [167], it was extended to
include changes in the Ne [168], [169], compartmentalization [170]-[172],
recombination [173]-[175], selection [176]-[178], and sampling at
different time-points (‘serial-sampling') [179]. Through these extensions,
coalescent-based approaches assuming deterministic and non-parametric
population size changes over time have been extensively used to shed light

on historical population dynamics [180]-[182].

The use of deterministic demographic functions (e.g. constant, exponential,
logistic or expansional) within the coalescent approach, allows to obtain the
growth rate (r), with which it is possible to estimate the basic reproductive
number through the expression: Ry = rD + 1 (where D is the expected
infectivity time). Ry is an important epidemiological parameter, defined as
the number of secondary infections produced by an infected individual in a
population that is totally susceptible, and it is used as a key indicator of the
increase (Ro> 1), decline (Ry <1) or stabilization (Ry = 1) in the number of
new cases when their values are higher, less than or equal to 1 respectively

(transmission potential).

Some shortcomings of the coalescent as a model of epidemiological
transmission include: 1) it is appropriate only if the number of sampled
infected individuals is small compared with the size of the total infected
population (1 < N); 2) to estimate Ry under this approach it is necessary an

independent estimate of the average duration of infectiousness [183], [184];



28

and 3) both r and Ry inferences are only possible through modeling the

population dynamics under a deterministic assumption.

More generally, temporal variation in the transmission potential of infectious
diseases is monitored via the effective reproduction number, denoted by
Re, which is defined as equivalent to Ry when the population is no longer
fully susceptible. It is precisely the Re, what can be estimated using
the birth-death process. Formulated under the infectious disease frame,
the birth-death process provides a description of the transmission tree of
an infectious disease for which n individuals were sampled. However,
unlike the coalescent, this model yields a forward in time description of
the epidemiological process, from a single infected individual that starts an
epidemic at time ¢, and as a function of the sampling (J), birth (1), and the
death (y) rates. The A rate, is defined as the rate with which one infected
individual will infect an uninfected individual (transmission rate), and the p
rate, is the rate with which an infected individual becomes non-infectious.
The non-infectious state may be caused by a number of factors such as
death, behavior change, or successful treatment. Therefore, if the birth—death
process is used as a model for the spread of an infectious disease for which n
individuals were sampled with rate J, the task is to recover the process that
led to those n individuals, namely the transmission tree (sampled tree) (Fig.

1.11) in parallel with the A, u and ¢ rates estimation [185]-[188].

As the coalescent, the basic birth-death model have been subject to a number
of extensions among which are those taking into account: a fixed time since
the MRCA [189], a fixed number of extant individuals [190], an incomplete
sampling of extant individuals [191], [192], an heterochronus sampling [193],
or the fluctuation of the A, u and ¢ rates over different equidistant time

intervals [188].
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Figure 1.11: Schematic drawing representing the birth—death process (Left) Tree that
evolved under the birth-death model with two rate shifts (at time t1 and t2). The sampled
individuals are marked with an orange circle, an infection event is displayed as a split of
one lineage into two lineages (blue lines) and becoming non-infectious is shown as a
lineage that stops growing (red cross). (Right) Corresponding transmission tree, i.e., all
lineages with no sampled descendants are pruned. Adapted from : Stadler et al. 2013
It is precisely through the estimation of the A, u and J rates that
best fit the topology of the transmission tree in different intervals
of the epidemic process, that it is possible to make the inference

of the Re in a piece-wise manner over different time intervals

as the ratio of the A and y rates: Re = A/ .

Some major advantage of the birth-death model over the coalescent
include: 1) under the birth-death process the population size can
exhibit fluctuations as a result of stochasticity whereas under the
parametric coalescent the population size change deterministically;
2) the birth-death process model do not assume a small random
sample from a large background population; and 3) the birth-date
process has the ability to recover birth and death rates separately,

and thus provide an estimate for the R, directly from sequence data [194].
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Chapter 2

Objectives

2.1 General objective

To characterize the spatiotemporal dynamics of different strains of HIV-1 in different
geographical regions, in order to identify their origin, population dynamics and

potential factors underlying their propagation.

2.2 Specific objectives

¢ To identify and characterize the evolutionary and demographic history of
major HIV-1 subtype B pandemic clades circulating in Latin America, using

coalescent- based phylodynamic inference.

¢ To identify and characterize the evolutionary and demographic history
of major HIV-1 CRF02_AG clades circulating in West and Central
Africa and other regions around the world, under coalescent-based

phylodynamic inference.

¢ To reconstruct the evolutionary and demographic history of major HIV-1
subtype C clades circulating in East Africa and Brazil using both

coalescent-based and birth-death phylodynamic frameworks.
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Chapter 3

Phylodynamics of major HIV-1
subtype B pandemic clades

circulating in Latin America.
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3.1 Abstract

The HIV-1 epidemic in Latin America is dominated by subtype B, which
accounts for nearly 70% of infections in the region. The aim of this work was
to identify the major HIV-1 subtype Bpanpemic clades circulating in Latin
America and to reconstruct their evolutionary and demographic history.
To this end a total of 6789 HIV-1 subtype B pol sequences collected from
seven different Latin American countries were combined with BpanpEMIC
reference sequences (n = 500) from the United States and France. Major
Branpemic clades were identified by Maximum Likelihood phylogenetic
analysis. Time-scale and demographic reconstructions were performed using
a Bayesian coalescent-based method. We identified 10 major Bpanpemic
monophyletic lineages mainly composed by Latin American sequences. Two
clades were classified as regional-specific lineages as comprises sequences
from at least two neighboring countries; whereas the other eight clades
were country-specific. The median age of major Latin American Bpanpemic
clades encompass a period of two decades (1968-1988); although most of
them probably arose before the early 1980s. All major clades seem to have
experienced an initial period of exponential growth, with median epidemic
growth rates that range from 0.50 year™ to 0.94 year™, followed by a recent
decline in growth rate. In conclusion, about one third of HIV-1 subtype B
infections in Latin America originated from the spread of a few Bpanpemic
founder strains probably introduced in the region since the late 1960s.
Despite the successful dissemination, all major Bpanpemic clades showed

signs of subsequent epidemic stabilization.
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3.2 Introduction

It has been estimated that 1.4 million (1.1-1.7 million) people were living with
the HIV type 1 (HIV-1) in Latin America at the end of 2011 [1]. The HIV adult
(1549 years) prevalence (0.4%) and the number of people newly infected
each year (80.000-90.000) in Latin America have remained relatively stable
since the early 2000s [1]. Despite this stable epidemiologic scenario, very
high HIV prevalence rates are still observed in some vulnerable populations
including transsexual people (30—40%), male sex workers (10-25%), MSM
(56-20%), intravenous drug users (IDUs) (5-20%), and female sex workers

(0.5-5%) [2,3].

The HIV-1 epidemic in Latin America is dominated by subtype B, which
accounts for nearly 70% of infections in the region [4]. The subtype B
epidemic in the America is characterized by the expansion of both pandemic
viral strains that are widely disseminated in the Caribbean region [5] and
the subtype Bpanpemic clade that seems to be the dominant subtype B
variant outside the Caribbean [6,7]. A recent study conducted by our
group estimates that most (>90%) of HIV-1 subtype B infections in Latin
America resulted from the expansion of the globally disseminated Bpanpemic
clade [8], thus displaying a molecular epidemiologic profile similar to North

America and Europe.

The Bpanpemic clade probably arose in the United States in the late 1960s [6]
and most studies performed up-to-date support a very rapid dissemination
of this viral clade to Latin America. Some studies estimated the origin
of major HIV-1 subtype B clades in Argentina and Brazil between the
middle 1960s and the early 1970s [9,10]. One study suggests that a single
introduction of the Bpanpemic clade around the middle 1960s accounts for

most current cases in Honduras and El Salvador [11], whereas other study
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showed that Panamanian HIV-1 epidemic is mainly driven by the expansion
of several country-specific Bpanpemic clades probably introduced between
the early 1970s and the early 1980s [12]. The precise number, geographic
extension, and dissemination dynamics of major HIV-1 Bpanpemic clades

circulating in Latin America, however, remain largely unknown.

The objective of this study was to characterize and reconstruct the
evolutionary and demographic history of major HIV-1 Bpanpemic clades
circulating in Latin America. For this, we used a comprehensive dataset
of HIV-1 subtype B pol sequences (n = 6789) isolated from seven Latin
American countries between 1990 and 2011. These Latin American sequences
were combined with subtype B reference sequences, representative of the
Bpanpemic clade circulating in the United States (n = 300) and France (n =
200), and subjected to maximum likelihood (ML) and Bayesian coalescent

analyses.

3.3 Materials and Methods

3.3.1 HIV-1subtype B pol sequences

A total of 6789 HIV-1 subtype B pol sequences with known sampling dates
isolated from Argentina, Brazil, El Salvador, Honduras, Mexico, Peru, and
Venezuela were selected from a previous study [8] (Table S3.1). Other Latin
American countries were not included because of the very low number of
sequences available (n < 50). Sequences covered the entire protease and
partial reverse transcriptase regions (nucleotides 2253-3260 relative to HXB2
genome) and were initially retrieved from the Los Alamos HIV Database
http://www.hiv.lanl.gov. Latin American subtype B pol sequences were

aligned with Bpanpemic reference sequences from the United States (n =
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300) and France (n = 200) [5] using the Clustal W program [13]. All sites
associated with major antiretroviral drug resistance in protease and reverse
transcriptase were excluded as described previously [8]. Alignments are

available from the authors upon request.

3.3.2 Detection of country-specific HIV-1 subtype B clades

HIV-1 subtype B sequences from each Latin American country were
combined with 500 Bpanpemic pol reference sequences from the United States
and France and were subjected to ML phylogenetic analysis with sequential
pruning of nonclustered and ambiguously positioned taxa [14]. ML trees
were reconstructed with the PhyML program [15] using an online web server
[16] and major Latin American Bpanpemic transmission clusters were defined
as those monophyletic clades (approximate likelihood-ratio test > 0.90) with
at least 40 sequences, 95% or more of which were of Latin American origin
(see Supplementary materials and methods for details). These criteria allow
us to select BpanpEmic clusters with both regional epidemic importance (>1%
of subtype B infections of one country) and adequate sample sizes to give

reliable coalescent estimates.

3.3.3 Evolutionary and demographic reconstructions

The evolutionary rate, the time of the tMRCA, and the mode and rate
(r, years ') of population growth of major HIV-1 Bpanpemic clades
circulating in Latin America were jointly estimated using the Bayesian
Markov Chain Monte Carlo approach as implemented in BEAST v1.8
[17,18] with BEAGLE to improve run-time [19] (see Supplementary materials
and methods for details). Changes in Ne through time were initially

estimated using a Bayesian Skyline coalescent tree prior [20] and estimates
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of the population growth rate were subsequently obtained using the
parametric model (logistic, exponential, or expansion) that provided the
best fit to the demographic signal contained in the datasets. Comparison
between demographic models was performed using the log marginal
likelihood estimation based on path sampling and stepping-stone sampling

methods [21].

3.4 Results

3.4.1 Identification of major HIV-1 Bppanpemic clades in Latin America

A total of 6789 HIV-1 subtype pol sequences isolated from seven Latin
American countries between 1990 and 2011 were analyzed in this study. ML
phylogenetic analysis, combined with sequential pruning of nonclustered
sequences and clusters of small size, resulted in the identification of 12
country-specific Bpanpemic clades of large size (n >40) in Latin America
that together comprise 36% (n= 2423) of all subtype B sequences from
the region here included (Figs. S3.1-53.3). Major Bpanpewmic clades
comprise a substantial proportion (31-91%) of HIV-1 subtype B sequences
from most Latin American countries analyzed, except for Venezuela (Table
S3.2).  Excluding the large clade previously described in the isolated
Warao Amerindian population [22,23], the remaining Venezuelan sequences
were distributed in a large collection of small (n < 30) lineages that were

intermixed among non-Latin American reference strains (Fig. 53.4).

All major Bpanpemic clades from South America and Central
America/Mexico were then combined into two regional subsets and
subjected to ML analysis. Among the 12 Bpanprwmic Latin American clades

initially identified, eight contain sequence from one single country, whereas



3.4. Results 57

Table 3.1: Major HIV-1 subtype Bpanpemic clades identified in Latin America
after combined analysis of sequences from Argentina/Brazil/Peru and El
Salvador/Honduras/Mexico.

Dataset Country Clade N(%)? Sampling dates

A Argentina  Bg AMY 199(15) 2000-2008
BsaM-AR 87(6) 2001-2007

BARr-1 142(11) 2001-2007

BARr-1I 65(5) 2001-2007

Brazil BS AM — BS AM-BR 445(18) 1997-2010

BBr-11 174(7) 1997-2010

BBr-1m 96(4) 1997-2009

Bpr-1v 43(2) 1997-2009

Peru Bre 126(51) 2006-2010

B El Salvador Bcam® 69(41) 2008-2010
Bcam-sv 47(28) 2008-2010

Honduras  Bcam = Bcam-uan  462(91) 2001-2007
Mexico Bwmxa 406(25) 2004-2010

Byvx-n 196(12) 2005-2010

@ Number of sequences within each major Bpanpemic clade and

corresponding percentage of the total number of sequences from each country
included in the study: Argentina = 1351, Brazil = 2480, El Salvador = 170,
Honduras = 507, Mexico = 1647, and Peru = 249.

b Includes all sequence from Argentina that branched within the Bsan clade.
¢ Includes all sequence from El Salvador that branched within the Bcaw clade.

the remaining four are branched into two larger regional clades (Bsam
and Bcam) (Fig. 3.1 and Table 3.1). The regional clade Bgan comprises
sequences from clades Bar.; and Bggr1 that circulate in Argentina and Brazil,
respectively; whereas the clade Bcay comprises sequences from clades By
and Bgy that circulate in Honduras and El Salvador, respectively. A closer
inspection of these regional clades revealed that most Bgan Argentinean
sequences branched in a monophyletic subclade (Bsam-ar) nested among
the basal Brazilian strains, whereas most (68%) Bcam sequences from El
Salvador branched in a monophyletic subclade (Bcam-sv) nested among the

basal Honduran strains (Fig. 3.1).
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Figure 3.1: Maximum likelihood phylogenetic tree of HIV-1 subtype B pol protease
and partial reverse transcriptase sequences (~1000 nt) from major Bpanpemic lineages
circulating in Latin America. Major Bpanpemic lineages from South America (a) and
Central America/Mexico (b) were combined with reference sequences representative of
the Bpanpemic lineages circulating in the United States (n = 300), and France (n = 200).
Positions of major Latin American Bpanpemic clades are indicated by colored shaded
boxes. Trees were rooted using HIV-1 subtype D reference sequences. The branch lengths
are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.
BpaNDEMIC, subtype B pandemic.
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3.4.2 Time scale of major HIV-1 Bpanpemic clades in Latin America

Broad similar median substitution rates were observed for the pol region
of the different HIV-1 clades, ranging from 1.8 x 102 substitution/site per
year to 2.2 x 1073 substitution/site/year (95% highest probability density
overlap: 1.7-2.5 x 1073 substitution/site per year) (Table 3.2). With these
substitution rates, the median tMRCA of the Latin American BpaNDEMIC
clades embraces a period of two decades between the late 1960s and the late
1980s. Interestingly, of the four Bpanpemic clades with the oldest median
tMRCA estimates, three were from Brazil (Bsanmpr = 1968, Bgrr = 1970,
and Bgrgg = 1976) and the fourth one was from Honduras (Bcampn =
1975). Most of the remaining country-specific Bpanpemic clades in Latin
America probably arose between the late 1970s and the early 1980s, except
for the clades Bcam-sv and Byxg that probably arose between the middle

and late 1980s.

3.4.3 Demographic history of major HIV-1 Bpanpemic clades in

Latin America

The Bayesian skyline plot (BSP) analyses suggest that all Bpanpemic clades
displayed a similar population growth pattern characterized by an initial
phase of exponential growth followed by a decline in growth rate (Fig. 3.2).
Some differences, however, were observed in the Ne, time of slow down
(from late 1980s to early 2000s) and duration of the exponential growth
period (10-20 years) for each clade (Fig. S3.5). These parameters were
significantly correlated with the median tMRCA (P < 0.005) of each clade
(Fig. S3.6), indicating that older clades will tend to stabilize earlier but
maintain longer periods of exponential growth and reach higher Ne values.

To determine the epidemic growth rate parameter of each Bpanpemic lineage,
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we selected the logistic growth model that outperforms the other growth
models for all clades (Table S??). According to the logistic function, the
median growth rates for the Bpanpemic clades range from 0.50 year‘1 to 0.94
year! , with a great overlap of the highest probability density intervals for

most clades (Figs. 3.2 and S3.7).

Table 3.2: Bayesian time-scale estimates of major HIV-1 subtype Bpanpemic Latin American clades.

Country Clade Substitution rate Coefficient of variation tMRCA
Argentina  Bsamar  1.9x 107 (1.7x10° 23 x1073) 0.35 (0.26-0.45) 1982 (1976-1988)
BAR.I 1.9x10° (1.7 x 102 2.3 x 107) 0.36 (0.29-0.44) 1979 (1974-1984)
BAR.m 1.9x10° (1.7 x 102 2.4x 107) 0.35 (0.26-0.45) 1981 (1974-1987)
Brazil Bsamar  1.8x10° (1.7x103-1.9x103) 0.27 (0.24-0.31) 1968 (1963-1973)
Bgror 1.9x103 (1.7 x10° 2.3 x 10%) 0.23 (0.18-0.28) 1970 (1964-1978)
Bgr-m 1.8x103 (1.7 x 102 -2.2x 103) 0.19 (0.11-0.27) 1976 (1971-1982)
Bgrav 1.9x103 (1.7 x10° 2.4 x 10?) 0.27 (0.17-0.38) 1983 (1978-1988)
ElSalvador Bcamsy 22x10° (1.8x10°25x10%)  0.05(3.3x107°-0.15) 1988 (1982-1993)
Honduras Bcamun 2.1x 103 (1.7x10° 2.4 x1073) 0.26 (0.22-0.30) 1975 (1967-1981)
Mexico Buvix.1 22x103 (1.8x10°-2.5x103) 0.29 (0.24-0.34) 1985 (1980-1989)
Bt 22x102 (1.8x10°% 2.5x107%) 0.12 (0.01-0.20) 1981 (1974-1986)
Peru Bpg 1.9x103 (1.7 x 103 2.3 x 103) 0.24 (0.17-0.31) 1978 (1971-1985)

Bayesian skyline estimates of substitution rate (substitution/site per year), coefficient of rate variation, and time

to the most recent common ancestor (tMRCA) for major country-specific Bpanpemic Latin American clades. The
coefficient of variation was above zero for all clades, supporting the use of a relaxed molecular clock model to the
time scale reconstructions.

3.5 Discussion

The HIV-1 subtype Bpanpemic was ignited with the arrival of the virus
into the United States around the late 1960s from where a subsequent
dissemination to other countries around the world took place, thereby
establishing the so—called Bpanpemic clade [6]. Based upon the analysis
of an extensive dataset of HIV-1 subtype B pol sequences, we observed
that most (64%) Latin American sequences were distributed as sporadic
lineages or within country-specific clades of small sizes, suggesting multiple
independent viral introductions into the region with a restricted local
dissemination. We identified, however, 12 major Bpanpemic clades with
particular successfully epidemic outcomes that together comprise 36% of all

HIV-1 subtype B Latin American sequences here included.
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Figure 3.2: Demographic history of major HIV-1 Bpanpemic Latin American clades.
Median estimates of the effective number of infections using Bayesian skyline (solid
red line) and logistic growth model (solid blue line) are shown in each graphic together
with 95% highest probability density intervals of the Bayesian skyline estimates (dashed
red area). The vertical axes represent the estimated effective number of infections on
a logarithmic scale. Time scale is in calendar years. The median growth rate (with the
corresponding 95% highest probability density interval in parenthesis) estimated for each
clade under the logistic growth model is indicated in the upper left corner. BpanpEmic,
subtype B pandemic.
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Eight major Bpanpemic Latin American clades here identified correspond
to country-specific lineages that comprise between 2 and 51% of subtype
B sequences from a given Latin American country. The remaining four
Bpanpemic Latin American clades identified were part of two major regional
lineages: clade Bcawm that comprises 91 and 41% of subtype B sequences from
Honduras and El Salvador, respectively, and clade Bsay that comprises 18
and 15% of subtype B sequences from Brazil and Argentina, respectively.
Phylogenetic tree topologies indicate that clades Bcay and Bsam probably
arose in Honduras and Brazil, respectively, and were later spread at multiple
times to the corresponding neighboring countries. According to Murillo
et al. [11], the clade Bcam also circulates at lower prevalence in Belize
(24%), Nicaragua (6%), and Costa Rica (5%). These findings support that
dissemination of major Bpanpemic Viruses in Latin America is mainly driven
by within countries and among neighboring countries transmissions, but not

by transmissions among countries without a common border.

The proportion of HIV-1 subtype B infections that resulted from the
expansion of major local lineages in Argentina (31%), Brazil (31%), Mexico
(37%), El Salvador (41%), Peru (51%), and Honduras (91%) was comparable
with that previously estimated for subtype B epidemics in Jamaica (53%),
Cuba (70%), Panama (77%), and Trinidad and Tobago (94%) [5,12,24];
but higher than that previously observed for subtype B epidemic in the
United Kingdom (14%) [25]. This supports a much greater geographic
compartmentalization of the HIV-1 subtype B epidemic in Latin American
and the Caribbean regions than in Europe, which could be associated to
intraregional differences in human mobility and spatial accessibility. The
only exception to this trend was Venezuela where no large Bpanpemic

clusters were detected in the general population.

According to our estimations, the oldest local Bpanpemic lineages from
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South and Central America arose between the late 1960s and the middle
1970s and by when the AIDS epidemic was first recognized in the early
1980s, the Bpanpemic clade had already reached and established in most
Latin American countries analyzed. This timeframe agrees with previous
studies that pointed the arrival of the Bpanpemic clade in South [9,10] and
Central [11,12] America between the middle 1960s and the early 1970s, and
also coincides with the estimated age of the USBpanpemic clade (1966-1972)
[6,26], thus supporting a very fast dissemination of this viral clade in the
continent. Notably, some nonpandemic subtype B clades of Caribbean origin
were also probably introduced in Latin America between the early 1970s and
the early 1980s, but displayed a much more restricted local dissemination
[8,12]. This indicates that the extraordinary epidemic outcomes of some
Branpemic lineages in Latin America is not associated to their earlier
introduction into the region, but probably to their introduction into highly

connected transmission networks.

The phylodynamic patterns herein inferred for all major Latin American
Branpemic clades support an initial exponential growth and a recent phase
of epidemic stabilization. It was demonstrated that the flattening of the
BSP often coincides with the time of the most recent coalescent event in
the maximum clade credibility tree, and may not reflect a real epidemic
stabilization [27]. The leveling of the BSP in our analyses, however, occurred
before the flattening of the cumulative number of lineages-through-time
for all Latin American Bpanpemic clades (Fig. S3.8), supporting that the
observed slowing of epidemic spread in the recent past was probably not
an artifact of the inference method. These data are also consistent with the
Joint United Nations Programme on HIV/AIDS estimations that show that
HIV adult prevalence and the number of people newly infected each year in

Latin America have remained stable since the early 2000s [1].
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Despite the similarity in the overall epidemic curves, the precise dynamics
of epidemic stabilization greatly vary across clades. Older clades seem to
stabilize earlier but maintained longer periods of exponential growth and
reached higher sizes than the more recent ones. The median estimated
growth rate also varies across different Latin American Bpanpemic clades,
as was previously observed for both pandemic and nonpandemic subtype
B clades circulating in Panama and the Caribbean [5,12,24] (Fig. S3.7).
Because differences could be observed for different clades circulating in the
same country and for the same clade (Bsam , for example) across different
locations, the most probable source of the observed variations are not
country-specific prevention programmes or viral genetics properties, but the
characteristics of the contact networks. Older subtype B clades may have
gained access to larger contact networks with slower saturation dynamics
[28], and clades predominantly transmitted within MSM and IDUs networks
(with high rates of partner exchange) may have faster growth rates than those

mainly transmitted within heterosexual chains (Fig. 53.7).

In conclusion, this study reveals that about one-third of HIV-1 subtype B
infections in Latin America resulted from the expansion of a few Bpanpemic
founder strains probably introduced at a very early stage of the HIV
epidemic in the Americas. All major Latin American Bpanpewmic clades seem
to have experienced roughly similar populations dynamics with evidence
for recent stabilization, although some variation was detected in the specific
stabilization time and growth rate across different lineages. Investigation of
the epidemiological characteristics of the transmission networks that drives
the dissemination of major Latin American Bpanpemic clades will be of
paramount importance to design more effective HIV prevention strategies

in the region.
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3.7 Supplementary Information

Maximum Likelihood (ML) phylogenetic analysis. ML phylogenetic trees
were inferred under the GTR+I+I" nucleotide substitution model as selected
by the jModeltest program [1]. Heuristic tree search was performed using the
SPR branch-swapping algorithm and the reliability of the obtained topology
was estimated with the approximate likelihood-ratio test (aLRT) [2] based on
the Shimodaira-Hasegawa-like procedure. Because ambiguously positioned
taxa may reduce the phylogeographic structure of the HIV-1 phylogenies [3],
we use a relatively permissive statistical support (aLRT > 0.80) for initial
definition of countryspecific subtype B clusters. That criterion becomes more
stringent as sequences branching outside of the so defined clusters were
progressively removed, and only those clades with aLRT support > 0.90
were finally selected. Trees were rooted using subtype D sequences (the
closets HIV-1 group M lineage relative to subtype B) taken from the Los

Alamos HIV Database and visualized using the FigTree v1.4.0 program [4].

Bayesian MCMC analyses. All Bayesian Markov Chain Monte Carlo
(MCMC) analyses were performed using the GTR+I+I'4 nucleotide
substitution model, a relaxed uncorrelated lognormal molecular clock
model [5], and an informative prior for substitution rate (1.7-2.5 x 1073
subst./site/year) recovered from previous estimations for the subtype B
pol gene [6-9]. MCMC chains were run for 10-100 x 107 generations.
Convergence and uncertainty of parameter estimates were assessed by
calculating the Effective Sample Size (ESS) and the 95% Highest Probability
Density (HPD) values, respectively, after excluding the initial 10% of each run
with Tracer v1.6 [10]. Graphical representations of the effective number of
infection through time and the number of lineages-through-time (LTT) were

generated with R statistical software package.
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Table S 3.1: HIV-1 subtype B pol sequences from Latin America, the Caribbean, US and
France used for ML phylogenetic analyses.

Region Country N Sampling time
Argentina | 1,351 | 1998-2009
Brazil 2,480 | 1990-2010
El Salvador | 170 | 2008-2010
Latin America | Honduras | 507 | 2001-2009
Peru 249 | 2003-2010
Mexico 1,647 | 2004-2010
Venezuela | 385 | 2004-2011
North America | US 300 | 1997-2009
Europe France 200 | 1985-2008

Table S 3.2: Major HIV-1 Bpanpemic clades identified in Latin America after
analysis of each country separately.

Country Clade N (%)? Proportion® Sampling dates
Bar1: 199 (15%) 99,00% 2000-2008
Argentina  Barnm 142 (11%) 98,00% 2001-2007
Barmm 65 (5%) 100,00% 2001-2007
Bpr1 445 (18%) 98,00% 1997-2010
Brazil Berr 174 (7%)  98,00% 1997-2010
Ber-mm 96 (4%) 100,00% 1997-2009
Bpriv 43 (2%) 100,00% 1997-2009
El Salvador Bgsy 69 (41%)  95,00% 2008-2010
Honduras  Bpn 462 (91%) 99,00% 2001-2007
Mexico Bvmxa 406 (25%) 97,00% 2004-2010
Bvxm 196 (12%)  99,00% 2005-2010
Peru Bpg 126 (51%) 99,00% 2006-2010

a Number of Latin American sequences within each major Bpanpemic clade
and percentage of the total number of sequences from each country included in
the study: Argentina = 1,351, Brazil = 2,480, El Salvador = 170, Honduras = 507,
Mexico = 1,647, and Peru = 249. b Proportion of the total number of sequences
within each major Bpanpemic clade that correspond to a given Latin American
country.
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Table S 3.3: Best fit demographic model for major HIV-1 Bpanpemic Latin American
clades.

Clade Model PSLog ML Models compared Log BF SSLog ML Models compared Log BF

Log  -9384.16 - - -9384.79 - -
Bsam-ar  Expo  -9445.61 Log/Expo 61.45 -9446.01 Log/Expo 61.22
Expa -9451.39 Log/Expa 67.23  -9451.61 Log/Expa 66.82
Log -14433.16 - - -14436.00 - -
Barnm  Expo -14490.42 Log/Expo 5726 -14492.08 Log/Expo 56.08
Expa -14491.81 Log/Expa 58.65 -14493.05 Log/Expa 57.05
Log  -7933.03 - - -7933.05 - -
Barm  Expo -7954.8 Log/ Expo 21.77  -7955.19 Log/ Expo 22.14
Expa -7963.61 Log/Expa 30.58  -7963.92 Log/Expa 30.87
Log -47286.45 - - -47310.77 -

Bsam-sr  Expo  -47527.70 Log/Expo 241.25 -47548.31 Log/Expo 237.54
Expa -47557.28 Log/Expa 270.83 -47573.62 Log/Expa 262.85

Log -20646.60 - - -20651.19 - -
Bera Expo -20692.17 Log/Expo 4557  -20694.97 Log/Expo 43.78
Expa -20704.08 Log/Expa 5748 -20705.78 Log/Expa 54.59

Log -11978.26 - - -11979.36 - -
Bgrm  Expo -12022.05 Log/Expo 43.79  -12022.30 Log/Expo 42.94
Expa -12032.57 Log/Expa 5431 -12033.17 Log/Expa 53.81

Log -6411.89 - - -6412.27 - -
Beriv  Expo  -6427.87 Log/Expo 1598  -6428.09 Log/Expo 15.82
Expa -6436.06 Log/Expa 2417  -6436.36 Log/Expa 24.09

Log -6165.89 - - -6166.20 - -
Bcamsv  Expo  -6169.32 Log/Expo 3.43 -6169.64 Log/Expo 3.44
Expa -6175.59 Log/Expa 9.7 -6175.66 Log/Expa 9.46

Log -41727.83 - - -41753.80 - -
Beaman  Expo  -42070.40 Log/Expo 342.57 -42090.05 Log/Expo 336.25
Expa -42062.25 Log/Expa 334.42 -42083.75 Log/Expa 329.95

Log -33110.35 - - -33133.66 - -
Buxa  Expo -33259.09 Log/Expo 148.74 -33279.31 Log/Expo 145.65
Expa -33264.18 Log/Expa 153.83 -33284.78 Log/Expa 151.12

Log -18972.62 - - -18978.04 - -
Buxat  Expo -19043.66 Log/Expo 71.04  -19047.36 Log/Expo 69.36
Expa -19052.33 Log/Expa 79.71  -19055.97 Log/Expa 77.93

Log -14256.71 - - -14258.72 - -
Bpr Expo -14330.68 Log/Expo 7397 -14332.17 Log/Expo 73.45
Expa -14336.29 Log/Expa 79.58 -14337.61 Log/Expa 78.89

Log marginal likelihood (ML) estimates for the logistic (Log), exponential (Expo) and expansion
(Expa) growth demographic models obtained using the path sampling (PS) and stepping-stone
sampling (SS) methods. The Log Bayes factor (BF) is the difference of the Log ML between of
alternative (H1) and null (HO) models (H1/HO0). Log BFs > 1 indicates that model H1 is more
strongly supported by the data than model HO.
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Figure S 3.1: ML phylogenetic tree of HIV-1 subtype B pol PR/RT sequences
(~1,000 nt) from major Bpanpemic lineages circulating in Argentina (A) and Brazil
(B) combined with reference sequences representative of the Bpanpemic lineages
circulating in the US (n = 300), and France (n = 200). Branches are colored according
to the geographic origin of each sequence as indicated at the legend (bottom right).
Positions of major Latin American Bpanpemic clades are indicated by colored shaded
boxes. Trees were rooted using HIV-1 subtype D reference sequences. The branch lengths
are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.
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Figure S 3.2: ML phylogenetic tree of HIV1 subtype B pol PR/RT sequences (~1,000 nt)
from major Bpanpemic lineages circulating in El Salvador (A), Honduras (B) combined
with reference sequences representative of the Bpanprmic lineages circulating in the
US (n = 300), and France (n = 200). Branches are colored according to the geographic
origin of each sequence as indicated at the legend (bottom right). Positions of major
Latin American Bpanpemic clades are indicated by colored shaded boxes. Trees were
rooted using HIV-1 subtype D reference sequences. The branch lengths are drawn to
scale with the bar at the bottom indicating nucleotide substitutions per site.
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Figure S 3.3: ML phylogenetic tree of HIV-1 subtype B pol PR/RT sequences (~1,000
nt) from major Bpanpemic lineages circulating in Peru (A) and Mexico (B) combined
with reference sequences representative of the Bpanpemic lineages circulating in the
US (n = 300), and France (n = 200). Branches are colored according to the geographic
origin of each sequence as indicated at the legend (bottom right). Positions of major
Latin American Bpanpemic clades are indicated by colored shaded boxes. Trees were
rooted using HIV-1 subtype D reference sequences. The branch lengths are drawn to
scale with the bar at the bottom indicating nucleotide substitutions per site.
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Figure S 3.4: ML phylogenetic tree of HIV-1 subtype B pol PR/RT sequences (~1,000 nt)
circulating in Venezuela (n = 909) and representative sequences of the Bpanpemic (US
= 165, France = 135) clade. Branches are colored according to the geographic origin of
each sequence as indicated at the legend (bottom right). The position of the only major (n
> 40) strongly supported (aLRT > 0.9) Venezuelan Bpanppmic clade identified is indicated
by a colored shaded box and was associated to the Warao Ameridian community. Tree
was rooted using HIV-1 subtype D reference sequences. The branch lengths are drawn to
scale with the bar at the bottom indicating nucleotide substitutions per site.
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Figure S 3.5: Bayesian skyline estimates of the median Ne (y axis, logarithmic scale)
over time (x axis, calendar years) obtained for the major HIV-1 Bpanpemic Latin
American clades. Each clade is represented by a color as indicated in the legend at the

upper left corner.
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Figure S 3.6: Correlation between the median estimated tMRCA and the
corresponding median effective population size (Ne) at the most recent time (A),
transition year of epidemic stabilization (B) and total length time (years) of
exponential growth of each major HIV-1 Bpanpemic Latin American clade (O).
Correlations were adjusted to a linear regression curve and the model fit to the data (R
value) as well the probability for slope deviation from zero is indicated in each graph.
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Figure S 3.7: Coalescent estimates of epidemic growth rate of major HIV-1 BpanpEmIC
and Bnonranpemic (indicated with an asterisk) clades from Latin America and the
Caribbean. The circle and the vertical lines represent the median growth rates (years™)
and the corresponding 95% HPD intervals of the posterior distributions estimated under
the logistic growth coalescent model for each clade. Subtype B clades mostly associated
to heterosexual (red circles), MSM (blue circles) or unknown (green circles) transmission
networks are indicated. Epidemic growth rates of subtype B clades circulating in Cuba
(CU), Hispaniola (HISP), Jamaica (JM), Trinidad and Tobago (TT) and Panama (PA) were
estimated previously in Delatorre et al. 2013, Cabello et al. 2014 and Mendoza et al. 2014.
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Figure S 3.8: Cumulative number of lineages (y axis) through time (x axis) (LTT) for
the major HIV-1 Bpanpemic Latin American clades. The vertical solid line represents
the time of BSP stabilization for each clade. The vertical dashed line represents the time
of the most recent coalescent event for each clade.
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41 Abstract

The HIV-1 CRF02_AG clade is the most prevalent HIV variant in West and
West-Central Africa and its detection outside Africa is increasingly common.
Little is known, however, about the number and phylodynamics of major
CRF02_AG lineages circulating worldwide. To this end, a total of 3170 HIV-1
CRF02_AG-like pol sequences isolated around the world, over a period of
25 years (1989 to 2013), were analyzed using Maximum Likelihood and
Bayesian coalescent-based methods. Our results suggest that most of the
current CRFO2_AG diversity comes from the dissemination of a few founder
strains out of Central Africa into West Africa and Cameroon between the
late 1960s and the middle 1980s. The CRF02_AG strain introduced into
West Africa established a large regional epidemic with low phylogeographic
structure. This strain was also successfully disseminated out of the West
African region and originated at least three large secondary outbreaks in
Cameroon at around the late 1970s, in the former Soviet Union (FSU)
countries at around the late 1990s, and in Bulgaria/Germany at around the
early 2000s. The CRF02_AG African lineages introduced into Cameroon
remained mostly restricted to this country and its neighbors. Demographic
reconstructions indicate that major CRF02_AG clades circulating in Africa
exhibited a decline in growth rate since the middle 1980s/1990s, whereas
CRF02_AG clades in Europe and the FSU countries continue to grow
exponentially until the middle to late 2000s. Substantial differences in the
median estimated growth rate of the same CRF02_AG clade circulating
in different regions (0.63-2.00 year!), and of different CRF02_AG clades
circulating in the same country (0.41-0.75 year™') were observed. Thus, the
cause of the epidemic outcome of the different HIV-1 CRF02_AG lineages is

probably multifactorial.
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4.2 Introduction

The epidemic dispersion of HIV-1 group M from its location root in Kinshasa,
capital of the DRC, since the first part of the 20th century [1] has resulted in
the extensive diversity of subtypes, sub-subtypes, circulating recombinant
forms (CRFs) and unique recombinant forms (URFs) reported across the
world. Among the 79 CRFs currently described, CRF02_AG is responsible for
the largest number of infections worldwide and is the fourth most prevalent

HIV-1 variant accounting for 8% of the global infections [2].

The CRF02_AG variant predominates in West and West-Central African
countries where it stand for about 50% of the HIV-1 infections [2,3]; but there
is a notable decrease in its frequencies toward Central Africa where it display
a prevalence of around 8% of the total infections [2,4] and is rarely detected in
other African regions. In recent years, there has been an increase in reported
sporadic CRF02_AG cases in Europe and North America, mostly caused by

migrant flows from endemic regions and global travel [5-8].

A few indigenous transmission networks of CRF02_AG have been also
detected in different regions out of Africa. Autochthonous transmission
networks of CRF02_AG have arisen in former Soviet Union (FSU) countries
mainly distributed among IDUs, but with increasing prevalence into
heterosexual populations [9-14]. Local dissemination of CRF02_AG has been
also detected in Brazil, where it has shown the existence of at least two
transmission networks with dissemination by both horizontal and vertical
pathways [15-17]. Moreover, recent analysis evidence the existence of some
native CRF02_AG transmission clusters particularly among HIV-infected
men having sex with men (MSM) from France and Belgium and heterosexual

population from Switzerland [18-21].

The field of viral phylodynamics coupled with coalescent-based models
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has become a powerful tool allowing the recognition of the spatiotemporal
dynamics of a variety of viruses and its implementation helped elucidate the
origin and dispersion pattern of the CRF02_AG lineage in the Congo River
basin [22], as well as the demographic dynamics and/or migration routes
of CRF02_AG circulating in Guinea Bissau, Cameroon and Brazil [16,22-24].
The spatiotemporal pattern of dissemination of the CRF02_AG at a global

scale, however, remains largely unknown.

The objectives of the present study were to identify and characterize the
major HIV-1 CRF02_AG clades circulating in West, West-Central and Central
Africa and their dispersion at both regional and global scales. Spatial
and temporal information of 3170 CRF02_AG-like pol sequences sampled
worldwide over a period of 25 years were used in maximum-likelihood and
coalescent-based phylodynamic approaches to determine the prevalence of
the major HIV-1 CRF02_AG clades and to reconstruct simultaneously their

evolutionary and demographic histories.

4.3 Materials and Methods

4.3.1 HIV-1 CRF02_AG-like pol sequence datasets

A total of 2246 HIV-1 CRF02_AG-like pol sequences, covering the entire
protease and partial reverse transcriptase (PR/RT) regions (nucleotides
2253-3260 relative to HXB2 genome), isolated from 20 countries from Central,
West-Central and West Africa over a period of 24 years (1990 to 2013)
were used in this study (Table S4.1). Sequences were retrieved from
the Los Alamos HIV Database (n = 2113) (http://www.hiv.lanl.gov) and
from a local database at the Institut de Recherche pour le Développement,

Université Montpellier (n = 133). These African sequences were combined
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with 924 CRF02_AG-like pol sequences isolated from 43 countries from
the Americas, Europe, Asia and Oceania and with 38 CRF63_02A1-like pol
sequences isolated in Russia, covering the same genomic region described
above and that were available at the Los Alamos HIV Database (Table
S4.1). The subtype assignment of all sequences was confirmed using
COMET [25] and REGAv3.0 [26]. Sequences with discordant results were
further submitted to Maximum Likelihood (ML) phylogenetic analysis (see
bellow) and Bootscan analysis [27] with reference samples. All sites with
major antiretroviral drug resistance mutations were excluded, leaving 921

nucleotides in the final alignment that is available from authors upon request.

4.3.2 Phylogenetic analyses

ML trees were inferred with the PhyML v3.0 program [28], under the
GTR + I + I'4 model of nucleotide substitution recommended by the
jModeltest program [29]. The Subtree Pruning and Regrafting (SPR) option
was selected as the heuristic tree search method and branch support was
estimated with the approximate likelihood-ratio (aLRT) SH-like test [30].
Reference sequences of HIV-1 subtypes B, C, D, F, H, ] and K from the
Los Alamos HIV Database were used as outgroup. The phylogenetic trees
were visualized with FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/
figtree/). Major CRF02_AG monophyletic clusters were identified by visual
inspection and only those including more than 30 sequences and an aLRT

score over 0.85 were selected for further analysis.

4.3.3 Evolutionary and demographic reconstructions

For each CRF02_AG clade identified, the evolutionary rate (u, units are

nucleotide substitutions per site per year, subst./site/year), age of most
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recent common ancestor (tMRCA, years), and mode and rate (r, years™) of
population growth were coestimated by a Bayesian MCMC coalescent-based
phylodynamic analyses as implemented in BEAST v1.8 [31] with BEAGLE
[32] to improve run performance. Since this methodology is computationally
prohibitive on large datasets, those identified clades made up by more than
500 sequences were subjected to a sub-sampling strategy (see Supplementary
Information for full details of the procedure). Analyses were carried out
under the GTR + I + I'4 model of nucleotide substitution and a relaxed
uncorrelated lognormal molecular clock model [33]. A uniform prior was
applied on the clock rate (1.5-3.0 x 102 subs./site/year) on the basis of
estimations reported from previous studies [34]. The dynamics of the Ne
over time were initially estimated by the non-parametric Bayesian skyline
plot model (BSP) [35] as coalescent tree prior. Parametric estimates of the
growth rates were obtained under three demographic models (exponential,
logistic and expansion growth) whose adjustment to the data were assessed
using the log marginal likelihood estimation (MLE) based on path sampling
(PS) and stepping-stone sampling (SS) approaches [36]. MCMC were run
for 5-50 x 107 generations to ensure Effective Sample Size (ESS) values
above 200. The ESS and the 95% Highest Probability Density (HPD) values
were inspected using Tracer v1.6 (http://tree.bio.ed.ac.uk/software/
tracer/). Maximum clade credibility (MCC) trees were summarized using

TreeAnnotator v1.8 and visualized with FigTree v1.4.2.
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4.4 Results

4.41 Characterization of major HIV-1 CRF02_AG clades

circulating in Africa

The ML phylogenetic analysis performed with 2246 HIV-1 CRF02_AG-like
pol sequences from 20 different African countries revealed the existence of
tive major strongly supported (aLRT > 0.85) clades within the radiation
of the CRF02_AG (Fig. 4.1). The clades CRFO2cng, CRFE02cpzr,
CRF02cp-mm and CRF02¢p.pv mostly circulate in Cameroon and together
comprise 81% of the CRF02_AG sequences from that country, whereas the
clade CRFO2w, is the most prevalent one circulating in West Africa and
comprises 98% of the CRF02 sequences from that region. Clades CRF02yx,,
CRF02¢p.1, CRFO2¢p - and CRF02¢p .1y were nested among basal sequences
from Central Africa and probably represent independent introductions of
CRF02_AG strains from Central Africa into West Africa and Cameroon. The
clade CRFO2¢p\.q, by contrast, was nested within the CRFO2yys clade and
probably resulted from a secondary dissemination event of a CRF02y, strain

from West Africa into Cameroon.

Analysis of the relative prevalence of major CRF02_AG clades across African
countries revealed the existence of four different epidemiologic scenarios
(Fig. 4.2 and Table S4.2). The CRF02_AG epidemic in Central Africa
was mainly composed by basal CRF02_AG lineages (60%), followed by the
CRF02wp clade (24%). The CRF02_AG epidemic in West Africa was clearly
dominated by the CRF02w, clade (98%). In Gabon and Equatorial Guinea,
the CRFO2ya clade also predominated (> 62%), but a significant fraction
of sequences (> 14%) branched inside the Cameroonian clades CRF02¢y

and CRF02¢cpgr. In Cameroon, the CRF02_AG epidemic was dominated by
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clades CRF02¢p .1 and CRF02¢p 11 (71%), and also by a substantial proportion
of strains from CRF02wa clade (19%). Despite its variable prevalence
(ranging from 19% to 100%), the CRFO2w clade was detected in all African

countries analyzed.

4.4.2 Worldwide dissemination of the major HIV-1

CRF02_AG African clades

To investigate the role played by each major African CRF02_AG clade in
the global dissemination of CRF02_AG, a worldwide set of CRF02_AG-like
pol gene sequences was subjected to ML phylogenetic analyses, alongside
a reference alignment consisting of randomly selected African sequences
representative of the major clades. The phylogenetic reconstruction
essentially recovered the five major monophyletic CRF02_AG groups (aLRT
> (0.85) previously identified, with global samples branching within them
(Fig. 4.3). The level of global geographic dispersion observed among the
different African CRF02_AG clades varied widely (Fig. 4.4 and Table 54.2).
The majority (> 84%) of the CRF02_AG sequences detected in the Americas,
Asia and Europe branched inside the CRF02wy clade. The clades CRF02¢py
and CRF02¢)pr together comprised between 4% and 17% of the CRF02_AG
infections out of Africa, whereas the clades CRF02¢pir and CRFO2¢pzpy

were only detected in Europe and at very low prevalence (< 1%).

The ML phylogenetic reconstruction using the global HIV-1 CRF02_AG-like
pol sequences also revealed two major non-African strongly supported (aLRT
> 0.99) monophyletic sub-clades within the CRF02w, radiation (Fig. 4.3).
The sub-clade CRF02pc pg included sequences sampled from Bulgaria and
Germany between 2006 and 2012, whereas the sub-clade CRF02psy was

composed by sequences from the former Soviet Union (FSU) countries
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Figure 4.1: ML phylogenetic tree of HIV-1 CRF02_AG-like pol PR/RT sequences
(~1,000 nt) from Central, West-Central and West Africa. Branches are colored according
to the geographic origin of each sequence as indicated at the legend (top left). Positions
of major CRF02_AG African clades are indicated by shaded boxes. The aLRT support
value of each identified clade was > 0.85. The tree was rooted using HIV-1 subtypes B, C,
D, E H, ] and K reference sequences. The branch lengths are drawn to scale with the bar
in the center indicating nucleotide substitutions per site.
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Figure 4.2: Prevalence of CRFOZCM-[[, CRFOZCM_H, CRFOZCM-[H, CRFOZCM_Iv, CRFOZWA
clades and basal sequences (CRF02c5) among CRF02_AG infected individuals from
different African countries, estimated from the phylogenetic analyses presented in Fig.
4.1. The total number of CRF02_AG sequences analyzed in each country is indicated. The
CRF02_AG clades and the countries from each African region are represented by a color
code as indicated at the legends at bottom. The two-letter country codes are described in
Table 54.1
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(Russia, Armenia, Kazakhstan, Uzbekistan and Ukraine) isolated between
2002 and 2013. Smaller (n < 20 sequences) country-specific monophyletic
sub-clades within the CRF02y, radiation were also detected in others
countries (data not shown). These results corroborate the existence of
autochthonous transmission networks of CRF02_AG out of Africa that

resulted from the introduction and local dissemination of the CRF02wa clade.

4.4.3 Phylogenetic relationship between CRF02gsy

and CRF63 02A1 clades

The CRF63_02A1 is a HIV-1 variant mainly spreading among IDUs and
heterosexual populations from the Russian Federation that was generated
by recombination between the CRF02_AG and the subtype Al clades
[9,12,37,38] This CRF displays a CRF02_AG-like profile in the pol gene
fragment here selected, which may complicate the subtyping of HIV-1
CRF02_AG-like sequences from FSU countries. To test this, pol sequences
classified within the CRFO2gsy clade were aligned with CRF63_02A1
sequences and with CRF02_AG African sequences representative of the
major clades identified in this study. The ML phylogenetic analysis showed
that CRF02_AG-like sequences from Armenia, Kazakhstan, Uzbekistan and
Ukraine branched at the base of the CRF02psy clade (Fig. 4.5). Most
Russian sequences, by contrast, are intermixed with CRF63_02A1 viruses in
a monophyletic subclade nested within basal CRF02ggy lineages and were

thus reclassified as CRF63_02A1-like viruses.
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. Asia/Oceania

. Europe

Outgroup

Figure 4.3: ML phylogenetic tree of HIV-1 CRF02_AG-like pol PR/RT sequences
(~1,000 nt) isolated around the world alongside reference sequences representative
of the major African clades. Branches are colored according to the geographic origin of
each sequence as indicated at the legend (top left). Positions of major CRF02_AG clades
are indicated by shaded boxes. The aLRT support value of each identified clade was >
0.85. The tree was rooted using HIV-1 subtypes B, C, D, F, H, ] and K reference sequences.
The branch lengths are drawn to scale with the bar in the center indicating nucleotide
substitutions per site.
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Figure 4.4: Prevalence of CRFOZCM-I, CRFOZCM-H, CRFOZCM-[H, CRFOZCM-[V and
CRFO02ya clades among CRF02_AG infected individuals from different countries out
of Africa, estimated from the phylogenetic analyses presented in Fig. 4.3. The total
number of CRF02_AG sequences analyzed in each region is indicated. Each CRF02_AG
clade is represented by a color as indicated at the legend. The countries of each region
included in the analysis are filled in gray.
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Figure 4.5: ML phylogenetic tree of HIV-1 CRF02_AG-like pol PR/RT sequences
(~1,000 nt) of the CRF02ggy and the CRF63_02A1 clades alongside reference sequences
representative of the major African clades. Branches are colored according to the
geographic origin and clade assignment of each sequence as indicated at the legend (top
left). Positions of major CRF02_AG and CRF63_02A1 clades are indicated. The aLRT
support value of each identified clade was > 0.85. The Cameroonian CRF02_AG clades
as well as outgroup sequences were compressed for visual clarity. The tree was rooted
using HIV-1 subtypes B, C, D, E, H, ] and K reference sequences. The branch lengths are
drawn to scale with the bar indicating nucleotide substitutions per site.
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4.4.4 Timescale and demographic history of CRF02_AG and

CRF63 02A1 clades

The evolutionary and demographic history of major CRF02_AG African
clades and of CRF02pg.pg, CRFO2psy and CRF63_02A1 clades was
reconstructed using a Bayesian coalescent-based approach. The CRF02yy
clade was subjected to a sub-sampling strategy because of its large size (n =
1507), resulting in six subsets (see Supplementary Information for full details
of the procedure) each of which underwent the same analytical pipeline of
the other clades. The median estimated evolutionary rate of the different
clades were roughly comparable and all displayed a coefficient of rate
variation that did not encompass zero (Tables 4.1 and S4.3), thus justifying
the use of the relaxed molecular clock model. According to the substitution
rates here estimated, the median tMRCA of the different clades dated back

to between the late 1960s and the middle 2000s (Tables 4.1 and S4.3).

The demographic history estimated through the nonparametric BSP model,
suggested that all CRF02_AG clades as well as the CRF63_02A1 clade
underwent an initial period of substantial population expansion, followed
by a more recent slowdown in its rates of spread (Fig. 4.6). The growth
rate seems to start to decrease between 1985 and 1995 for African CRF02_AG
clades, around the middle 2000s for the CRF02gsy clade and around the
late 2000s for CRF02pg.pg and CRF63_02A1 clades. To test the significance
of such a recent decline in the epidemic growth rate, different parametric
growth models were compared for each clade. The logistic growth model
provided the best fit to the demographic signal contained in all African
CRF02_AG clades and in the CRF63_02A1 clade, whereas the demographic
signal contained in the CRF02rsy and CRF02pc.pg clades was nearly equally
fitted by both logistic and exponential growth models (Table S4.4). The

median estimated logistic growth rates of major CRF02_AG African clades
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(041 year! to 0.75 year') were much lower than those estimated for
CRF02_AG and CRF63_02A1 clades circulating in Europe and Asia (1.74
year! to 2.20 year) (Tables 4.1 and S4.3). According to the exponential
growth model, however, the median epidemic growth rates of the CRF02ggy
(0.40 year'l) and CRFO02p;.pg (0.83 year’l) clades were lower than those

estimated by the logistic one (Table 4.1).

Table 4.1: Evolutionary and demographic parameters estimated for CRF02_AG and
CRF63_02A1 clades.

Clade N  Sampling interval Substitution rate (10°) ~Coefficient of variation tMRCA Growth model ~ Growth rate
CRFO2WA* 1,507 1990-2013 1.8(1.5-2.1) 0.23(0.19-0.26) 1967(1961-1974) LG 0.63(0.48-0.78)
CRF02CM-T 428 1996-2012 1.6(1.5-1.8) 0.26(0.22-0.30) 1967(1962-1973) LG 0.41(0.3-0.5)
CRFO2CM-II 212 1996-2012 1.7(1.5-2.1) 0.35(0.29-0.41) 1978(1972-1984) LG 0.75(0.5-1.0)

CRF02CM-III 50 2001-2012 1.5(1.5-1.9) 0.31(0.16-0.47) 1985(1979-1989) LG 0.58(0.3-1.0)
CRF02CM-IV 33 1999-2012 1.6(1.5-2.0) 0.26(0.01- 0.44) 1983(1976-1989) LG 0.44(0.2-0.7)
CRFO2BG-DE 24 2006-2012 1.7(1.5-2.3) 1.10(0.70- 1.60) 2003(1997-2005) LG 1.74(0.67-3.59)
EG 0.84(0.59-1.11)
CRE02ESU 28 2008-2012 1.6(1.5-1.9) 0.33(0.07-0.61) 1998(1996-2000) LG 2.00(0.48-4.36)
EG 0.40(0.30-0.49)
CRF63_02A1 130 2009-2013 1.6(1.5-2.0) 0.63(0.51-0.79) 2004(2003-2006) LG 2.10(1.25-3.25)

* Mean values from all CRFQ2y, subsets (Table S4.3). LG: logistic growth.
EG: exponential growth
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represent the estimated Ne on a logarithmic scale. Time scale is in calendar years.

v

Demographic history of major HIV-1 CRF02_AG clades and the
CRF63_02A1 clade. Median estimates of the Ne using Bayesian skyline (black line) and
logistic/exponential growth models (red/blue line) are shown in each graphic together
with 95% HPD intervals of the Bayesian skyline estimates (gray area). The vertical axes
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4.5 Discussion

The present study embodies a major step toward the identification
of the main HIV-1 CRF02_AG lineages circulating worldwide and the
characterization of its spatiotemporal dynamics of dissemination. The
analyses carried out with 3170 CRF02_AG-like pol sequences sampled
around the world support that the current diversity of this HIV-1 variant
mostly resulted from the expansion of a few clades with different epidemic

outcomes.

The major CRF02_AG African lineage identified here, called CRF02wp,
probably arose after the introduction of a single founder strain from Central
Africa into West Africa. This founder strain was disseminated throughout
West Africa since the late 1960s onwards, establishing a large regional
epidemic that comprises about 98% of the CRF02_AG sequences from that
region here included and displays a very weak geographical structure
characterized by country-specific sub-clades of small size (n < 10 sequences).
The weak phylogeographic structure of the CRF02y, clade reflects multiple
and frequent viral exchanges among West African countries that is fully
consistent with the strong spatial accessibility [39] and the frequent human
mobility [40,41] between countries from the West African region, and also
coincides with the weak phylogeographic structure observed for other HIV-1

lineages (subtype G and CRF06_cpx) circulating in that region [42,43].

Other major CRF02_AG African clades identified here (CRF02cpy.g,
CRFO02cp-nr and CRFO2¢p\1v), seems to be the result of the expansion of three
founder strains probably introduced into Cameroon from Central Africa. The
estimated emergence of these CRF02_AG Cameroonian clades encompass a

period of almost two decades, ranging from the late 1960s for CRFO02¢py 1
to the middle 1980s for CRFO2cp.r and CRFO2¢pz.py. Previous studies
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described the existence of two [22] and three [24] major CRF02_AG clades
circulating in Cameroon that coincide with clades CRFO02¢p .1/ CRFO2cp1n
and CRF02¢pp.1/ CRF02cp-11/ CREO2¢) g detected in this study, respectively.
The greater number of CRF02_AG Cameroonian lineages detected here
compared to those previously reported probably arose from the larger

number of sequences used in this new study.

The CRF02w, clade was not only successfully disseminated within the West
African region, but was also introduced multiple times into other regions
of Africa and into other countries around the world, originating a number
of secondary outbreaks. The largest secondary CRF02ya outbreaks were
detected in Cameroon, Bulgaria/Germany and countries from the FSU,
leading to the origin of sub-clades called here CRF02¢p\ .1, CRF02pc.pg and
CRFO02psy, respectively, which were nested within the CRF02y, radiation.
The CRF02wa clade and the descendant sub-clades comprise a significant
proportion of sequences from West-Central Africa (> 40%), Central Africa
(24%), and other regions around the world (> 84%). Thus, the CRF02yy4 clade

is the most successfully disseminated CRF02_AG lineage at a global scale.

The chance of exportation of the CRF02_AG virus from West-Central and
Central African regions seems to be much lower than from West Africa.
The Cameroonian CRF02_AG clades (CRF02¢cn.g, CRFO2cn.gr, CREO20pMomn
and CRF02cp.1v) reach a high prevalence in Cameroon (81%) and the
neighboring Gabon (38%), but comprise only a minor fraction of the
CRF02_AG sequences detected in Angola and DRC (16%), Europe (16%),
Equatorial Guinea (14%), America (13%), Asia/Oceania (4%), and West
Africa (2%). Similarly, basal CRF02_AG lineages that are prevalent in
Angola and DRC (60%) were barely detected outside this region. Given
that West Africa hosts a much larger number of CRF02_AG-infected people
(~2,500,000) than Cameroon (~330,000) and Central African countries



100

(<100,000) [2,3], a more frequent exportation of the CRF02y, clade out of

the epicenter like the one supported by our results would be expected.

Demographic reconstructions indicate that major African CRF02_AG clades
displayed a similar population growth pattern characterized by an initial
phase of exponential growth followed by a decline in growth rate since
the middle 1980s-1990s onwards. The median growth rate of the CRF02yy4
clade (0.63 year!) was somewhat lower than those previously estimated
for subtype G clades and the CRF06_cpx lineage circulating in West Africa
(0.75-0.95 year') [42,43] (Fig. S4.1). Similarly, the median growth rate of
different CRF02_AG lineages circulating in Cameroon also varied over a
large range (0.41-0.75 year™). Although these results should be interpreted
with caution because of the overlap of HPD intervals (Table 4.1), they support
that spatial accessibility may not the only factor that shaped the rate of
expansion of the different HIV-1 clades circulating in those African regions.
Differences in the onset date of epidemics, transmission dynamics in distinct
risk groups and/or viral transmissibility properties might be also responsible

for the growth rate variances observed.

Our analyses revealed the existence of two major CRF02_AG transmission
networks outside Africa involving individuals from Bulgaria/Germany
(CRF02pc.pg) and FSU countries (CRF02gsy) that probably arose at around
the early 2000s and the late 1990s, respectively. Although none of these
countries host a large number of West African migrants [40], molecular
epidemiologic studies showed that CRF02_AG infections detected in
Bulgaria [44] as well as in Kazakhstan [11,13], Uzbekistan [10], Kyrgyzstan
[14], and the Russian Federation [12] were preferentially associated to IDUs
populations. Given the epidemiological link between the CRF02_AG and
IDUs transmission networks described in the above countries, the origin

of clades CRF02pg.pg and CRF02gsy could have been shaped by the rise
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of international heroin traffic routes linking Afghanistan (the world largest
opium producer) to the markets of the Russian Federation and Western

Europe [45].

The HIV-1 epidemic in IDUs from FSU countries has been mainly driven
by a subtype Al variant characteristic of that region (Arsy), that probably
began to spread among IDUs from Ukraine in the early 1990s and was later
disseminated to other FSU countries [46]. According to our estimations, the
CRF02psy variant began to spread in FSU countries around the late 1990s,
probably resulting in a high number of co-infections with the AFSU variant
already circulating and the subsequent generation of the AFSU/CRF02gsy
recombinant called CRF63_02A1 clade. We estimated the origin of the CRF63
_02A1 clade around the middle 2000s, consistent with a previous study [37],
supporting a very short time interval (<10 years) between the emergence of
the CRF02pgy lineage and the origin of the CRF63_02A1 clade in the IDUs

from FSU countries.

Inspection of the BSP of the CRF02p;.pg, CRF02psy and CRFE63_02A1 clades
supports a trend toward very recent epidemic stabilization since 2005-2010.
The median logistic growth rate estimated for these clades circulating in
European and FSU countries were very similar among each other (1.74-2.20
year!) and between three and five times faster than those estimated for
African CRF02_AG clades. These extremely fast epidemic growth rates are
fully consistent with the preferential dissemination of CRF02p_pg, CRF02psy
and CRF63_02A1 clades through highly connected IDUs transmission
networks, in contrast to the African CRF02_AG clades that are mainly
disseminated through heterosexual networks. The exponential demographic
model, however, also provide a good fit to the demographic signal in the
CRF02psy and CRF02pc.pg clades and supports lower epidemic expansion

rates than those estimated by the logistic model. It is possible that the logistic
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pattern of the CRF02psy and CRF02pg.pg clades was more difficult to capture
due to its recent stabilization and/or low number of sequences, although we

cannot ruled out that those epidemics are still growing exponentially.

In summary, this study reveals that the current CRF02_AG epidemics in
West and West-Central African countries resulted from the dissemination
of a few founder strains out of Central Africa between the late 1960s and
the middle 1980s. The CRF02_AG strain introduced into the West African
region (CRF02wa) showed a broader geographic dissemination than any
other African lineage. Spread of the CRF02w, clade outside Africa lead to
the emergence of local transmission networks in Asia and Europe between
the late 1990s and the early 2000s. The epidemic outcome of the different
CRF02_AG lineages was probably shaped by several factors including: time
of origin, spatial accessibility at the epicenter, risk groups transmission

dynamics, and viral transmissibility properties.
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Figure S 4.1: Coalescent estimates of epidemic growth rate of major HIV-1 CRF02_AG,
subtype G, CRF06_cpx and CRF63_02A1 clades identified. The vertical lines represent
the median growth rates (years!) and the corresponding 95% HPD intervals of the
posterior distributions estimated under the best-fitted growth coalescent model for each
clade. Epidemic growth rates of subtype G (Gwa.l, Gwa-n and Gca) and CRF06_cpx

clades were estimated previously [42,43].
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Table S 4.1: HIV-1 CRF02_AG-like and CRF63_02A1-like pol dataset.

Region Country N  Sampling interval
Benin (BJ) 92 2004-2009
Burkina Faso (BF) 132 2001-2009
Cape Verde (CV) 38 2010-2011
Cote D’Ivoire (CI) 55 1997-2008
Gambia (GM) 1 2005
Ghana (GH) 184 1990-2008
. Guinea (GN) 1 2007
West Africa Guinea Bissau (GW) 5 2004-2009
Liberia (LR) 48 1994-2013
Mali (ML) 160 2005-2009
Mauritania (MR) 36 2009
Nigeria (NG) 173 1999-2010
Senegal (SN) 272 1998-2011
Togo (TG) 116 2006-2008
Cameroon (CM) 827 1996-2012
. Chad (TD) 2 2006
West-Central Africa Equatorial Guinea (GQ) 21 2008
Gabon (GA) 58 2000-2008
. Angola (AO) 8 2001-2010
Central Africa DeC CD) 17 1997-2008
Brazil (BR) 15 1998-2012
Colombia (CO) 1 2003
America Cuba (CU) 3 2003
Ecuador (EC) 8 2005-2008
United States (US) 142 1998-2011
Austria (AT) 8 2003-2006
Belgium (BE) 39 1999-2013
Bulgaria (BG) 56 2008-2012
Byelorussian (BY) 1 -
Cyprus (CY) 10 2007-2011
Czech Republic (CZ) 21 2001-2007
CRF02_AG-like Denmark (DK) 17 2000-2007
Estonia (EE) 4 2008-2010
Finland (FI) 3 2003-2006
France (FR) 21 1991-2003
Germany (DE) 58 1998-2012
Greece (GR) 1 2007
Italy (IT) 37 1997-2009
Europe Luxembourg (LU) 2 2005-2006
Netherlands (NL) 9 2003-2010
Norway (NO) 7 2004-2006
Poland (PL) 7 1989-2013
Portugal (PT) 31 2003-2012
Romania (RO) 4 2007-2013
Serbia (RS) 1 2011
Slovakia (SK) 1 2005
Slovenia (SI) 8 1998-2005
Spain (ES) 160 1995-2012
Sweden (SE) 25 2003-2011
Switzerland (CH) 14 2003-2009
Ukraine (UA) 1 2010
United Kingdom (GB) 27 2005
Armenia (AM) 1 2009
Australia (AU) 10 2004-2010
China (CN) 12 2005-2009
Japan (JP) 10 2003-2011
Kazakhstan (KZ) 9 2012
Asia/Oceania Pakistan (PK) 3 2009
Philippines (PH) 3 2010-2011
Republic of South Korea, (KR) 10 2003-2013
Russian Federation (RU) 108 2008-2013
Thailand (TH) 8 2007-2013
Uzbekistan (UZ) 8 2002

CRF63_02A1-like Asia Russian Federation (RU) 38 2009-2013
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Table S 4.2: Relative prevalence (%) of major HIV-1 CRF02_AG African clades.

Region Country CRFO2WEST CRF02CM-I CRF02CM-II CRF02CM-III CRF02CM-1V
Benin (BJ) 96.0 2.0 2.0 - -
Burkina Faso (BF) 100 - - - -
Cape Verde (CV) 94.7 - 2.6 2.6 -
Cote D'Tvoire (CI) 100 - - - -
Gambia (GM) 100 - - - -
Ghana (GH) 100 - - - -
. Guinea (GN 100 - - - -
West Africa Guinea gisszu @) 100 - - - -
Liberia (LR) 100 - - - -
Mali (ML) 9.3 13 25 - -
Mauritania (MR) 100 - - - -
Nigeria (NG) 97.7 1.7 0.6 - -
Senegal (SN) 97.1 0.4 2.2 - 0.4
Togo (TG) 100 - - - -
Cameroon (CM) 19.0 48.6 22.8 59 37
. Chad (TD) 50.0 50.0 - - -
West-Central Africa 5o 2t ol Guinea (GQ) 857 95 i3 - -
Gabon (GA) 62.1 241 134 . .
. Angola (AO) 83.3 16.7 - - -
Central Africa DRgC (CD) 25.0 25.0 . . 50.0
Brazil (BR) 100 - - - -
Colombia (CO) 100 - - - -
America Cuba (CU) 66.7 - 333 - -
Ecuador (EC) 87.5 125 - - -
United States (US) 85.9 8.5 5.6 - -
Austria (AT) 100 - - - -
Belgium (BE) 64.1 12.8 20.5 - 2.6
Bulgaria (BG) 98.2 1.8 - - -
Byelorussian SSR (BY) - 100 - - -
Cyprus (CY) 40.0 20.0 40.0 - -
Czech Republic (CZ) 66.7 239 9.5 - -
Denmark (DK) 70.6 17.6 59 59 0
Estonia (EE) 100 - - - -
Finland (FI) 100 - - - -
France (FR) 81.0 4.8 14.3 - -
Germany (DE) 81.0 6.9 12.1 - -
Greece (GR) 100 - - - -
Italy (IT) 100 - - - -
Europe Luxembourg (LU) 100 - - - -
Netherlands (NL) 66.7 222 11.1 - -
Norway (NO) 71.4 28.6 - - -
Poland (PL) 857 . 143 - -
Portugal (PT) 96.8 3.2 - - -
Romania (RO) 75.0 25.0 - - -
Serbia (RS) 100 - - - -
Slovakia (SK) 100 - - - -
Slovenia (SI) 100 - - - -
Spain (ES) 86.3 8.1 5.6 - -
Sweden (SE) 80.0 11.5 3.8 - 3.8
Switzerland (CH) 78.6 7.1 14.3 - -
Ukraine (UA) 100 - - - -
United Kingdom (GB) 74.1 259 - - -
Armenia (AM) 100 - - - -
Australia (AU) 100 - - - -
China (CN) 83.3 8.3 8.3 - -
Japan (JP) 90.0 10.0 - - -
Kazakhstan (KZ) 100 - - - -
Asia/Oceania Pakistan (PK) 100 - - - -
Philippines (PH) - 33.3 66.7 - -
Republic of South Korea (KR) 100 - - - -
Russian Federation (RU) 99.1 0.9 - - -
Thailand (TH) 100 - - - -
Uzbekistan (UZ) 100 - - - -
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Table S 4.3: Evolutionary and demographic parameters estimated for CRF02y, subsets.

Subset N Samplinglnterval Substitution rate (x 10°) Coefficient of variation tMRCA Logistic growth-rate

1 429 1994-2013 1.7(1.5-2.0) 0.20(0.17-0.24) 1963(1957-1971) 0.57 (0.44-0.72)

2 432 1994-2013 1.8 (1.5-2.2) 0.25(0.21-0.28) 1968(1960-1975) 0.61(0.46-0.76)

3 433 1990-2013 1.6 (1.5-1.8) 0.23(0.19-0.26) 1970(1966-1975) 0.66(0.50-0.83)

4 434 1993-2013 2.1(1.7-2.6) 0.22(0.19-0.26) 1971(1963-1978) 0.70(0.52-0.89)

5 433 1993-2013 1.7(1.5-2.0) 0.23(0.20-0.27) 1965 (1958-1973) 0.62(0.49-0.77)

6 431 1994-2013 1.7(1.5-2.0) 0.22(0.18-0.25) 1966 (1959-1974) 0.58(0.46-0.71)
Mean - - 1.8(1.5-2.1) 0.23(0.19-0.26) 1967(1961-1974) 0.63(0.48-0.78)

Table S 4.4: Best fit demographic model for major HIV-1 CRF02_AG clades and

CRF63_02A1 clades.

Clade Model PSLog ML Models compared LogBF SSLog ML Models compared Log BF
Log -44895.6 - - -44901.8 - -
CRF02WA1  Expo  -45982.5 Log/Expo 1086.9  -45999.8 Log/Expo 1098.8
Expa  -45994.2 Log/Expa 1098.6  -46005.1 Log/Expa 1103.3
Log -46121.0 - - -46139.4 - -
CRF02WA2  Expo  -46361.3 Log/Expo 240.3  -46378.2 Log/Expo 238.8
Expa -46377.2 Log/Expa 256.2 -46386.4 Log/Expa 247.0
Log -46177.7 - - -46198.9 - -
CRF02WA3  Expo  -46439.0 Log/Expo 2613  -46454.7 Log/Expo 255.8
Expa  -46440.9 Log/Expa 2632  -46457.7 Log/Expa 258.8
Log -46387.6 - - -46407.7 - -
CRF02WA4  Expo  -46623.2 Log/Expo 235.6 -46639.3 Log/Expo 231.6
Expa  -46652.1 Log/Expa 2645  -46670.3 Log/Expa 262.6
Log -46095.0 - - -46115.6 -
CRF02WA5  Expo  -46370.5 Log/Expo 275.5 -46387.8 Log/Expo 272.2
Expa  -46389.7 Log/Expa 2947  -46407.9 Log/Expa 2923
Log -45316.5 - - -45335.4 - -
CRFO2WA6  Expo  -45544.3 Log/Expo 227.8 -45559.1 Log/Expo 223.7
Expa  -45557.7 Log/Expa 2412  -45574.4 Log/Expa 239.0
Log -38204.0 - - -38228.5 - -
CRF02CM-I  Expo  -38427.1 Log/Expo 223.1 -38450.1 Log/Expo 221.6
Expa  -38424.9 Log/Expa 2209  -38442.7 Log/Expa 2142
Log -18919.3 - - -18923.3 - -
CRF02CM-II  Expo  -19039.6 Log/Expo 1204 -19044.0 Log/Expo 120.7
Expa  -19061.3 Log/Expa 142.0  -19065.1 Log/Expa 141.8
Log -5924.9 - - -5925.2 - -
CRF02CM-III  Expo -5946.0 Log/Expo 21.1 -5946.3 Log/Expo 21.1
Expa -5950.9 Log/Expa 26.0 -5951.1 Log/Expa 25.9
Log -4493.3 - - -4493.5 - -
CRF02CM-IV  Expo -4530.4 Log/Expo 37.1 -4530.1 Log/Expo 36.6
Expa -4531.2 Log/Expa 37.9 -4531.4 Log/Expa 37.9
Log -2723.2 - - -2723.3 - -
CRF02BG-DE  Expo -2722.9 Log/Expo -0.3 -2722.9 Expo/Log -0.4
Expa 27271 Log/Expa 39 27273 Log/Expa 40
Log -3003.7 - - -3003.8 - -
CRF02FSU  Expo -3005.4 Log/Expo 1.7 -3005.4 Log/Expo 1.6
Expa -3011.8 Log/Expa 8.1 -3011.8 Log/Expa 8.0
Log -6114.4 - -6115.8
CRF63_02A1  Expo -6126.9 Log/Expo 12.5 -6127.3 Log/Expo 11.5
Expa -6140.7 Log/Expa 26.3 -6141.4 Log/Expa 25.6
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5.1 Abstract

The subtype C Eastern Africa clade (Cga), a particularly successful HIV-1
subtype C lineage, has seeded several sub-epidemics in Eastern African
countries and Southern Brazil during the 1960s and 1970s. Here, we
characterized the past population dynamics of the major Cga sub-epidemics
in Eastern Africa and Brazil by using Bayesian phylodynamic approaches
based on coalescent and birth- death models. All phylodynamic models
support similar epidemic dynamics and exponential growth rates until
roughly the mid-1980s for all the Cga sub-epidemics. Divergent growth
patterns, however, were supported afterwards. The Bayesian skygrid
coalescent model (BSKG) and the birth-death skyline model (BDSKY)
supported longer exponential growth phases than the Bayesian skyline
coalescent model (BSKL). The BDSKY model uncovers patterns of a recent
decline for the Cga sub-epidemics in Burundi/Rwanda and Tanzania (Re
< 1) and a recent growth for Southern Brazil (Re > 1); whereas coalescent
models infer an epidemic stabilization. To the contrary, the BSKG model
captured a decline of Ethiopian Cga sub-epidemic between the mid-1990s
and mid-2000s that was not uncovered by the BDSKY model. These results
underscore that the joint use of different phylodynamic approaches may

yield complementary insights into the past HIV population dynamics.
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5.2 Introduction

The human immunodeficiency virus type 1 (HIV-1) subtype C accounts for
approximately 48% of all people living with HIV, representing the most
prevalent HIV-1 subtype in the world [1]. The high global prevalence of the
C subtype results from its predominance in regions with the highest rates of
HIV-1 infection and with large populations, such as Southern and Eastern
Africa, India and Southern Brazil [1, 2]. The origin of HIV-1 subtype C was
recently traced to the Katanga region of the Democratic Republic of Congo
(DRC) in the late 1930s [3] from where it spread independently to Eastern
and Southern Africa, leading to a phylogeographic subdivision between the

HIV-1 subtype C strains circulating in those two African regions [4, 5].

The expansion of HIV-1 subtype C inside Eastern Africa gave rise to the C
East African clade (Cga), whose most probable epicenter of dissemination
was in Burundi around the early 1960s. During the 1970s, this country acted
as ignition point of several local Cgp sub- epidemics in other Eastern African
countries [5] and also in Southern Brazil [6] where the Cgs sub-epidemic
was fueled from a single founder event [7]. The Cga clade currently
predominates among subtype C strains from Eastern African countries and
Brazil, and accounts for almost 100% of subtype C sequences from Burundi
and Brazil, 97% from Uganda, 64% from Kenya, 61% from Ethiopia and
49% from Tanzania [5, 8]. The evolutionary analyses of the Cga sub-
epidemics performed so far mostly address questions about the place and
timing of outbreaks onset, focusing on the reconstruction of the geographic
dissemination pathways of this viral clade [2, 5, 6, 8, 9, 10, 11, 12]. Studies
on the population dynamics of Cga sub-epidemics, while key to understand
their historical epidemic growth trends, epidemic potential and ecological

processes shaping their evolution, have been much less frequent [13, 14].
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Key epidemiological and population parameters, most notably the effective
number of infections (Ne), the epidemic growth rate (r) and the basic (Ry)
and effective (Re) reproductive number, can be estimated from viral sequence
data by using Bayesian phylodynamic approaches based on coalescent [15]
and birth-death [16] models. These models have very different mathematical
grounds as well as particular strengths and limitations. The coalescent is
appropriate only if the number of sampled infected individuals is small
compared with the size of the total infected population [16], despite certain
robustness to violation of this requirement has been demonstrated [17].
The birth- death model, meanwhile, explicitly models the sampling process
and can thus be used for sparse or densely sampled viral populations
[16], although estimates may be biased if the model of the sampling
process is misspecified. The coalescent allows the inference of the Ry (key
epidemiological parameter indicator of increment [Ry > 1], decline [Ry <
1] or stabilization [Ry = 1] in the number of new cases [18]) only through
modeling the population dynamics under a deterministic assumption,
which represents a limitation for populations undergoing complex dynamics
[19], and require an independent estimate of the average duration of
infectiousness. The birth—-death model has the advantage of accounting
for stochasticity of the demographic process and provides an estimate for
Re e changes over time using only sequence data [16, 20]. A potential
disadvantage of the birth-death model is that credibility intervals grow wider
the further we go into the past, which is not the case for the coalescent-based
models [21]; although simulation studies showed that the coalescent might
not capture the truerbecause of the narrow credibility intervals around the
median estimate attributed to its assumption of deterministic changes in the

population size [20].
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The present work aims to shed light on the past population dynamics of the
major HIV-1 Cgp sub-epidemics established in Burundi, Rwanda, Ethiopia,
Tanzania and Brazil by analyzing viral pol gene sequences sampled between
1990 and 2014 with Bayesian phylodynamic methods based on coalescent

and birth-death models.

5.3 Materials and Methods

5.3.1 Sequence dataset compilation

A reference dataset of HIV-1 subtype C pol sequences belonging to the east,
southern and central African lineages was selected from a previous study
[5] and combined with: 1) more recent east African subtype C pol sequences
with known sampling dates available in Los Alamos HIV Database ( http:
//www.hiv.lanl.gov) by August 2017, and 2) subtype C pol sequences with
known sampling dates isolated from heterosexual populations living in the
two southernmost Brazilian states (Rio Grande do Sul and Santa Catarina)
previously described [11]. The option “One sequence/patient” was selected
from Los Alamos HIV database to exclude multiple sequences from the same
subject. The subtype assignment of all sequences was confirmed using the
REGA HIV-1 subtyping tool v.3.0. Given the two genetically distinct subtype
C clades (C and C’) co-circulating in Ethiopia [22], linked to subtype C viruses
of eastern and southern African origin respectively, putative intrasubtype
C/C’ recombinant sequences (n = 99) were identified by Bootscanning using
Simplot v3.5.1 [23] as described previously [5] and removed from further
analyses. This resulted in a final dataset of 1,147 HIV-1 subtype C pol

sequences (Table 5.1) covering the complete protease (PR) and the first part


http://www.hiv.lanl.gov
http://www.hiv.lanl.gov
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of the reverse transcriptase (RT) regions (nucleotides 2,253 to 3,272 relative

to HXB2 genome).

5.3.2 Identification of dominant country-specific HIV-1 Cga

subclades

To identify major country-specific clades within the Cga radiation, HIV-1
subtype C pol sequences from eastern Africa and southern Brazil were
tirst aligned with reference subtype C sequences belonging to the eastern,
southern and central African clades using the CLUSTAL X program [24]
and subjected to maximum likelihood (ML) phylogenetic analysis. ML trees
were inferred with the PhyML program [25], using an online web server
[26], under the general time-reversible model of nucleotide substitution plus
invariant sites and four discrete gamma rate categories (GTR+I1+I'4) selected
with jModeltest program [27] and the subtree pruning and regrafting (SPR)
branch- swapping algorithm of heuristic tree search. The reliability of the
phylogenies was estimated with the approximate likelihood-ratio test based
on a Shimodaira-Hasegawa-like procedure (SH-aLRT) [25]. Basal HIV-1
Cga sequences from Burundi and Rwanda and major (n > 50 sequences)
country-specific (>90% of sequences from a single country) monophyletic
groups with high support (SH-aLRT >0.85) nested within the Cga clade
radiation were selected for demographic analyses. Reference sequences of
HIV-1 subtypes Al and D from the Los Alamos HIV Database were used as

outgroups. Final trees were visualized in FigTree v1.4.2.

5.3.3 Estimation of phylodynamic parameters

Epidemiological and evolutionary parameters of the defined Cga subclades

were estimated via Bayesian Markov Chain Monte Carlo (MCMC)
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phylogenetic inference using coalescent and birth-death tree priors as
implemented in BEAST v1.8 [28] and BEAST v.2.4 [29] software packages,
respectively. Changes in Ne using the coalescent tree prior were first assessed
using the non-parametric Bayesian skyline (BSKL) [30] and Bayesian Skygrid
(BSKG) [31] models and estimates of the r were subsequently obtained
using the parametric model that provided the best fit to the demographic
signal contained in each dataset. ~Comparison between demographic
models (logistic, exponential, or expansion) was performed using the log
marginal likelihood estimation (MLE) based on path sampling (PS) and
stepping-stone sampling (SS) methods [32]. The cumulative number of
lineages through time (LTT) was calculated from the combined posterior
distribution of sampled coalescent tree topologies by using TRACER v1.6
program [33]. A special case of the birth-death tree prior, namely the
birth-death skyline (BDSKY) was applied to model viral transmissions
through time [21]. The sampling rate (§) was set to zero for the period
prior to the oldest sample and estimated from the data afterwards. The
Re was estimated in a piece-wise manner over three different equidistant
intervals using a lognormal prior distribution (Re : mean = 0, standard
deviation = 1). Bayesian analyses for each transmission clade employed the
GTR+I+I'4 model of nucleotide substitution selected using the jModelTest
program [27] and a relaxed uncorrelated lognormal molecular clock model
[34]. Because linear regression analysis of root-to-tip distances as function
of sampling time obtained by TempEst v1.5 [35] revealed low temporal
signal in the datasets, an informative normal prior distribution on the
time to the most recent common ancestor (tMRCA) was applied based
on previous estimates [5, 6]. MCMC chains were run for sufficiently
long to ensure stationarity (constant mean and variance of trace plots)
and good mixing (Effective Sample Size >200) for all parameter estimates,

as diagnosed by TRACER v1.6 program [33].
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5.4 Results

5.4.1 Identification of major subclades within the HIV-1 Cgy

clade radiation

To obtain a more updated picture of the HIV-1 Cgp clade radiation, subtype
C pol sequences from Eastern Africa and Southern Brazil deposited in Los
Alamos HIV sequence database between 2013 and 2016 were combined with
Cga pol sequences from those regions previously characterized [5, 6]. The
reconstructed ML phylogeny showed that most (79%) subtype C sequences
from Eastern Africa and all sequences from Southern Brazil sampled at most
recent time (2013-2016) branched within the highly supported (SH-aLRT =
0.96) HIV-1 Cga clade (Fig. S5.1). As expected, sequences from Burundi
and Rwanda were highly intermixed among each other and occupied the
most basal positions of the Cga clade radiation; while sequences from other
Eastern African countries and Brazil were nested within Burundian and

Rwandan Cgp sequences.

Most sequences from Kenya and Uganda appeared as sporadic
(non-clustered) lineages or clustered in monophyletic subclades of small
sizes (n < 50) (Fig. S5.1). All Brazilian sequences and most sequences
from Ethiopia (67%) and Tanzania (66%), by contrast, branched within four
country-specific Cgs subclades of large size (n > 50) (Fig. S5.1) that were
more clearly visualized after pruning of non-clustered Cga sequences and
Cga sequences within monophyletic subclades of small sizes (Fig. 5.1). The
four identified Cga subclades (Cga/r , Cga/ET-1 » CEA/ET2 and Cga 1z )
together with sequences from Burundi and Rwanda (Cga /gr.rw) comprise
76% (n = 616) of all the Cga sequences analyzed here; thus confirming the

epidemiological relevance of the selected subclades.
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Figure 5.1: ML phylogenetic tree of HIV-1 Cgs pol PR/RT sequences (~1,000 nt) from
eastern Africa and southern Brazil. Branches are colored according to the geographic
origin of sequences as indicated in the legend (upper right). Gray shaded boxes indicate
the positions of major Cpa lineages. Asterisks point to key nodes with high support
(SH-aLRT > 0.85). The tree was rooted using HIV-1 subtypes Al and D reference
sequences and the branch lengths are drawn to scale with the bar at the center indicating
nucleotide substitutions per site.

5.4.2 Bayesian population dynamics inference in a

coalescent framework

Bayesian MCMC coalescent-based analyses under the BSKL model suggest
that all Cga subclades presents roughly comparable demographic histories,
with an initial phase of fast exponential growth followed by a stabilization of
the Ne at some time between the late 1970s and the late 1980s that persisted

until the most recent sampling date of each of them (Figs 2a,e, 3a,e and 4a).
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The observed stabilization in the Ne of African Cga sub-clades occurs before
the respective stabilization of the HIV incidence in corresponding countries
estimated around the mid-1990s according to the UNAIDS (Figs. 5.2 d,h
and 5.3 d,h). The UNAIDS data also supports a significant reduction of
the HIV incidence in Burundi/Rwanda, Ethiopia and Tanzania between the
mid-1990s and the mid-2000s that was not captured by the BSKL inference.
The stabilization of the Cgp /gr Ne around the early 1990s is consistent with
the stabilization of the new HIV cases in Rio Grande do Sul and Santa
Catarina at around the same time (considering a lag time of eight years
between HIV infection and new AIDS cases reported by the Brazilian AIDS
cases databank for those Brazilian states); but fails to capture a recent increase

in the number of new HIV cases from 2010 onwards (Fig. 5.4 d).

The BSKG demographic reconstructions point to a longer period of
exponential growth for all Cga subclades that extends up to between
the early and the mid-1990s, in agreement with incidence data. For the
Ethiopian Cgp sub-epidemics, the BSKG points to subsequent decline of
the median Ne until mid-2000s and a final plateau until 2010, in agreement
with epidemiological data (Fig. 5.2 b,d,fh). The median estimated Ne
for the Cga/prrw, Cga 1z and Cga/pr sub-epidemics reach a plateau that
persisted until the most recent sampling time which differs markedly from
the HIV incidence pattern (Figs 5.3 b,d,fh and 5.4 b,d). The large 95%
highest probability density (HPD) interval of the Ne estimates inferred
by the BSKG model, however, may accommodate different demographic
patterns in the latter stages making it difficult to draw solid conclusions
on the consistency (or the lack thereof) between these estimates and the

HIV incidence temporal pattern.

The logistic growth model was the best-fit parametric model of population

growth for all the Cga subclades (Table 5.2). The median Ne trajectories
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obtained by the logistic growth model during the initial exponential
phase closely matched the corresponding trajectories obtained with the
non-parametric approaches, particularly those obtained with the BSKG (blue
line Figs 5.2a,b,e,f, 5.3 a,b,e,f and 5.4 a,f).
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Figure 5.2: Epidemiological and population dynamics of the Cgs sub-epidemics in
Ethiopia. Median estimates of the effective number of infections (Ne) using the Bayesian
skyline or skygrid models (black lines) together with their 95% highest probability
density (HPD) intervals (gray areas), co-plotted together with the median Ne estimates
using the logistic coalescent-based parametric model (blue lines) and its 95% HPD
intervals (blue areas). The green dashed lines indicate the time of the last coalescent
event reported by the lineages-through-time (LTT) (a,b,e,f). Temporal fluctuation of the
effective reproductive number (R.) of the Cgp /g1 and Cga /12 sub-epidemics estimated
using the Bayesian birth-death approach (c and g). For an easier visualization, the median
coalescent-based Ry estimate (blue dashed lines) inferred for each sub-epidemic and its
95% HPD intervals (blue area) were added. The gray dashed lines indicate Re=1 (c
and g). Plots representing the number of new HIV cases in Ethiopia as obtained from
UNAIDS website http://aidsinfo.unaids.org/ (d and h). The yellow, pink and gray
intervals denote the time spanned for the birth-death-based Re-initial, Re-middle and
Re-final estimates of each Cga sub-epidemic.
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Table 5.1: Evolutionary and demographic parameters estimated for HIV-1 Cg subclades

Clade N  Sampling interval Method Substitution rate (10°) TMRCA RO/Re-initial Re-middle  Re-final
BLRW 303 2002-2012 coalescent 1.5(1.3-1.6) 1958(1951-1964) 5.0 (4.2-5.8) -
birth-death 1.5(1.4-1.6) 1957(1952-1962) 3.8(1.9-7.1) 23(1.2-3.8) 0.5(0.3-0.7)
ET-1 63 2003-2011 coalescent 1.3 (1.0-1.7) 1971 (1969-1973) 5.8(4.2-7.4) - -
birth-death 1.3 (1.0-1.5) 1972 (1970-1974) 4.6 (2.0-8.8) 1.6 (0.1-3.7) 1.3(1.0-2.0)
ET-2 56 2003-2012 coalescent 1.1 (0.9-1.4) 1974 (1972-1976) 5.0 (4.2-6.6) - -
birth-death 1.1 (1.0-1.3) 1974 (1973-1976) 4.3 (1.9-8.1)  2.0(0.2-4.2) 1.2(1.0-1.7)
Tz 50 2004-2014 coalescent 1.1 (0.7-1.6) 1972(1960-1983) 5.8 (3.4-8.2) - -
birth-death 1.1 (0.9-1.3) 1971(1966-1977) 4.2 (1.8-82)  2.8(1.2-5.4) 0.3(0.1-0.6)
BR 144 1992-2014 coalescent 1.6(1.2-2.0) 1974(1966-1982)  5.9(4.4-7.6) - -
birth-death 1.5(1.3-1.7) 1978(1974-1981) 4.9 (2.292)  1.0(0.2-2.1) 2.4(1.4-3.7)

The mean Ry values derived from the logistic growth model using the
formula Ry = rD + 1 [15] (where D is average duration of infectiousness
herein considered of eight years) was very similar for all Cga subclades,
ranging between 5.0 and 5.9 (Table 5.1). The median Ne trajectories of
the Cga/Brrw , CgayTz and Cga/pr at the plateau phase obtained with
parametric and non-parametric approaches were very similar. As the logistic
growth model is unable to capture non-constant trends on recent time period
estimates, obviously do not reproduced the declining phase pointed by the
BSKG for the Cga/gr1 and Cga/gro sub-clades, however, the parametric

and non-parametric models converge to similar median Ne values at the late

plateau phase.

5.4.3 Bayesian population dynamics inference under

birth-death model

The BDSKY model was applied allowing the Re to change in a piece-wise
manner over three different time intervals that allow us to estimate the
epidemic potential before identification of HIV (first time interval, 1960-1970
to 1980-1984) and observe the potential impact of prevention (second time
interval, 1981-1985 to 1995-1999) or therapy (third time interval, 1996-2000

to 2012-2014) measures on epidemic dynamics (Figs. 5.2 ¢, g,5.3 ¢, g, 5.4 ¢).
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Figure 5.3: Epidemiological and population dynamics of the Cgs sub-epidemics in
Tanzania and Burundi/Rwanda. Median estimates of the effective number of infections
(Ne) using the Bayesian skyline or skygrid models (black lines) together with their 95%
highest probability density (HPD) intervals (gray areas), co-plotted together with the
median Ne estimates using the logistic coalescent-based parametric model (blue lines)
and its 95% HPD intervals (blue areas). The green dashed lines indicate the time of
the last coalescent event reported by the lineages-through-time (LTT) (a,b,e,f). Temporal
fluctuation of the effective reproductive number (Re) of the Cga, 1z and Cga/prrw
sub-epidemics estimated using the Bayesian birth-death approach (c and g). For an easier
visualization, the median coalescent-based R estimate (blue dashed lines) inferred for
each sub-epidemic and its 95% HPD intervals (blue area) were added. The gray dashed
lines indicate Re=1 (c and g). Plots representing the number of new HIV cases in Tanzania
and Burundi/Rwanda as obtained from UNAIDS website http://aidsinfo.unaids.
org/ (d and h). The yellow, pink and gray intervals denote the time spanned for the
birth-death-based Re-initial, Re-middle and Re-final estimates of each Cpa sub-epidemic.

The BDSKY model support initial exponential growth dynamics fully
consistent with those estimated using coalescent models. Although the mean
Ry values (5.0-5.9) were slightly higher than the estimated mean Re-initial

(3.8-4.9), the uncertainty on the Ry estimates was always contained within

the broader 95% HPD intervals of Re-initial (Table 1).
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Figure 5.4: Epidemiological and population dynamics of the Cgs sub-epidemic in
southern Brazil. Median estimates of the effective number of infections (Ne) using
Bayesian skyline or skygrid models (black lines) together with their 95% highest
probability density (HPD) intervals (gray areas), co-plotted together with the median
Ne estimates using the logistic coalescent-based parametric model (blue lines) and its
95% HPD intervals (blue areas). The green dashed lines indicate the time of the last
coalescent event reported by the lineages-through-time (LTT) (a and b). Temporal
fluctuation of the effective reproductive number (Re) of the Cgp,gr sub-epidemic
estimated using the Bayesian birth-death approach (c). For an easier visualization,
the median coalescent-based R estimate (blue dashed line) inferred for the C EA/BR
subclade and its 95% HPD intervals (blue area) were added. The gray dashed line
indicate Re=1 (c). Plot representing the number of new HIV cases in the Southern
Brazilian states of Rio Grande do Sul (RS) and Santa Catarina (SC). AIDS cases
reported by the Brazilian AIDS cases databank (SINAN = SIM = SISCEL: http://
www.portalsinan.saude.gov.br/dados-epidemiologicos-sinan), minus eight years,
was used as an approximation for new HIV infections (solid black line). From 2007
onward, Brazilian Ministry of Health started to report HIV new infections (http://www.
aids.gov.br/pt-br/pub/2016/boletim-epidemiologico-de-aids-2016), represented
here as a dashed black line (d). The yellow, pink and gray intervals denote the time
spanned for the birth-death-based Re-initial, Re-middle and Re-final estimates of the
Cga,/BR sub-epidemic.
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The BDSKY model supports a progressive reduction of the mean R, in
the second (mean Re-initial >mean Re-middle) and third (mean Re-middle
>mean Re-final) time intervals for all African subclades. Although the
mean Re estimates for the Ethiopian clades remained above one during
all time intervals, which clearly did not match with the declining and
subsequent stabilization of the HIV incidence in Ethiopia from the mid-1990s
onwards (Fig.5.2 d,h), those R. estimates should be interpreted with
caution because the extremely wide 95% HPD intervals (Table 1). For the
Cga/Brrw and Cgp /17 subclades, the Re-middle was above one, while the
Re-final was below one, in agreement with the increasing HIV incidence
in Burundi/Rwanda and Tanzania up to the mid-1990s and the subsequent
declining from the mid-1990s onwards (Fig.5.3 d,h). For the Cga /gr subclade,
the BDSKY model supports a reduction of the mean R, in the second interval
(Re-initial ~1) and a new increase in the third one (Re-final >1). This is
consistent with the HIV incidence trends in Rio Grande do Sul and Santa
Catarina Brazilian states, that supports an epidemic stabilization during the

1990s and a new epidemic increase during the 2000s (Fig.5.4 c,d)

5.5 Discussion

In this study, we characterized key features of the epidemic dynamics of
major HIV-1 subtype Cga lineages circulating in East Africa and Southern
Brazil through the use of different phylodynamic frameworks based in
coalescent and birth-death process. The different coalescent models capture
very similar epidemic dynamics over the earlier decades of the Cga lineages
dissemination; but point to quite different epidemic dynamics from the

mid-1980s onwards.
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Both phylodynamic approaches suggest an initial stage of fast exponential
growth of all the Cga sub-epidemics during the period of cryptic
transmission of HIV in human populations. = These initial phases
of exponential growth herein inferred correlate with retrospective
serological-based studies and simulations that indicated that an explosive
epidemic was already sweeping the Eastern African region [36, 37, 38, 39, 40,
41] by 1981, when the AIDS was first recognized. The exponential growth
phase inferred for the Brazilian Cgs sub-epidemic during the 1970s and
1980s is also fully consistent with the sharp increase in the number of new
HIV cases detected in the southernmost Brazilian states during the 1980s
[42]. The mean R (5.0-5.9) and Re-initial (3.8—4.9) values here estimated for
all Cga sub- clades were roughly comparable. The 95% HPD intervals of Ry
were always smaller and contained within the broader 95% HPD intervals
of Re -initial, consistent with previous empirical and simulated data [20,21].
The coalescent-based logistic growth model is expected to provide narrow
HPD intervals because it considers a deterministic population trajectory,
while the BDSKY model incorporates stochasticity in population size.
Additionally, the HPD interval of R. estimates from the BDSKY model
grows wider the further we go towards the past, that is not the case for the

coalescent-based logistic growth model estimates.

Importantly, the mean Ry and Re-initial values inferred for the African Cga
sub-epidemics were fully consistent with those estimated through analyses
of HIV prevalence rate and life expectancy in Eastern African countries [43].
This suggests that both phylodynamic frameworks were able to recover the

true early growth rates of HIV-1 Cgp sub-epidemics.

Factors like gender inequality [44, 45, 46], civil and ethnic conflicts [47,48,
49, 50], conflict-induced displacement, and increasing urbanization [51, 52]

have shaped the early HIV epidemic dynamics across all Eastern African
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countries, consistent with the similar epidemic growth rates of African Cgp
sub-epidemics. Notably, the epidemic growth rate inferred for the Brazilian
Cga sub-epidemic was very similar to those obtained for the African Cga
sub-epidemics despite significantly distinctive history of human conflicts in
those regions. The exponential growth phase of the Cga /pr sub-epidemic
matches with a period in which public health system was unaware about
the severity of the epidemic [53] and the Cgp /gr subclade was efficiently
disseminated in Southern Brazil through heterosexual (HET) networks [2, 13,
54], similar to that observed in Eastern Africa. This suggests that the absence
of prevention efforts and the predominant viral transmission through HET
route may have been the common driving forces of the early dynamics of the

Cga sub- epidemics in Eastern African and Southern Brazil.

The BSKL model supports that African Cgs sub-epidemics grew
exponentially until between the late 1970s and late 1980s, after which
there occurs a plateau in the Ne until the most recent sampling time of each
of them. The stabilization of the Ne trajectories occurs around 10 years
before the last coalescent event (Figs 2a,b,e,f and 3a,b,e,f), thus supporting
that the inferred plateau of the Ne is not due to a paucity of coalescent events
after the early 1990s [55]. More important, such stabilization occurred before
implementation of prevention campaigns during the 1990s [56, 57, 58, 59, 60]
and introduction of universal access to antiretroviral (ARV) therapy during
the 2000s [61, 62] in Eastern Africa. The overall Ne trajectories inferred by
the BSKL after the mid-1980s, however, differ markedly from the data of
the United Nations Joint Program on HIV/AIDS (UNAIDS) [63] according
to which the HIV incidence in Burundi/Rwanda, Ethiopia and Tanzania
reached a peak around the mid-1990s (rather than during the 1980s), and
was followed by a sharp decline (rather than a plateau) until the mid-2000s,

before stabilize.
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The overall epidemic dynamics inferred by the BSKG model from the
mid-1980s to the mid-1990s are more consistent with the HIV incidence
data than those inferred by the BSKL, although some divergences were
also detected at later times. The BSKG model points that Cga African
sub-epidemics grew exponentially until the early/mid-1990s and further
supports a declining Ne of Cgp /gy subclades between the mid-1990s and
the mid-2000s, consistent with epidemiological data. This model, however,
failed to capture a similar decline of Ne for the Cga/prrw and Cga 1z
sub-epidemics. These results indicate that the BSKG model can correctly
predict epidemic decline in some situations, as demonstrated here for the
Cga /T subclades and previously for the CRF02_AG epidemic in Cameroon

[31, 64]; but not in others.

Although the BDSKY model also supports a progressive reduction of
epidemic growth over time, an R, >1 was estimated at the second time
interval (that roughly covers the period between early/mid-1980s and
mid /late 1990s) for all African Cga subclades, consistent with a continuous
increase of HIV incidence up to the mid-1990s. The BDSKY model capture
an Re <1 for the Cgp/prrw and Cga 1z sub- epidemics at the most recent
time interval (after the mid-1990s); but supported an Re >1 for the Cga /pr
sub-epidemics in the same time interval. These results confirms that the
BDSKY model can correctly uncover a signature of a recent declining
epidemic not reflected in the coalescent plots, as previously seen in the HIV-1
subtype B epidemic in the UK [21]; but also reveals that it may fail to capture

such trend in some other datasets.

It is interesting to note that the BSKG failed to capture a decline of Ne
for the Cga/prrw and Cga 1z sub-epidemics since the middle-late 1990s
onwards, while the BDSKY model failed to capture a Re <1 for the Cga /g

sub-epidemics at the same time interval, suggesting that the performance of
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different phylodynamics approaches could be affected by different factors.
The BSKG model requires strongly informative data to prevent erroneous
estimates of Ne stabilization as pointed by a recent study [65]. The lower
proportion of HIV-1 subtype C sequences sampled at recent times (since 2008
onwards) in the Cga /prrw (6%) and Cga /17 (30%) datasets compared with
the Cga /pr datasets (>70%) may have reduce the ability of this the coalescent
model to capture changes in Ne for the Cga /pr.rw and Cga /17 sub-epidemics
at most recent times. The BDSKY model could be more robust to the paucity
of coalescent events at most recent time; but its performance could be limited
by the number of time intervals (changes in Re ) specified. Increasing the
number of Re-changes may allow a better fit of the Re trajectories to the
epidemiological data for the Cgp /gr sub-epidemics. This strategy, however,
resulted in a lack of parameter convergence and huge 95% HPD intervals,
indicating that accurate R, estimations at more time intervals would require a

larger number of Cgp /g sequences than those used in the present our study.

The BSKL, BSKG and BDSKY models support quite consistent epidemic
dynamics for the Cgp/pr sub-epidemic until the late 1990s. According to
the coalescent models, the Ne of the Cg4 /pr subclade growth exponentially
until the early (BSKL) or mid-1990s (BSKG) and then reached a plateau. In
agreement, the BDSKY model supports an expanding epidemic (R. >1) in
the first time interval (~ mid-1970s to late 1980s) and a transient epidemic
stabilization (Re ~ 1) in the second time interval (~ late 1980s to early 2000s).
The stabilization of the Cgp/pr incidence since the early/mid-1990s is in
line with the reported trend toward stability of the new HIV cases in Rio
Grande do Sul and Santa Catarina states since the mid-1990s [42], probably
due to the implementation of prevention efforts that acted as the driven-force
of people’s behavioral changes [53, 66]. While coalescent models support

a roughly constant Ne for the Cg,/gr sub-epidemic until the most recent
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sampling time, the BDSKY model uncovers a new epidemic increase (Re >1)
at the last time interval. This matches with an upward trend of new HIV
diagnoses in Rio Grande do Sul and Santa Catarina states since 2007 [67].
Such epidemiological changes are probably too recent to be fully captured

by coalescent models.

A recent study using BSKG to analyze the population dynamics of the Cg /gr
sub-epidemic from pol and env sequences from HET and men having sex
with men (MSM) individuals reported a continuous increase in the Ne until
mid to late 2000’s that was associated with the recent expansion of subtype
C throughout the MSM group [13]. Interestingly, universal access to free
fully suppressive ARV therapy is available in Brazil since the late 1990s [61,
62] and an association between ARV treatment availability and increases
in sexual risk behavior (and consequent rise in HIV incidence) have been
previously reported among MSM from developed countries [68, 69, 70, 71].
Our BDSKY analyses of sequences from HET individuals support that the
recent expansion of the Cgp /gr sub-epidemic is probably not restricted to
a specific group, but also occurred among HET individuals. Increases in
sexual risk behavior among HET individuals fully agrees with the sustained
increase of HIV [67] and other sexually transmitted disease observed in

Southern Brazil since 2010 [72].

A drawback to consider about the highlighted agreements and
disagreements between the available epidemiological data and our
phylodynamic modeling is that while the former characterizes the HIV
epidemic of each of the countries/regions as a whole, the Cga clade herein
analyzed is not the only prevalent HIV lineage in all of them [5]. Then, it
is possible that trends in the number of new HIV cases belonging to the
Cga sub-epidemics do not fully correspond with those of the overall HIV

epidemic. Besides, a more homogeneous and dense sampling of each Cgp
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sub-epidemic over time as well as the use of sequence data from multiple
genetic loci [31] and the incorporation of covariates into the demographic
inference framework [64] may improve the performance of phylodynamics

methods to recover true population trajectories.

Overall, this study supports that major HIV-1 Cga lineages circulating
in Eastern Africa and Southern Brazil seem to have had an exponential
spread with very similar growth rates until the early/mid-1990s. The
overall agreement of the Ry and Re-initial values here estimated from genetic
sequences with those previously obtained from classical epidemiological
data strengthen the utility of coalescent and the birth- death phylodynamic
approaches to infer relevant epidemiological information of HIV epidemics
at the earlier stages. Our data supports that introduction of universal access
to ARV therapy during the late 1990s and early 2000s coincides with a
declining epidemic in Eastern Africa, but with an upward trend of new HIV
diagnoses in Southern Brazil. Our results also underscore the importance of
the joint use of both coalescent and birth-death phylodynamic approaches for
the analyses of HIV population dynamics given the its apparent differential
sensitivity for recovering changes in population dynamics at most recent

times in different datasets.
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5.7 Supplementary Information

Table S 5.1: HIV-1 subtype C pol sequences from Africa and America used for ML
phylogenetic analyses.

Region Country Total Cga Sampling Time
Burundi 284 281 2002-2012
Ethiopia 233 179 2002-2013
. Kenya 55 44 2004-2012
Bast Alfrica Rwanda 22 22 2005-2012
Tanzania 177 76 2003-2014
Uganda 62 58 1990-2010
South Africa Zambia 148 0 1998-2008
Central Africa Democratic Republic of the Congo 22 4 2002-2007
America Brazil 144 144 1992-2014

Table S 5.2: Best fit demographic model for major country-specific HIV-1 Cgp subclades.

Clade Model | PSLog ML | Models compared | Log BF | SSLog ML | Models compared | Log BF
Log -37755.2 - - -37766.1 - -

BI-RW Expo | -37912.4 Log/Expo 157.2 | -37917.5 Log/Expo 151.4
Expa | -37930.9 Log/Expa 175.7 | -37930.9 Log/Expa 164.8
Log -9237.7 - - -9238 - -

ET1 Expo | -9328.4 Log/Expo 90.7 -9328.8 Log/Expo 90.8
Expa | -9336.2 Log/Expa 98.5 -9336.5 Log/Expa 98.5
Log -8111.9 - - -8112.2 - -

ET2 Expo | -8176.5 Log/Expo 64.6 -8176.7 Log/Expo 64.5
Expa | -8184.8 Log/Expa 72.9 -8185.2 Log/Expa 73
Log | -7878.2 - - 78785 | - -

TZ Expo | -7901 Log/Expo 28 | -7901.3 | Log/Expo 2238
Expa | -7910.3 Log/Expa 321 | -79109 | Log/Expa 324
Log -19564.8 - -195683 | -

BR HET-S | Expo | -19651.6 Log/Expo 86.8 -19654.2 Log/Expo 85.9
Expa | -19654.1 Log/Expa 89.3 -19656.8 | Log/Expa 88.5

Log marginal likelihood (ML) estimates for the logistic (Log), exponential (Expo)
and expansion (Expa) growth demographic models obtained using the path
sampling (PS) and stepping-stone sampling (SS) methods. The Log Bayes factor (BF)
is the difference of the Log ML between of alternative (H1) and null (H0) models
(H1/HO). Log BFs > 1 indicates that model H1 is more strongly supported by the

data than model HO.
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Figure S 5.1: ML phylogenetic tree of HIV-1 C pol PR/RT sequences (~1,000 nt) from
east, southern and central Africa and southern Brazil. Branches are colored according to
the geographic origin of sequences as indicated in the legend (upper left). Gray shaded
box indicate the positions of the Eastern African clade (Cga) and coloured boxes indicate
the position of major Cgp lineages. Red asterisks point to key nodes with SH-aLRT >
0.90 and black asterisks point to key nodes with SH-aLRT > 0.85. The tree was rooted
using HIV-1 subtypes Al and D reference sequences and the branch lengths are drawn
to scale with the bar at the center indicating nucleotide substitutions per site.
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Chapter 6

General Discussion and

Conclusions

There has been a long way in the development of epidemiological
models to study infectious epidemics trends. From the mathematical
field, perhaps, the first model of transmission disease used to assess
interventions strategies was the one developed by Ronald Ross at the
beginning of the 20th century aimed to the eradication of malaria [1], [2].
Following up the work of Ross, Kermack and McKendrick introduced the
compartmental epidemic models based in the track of the host flow between
Susceptible/Infected /Recovered-Removed compartments over the time of
an epidemic [3]-[5]. To this end, a set of ordinary differential equations
was defined by the model through which is possible to estimate a central
parameter in epidemic theory, namely: the basic reproductive number (Ry).
The Ry is defined as the expected number of secondary cases produced by an
infected individual during its entire period of infectiousness in a completely
susceptible population and its magnitude is a useful indicator of both the
risk of an emerging epidemic (when Ry > 1) and the potential end of an
established epidemic (when Ry < 1) [6]. The Ry is also a useful indicator

of the effort required to control an infection.
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It is on this basis, that since the past century onwards, mathematical
epidemiological models have been extremely useful for the estimation of
key epidemic parameters that in turn allow better-targeted public health
policies [7], [8]. Despite the great value of the standard mathematical
models for the analysis of infectious disease dynamics, their reliance on
surveillance data constitutes a major shortcoming. Surveillance data is
expensive and difficult to collect, and the estimates based on them are
highly error prone due to variations of the reporting rate and the intensity
of surveillance [9]. More importantly, the exclusive use of surveillance data
for the analyses of epidemiological dynamics conspicuously omit the large

amount of information that genetic sequences can provide [10].

Through the Chapters 3 , 4 and 5 that make up this thesis we characterized
the evolutionary dynamics of some of the most epidemiologically relevant
HIV-IM clades through a Bayesian phylodynamic approach based on
genetic sequence data. In a Bayesian context, the likelihood of the
population and epidemiological parameters for a given genealogy is the
tree prior. There are two main strategies to model the tree prior within a
Bayesian phylodynamic analyses: by using the coalescent [11]-[13] or the
birth—death [14], [15] models.

In this way, key population and epidemiological parameters which would
be very difficult to assess through classic surveillance means, were
estimated for three major HIV-IM lineages, namely: subtype B (the
most geographically disseminated HIV clade worldwide), subtype C (the
most prevalent HIV clade worldwide), and the CRF02_AG (the most
prevalent recombinant HIV clade worldwide). The Ry values for the
HIV-1 Bpanpemic and CRF02_AG clades described in Chapters 3 and 4,
respectively, were derived from the coalescent-based epidemic growth rate

values using the formula Ry =D + 1 [16] (where D is the average duration
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of infectiousness). The Ry and the R, for the HIV-1 Cga clades analyzed in

Chapter 5 were estimated using both coalescent and birth-death models.

6.1 The Ry of major HIV-1 Bpanpemic lineages

circulating in Latin America

Through the coalescent-based phylodynamic analyses of HIV-1 subtype B
pol sequences retrieved from viruses circulating in Latin America presented
in Chapter 3, we characterized 12 major country-specific (or region-specific)
Bpranpemic clades with particular successful epidemic outcomes that together
comprise 36% of all subtype B sequences from the region under analysis.
Their median tMRCA estimates embraces a period of two decades between
the late 1960s and the late 1980s and the mean R; estimates related to
their initial phases of epidemic exponential growth ranged from 5.0 to 8.4
(Fig. 6.1). Such results triggered us to questions about the processes that
shaped the early dynamics of the major Latin American Bpanpemic clades
and why in most Latin American countries analyzed the Bpanprwmic lineages
were much more successful disseminated than the Byon -paNnDEMIC clades.
Comparing our results with those of previously characterized Bpanpemic
[17], [18] and Bnon -panDemic [19] clades from Latin America and the
Caribbean we conclude that: 1) because variations in the Ry took place
for the same regional Bpanpemic clade circulating in different countries,
viral-specific genetic properties are certainly not the answer for the different
epidemic potentials; and 2) given the temporal overlap in the introduction
of Bpanpemic and Bnon-panpemic clades in Latin America, the greater
epidemic success of the Bpanpemic lineages in this region is probably not

a consequence of having reached the susceptible population before the

BNON -PANDEMIC clades (Flg 6.2).
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Figure 6.1: Coalescent R; estimates of major worldwide characterized HIV1
Bpanpemic and Byon -panDemic (indicated with an asterisk) clades. The circle and
the vertical lines represent the median Ry and the corresponding 95% HPD intervals of
the posterior distributions estimated under the logistic growth coalescent model for each
clade. Subtype B clades mostly associated to heterosexual (red circles), MSM (blue circles)
or unknown (black circles) transmission networks are indicated. Epidemic growth rates
of subtype B clades circulating in Cuba (CU), Hispaniola (HISP), Jamaica (JM), Trinidad
and Tobago (TT), Panama (PA), United States (US), Italy (IT) and Hong-Kong (HK) were
estimated previously in Delatorre et al. 2013, Cabello et al. 2014, Mendoza et al. 2014,
Robbins et al. 2003, Worobey et al. 2016, Zehender et al. 2010 and Chen et al. 2011.
Notably, subtype B clades mainly associated to an heterosexual (HET) mode
of transmission like the Bcar and the Panamanian Bpanpemic clades, are
those for which the lowest Ry values were estimated (Byisp = 4.0, Bpa
= 4.3, BPA—II = 4.4, BPA—IV = 4.4 and BTT = 4.7) (Flg 6.1). Much higher
mean Ry values were reported for Bpanpemic lineages associated to MSM
populations from Cuba (Rp = 6.9-13.5) [18], the US (Rg = 7.5-7.7) [20], [21],
Italy (Rp = 13.3) [22] and Hong-Kong (Rp = 7.2) [23] (Fig. 6.1). These
results support the idea that differences in the transmission potential during
the early epidemic exponential growth phase among subtype B clades may

reflect differences in the epidemiological characteristics of the transmission

networks. This hypothesis suggests that those Latin American Bpanpemic
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Figure 6.2: tMRCA estimates of major characterized Bcar and Bpanpemic clades

circulating in Argentina, Brazil and Mexico. Epidemic growth rates of Bcar clades were

estimated previously in Cabello et al. 2015
lineages with higher Ry values (Bpg =7.0, Bar-1 =7.1, Bcam-aN = 7.2, BaAr-m1 =
7.4, Bvxr = 7.4, Bprv = 7.9 and Bsam-ar = 8.5) probably followed their early
epidemic trends into fully connected networks predominantly associated
with populations of MSM or IDUs; while those with lower inferred Ry values
(Bsam-Br = 5.0, Bgrr = 5.4, Bgrmr = 6.1, Bcamsy = 6.1 and Byxg = 6.4)
were likely mainly disseminated across transmission networks with greater
proportions of HET infections. Unfortunately, the scarce availability of
epidemiological data linking each of the analyzed Latin American Bpanpemic

clades to a prevailing risk group does not allow us to test this hypothesis.
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6.2 The Ry of major HIV-1 CRF02_AG lineages

circulating in Western Africa

The phylodynamic analysis performed on HIV-1 CRF02_AG pol sequences
from viruses circulating in West and West-Central African countries
presented in Chapter 4 aimed to identify the major regional clades of this
prevalent HIV-1 lineage and characterize their epidemic dynamics in that
sub-Saharan region. We identified five major African clades within the
radiation of the CRF02_AG of which CRF02cp., CRE02cnr, CRFO2¢0nmr
and CRF02¢p v mostly circulate in Cameroon whereas the clade CRF02yy
was the most prevalent one in West Africa and at a global level. Their median
tMRCA estimates embraces a period of two decades between the late 1960s
and the middle 1980s and the mean R estimates related to their initial phases
of epidemic exponential growth ranged from 4.3 to 7.0 (Fig. 6.3). To explain
the biological processes that shaped the variability of the mean R, estimates
for the major CRF02_AG clades circulating in West and West-Central Africa

is a complex task.

9 4

Ro
(=]

Figure 6.3: Coalescent Ry estimates of major HIV-1 CRF02_AG lineages circulating
in Western Africa. The circle and the vertical lines represent the median Ry and the
corresponding 95% HPD intervals of the posterior distributions estimated under the
logistic growth coalescent model for each clade.
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Spatial accessibility [24] and human mobility [25] (sometimes forced)
between key population centers were pointed as key driving forces of
the HIV spread in the African continent. The large variability of Rg
estimates obtained for CRF02_AG lineages co-circulating in the same country
(Cameroon), however, supports that the expansion rate of the different
CRF02_AG lineages circulating in West and West-Central Africa was also
influenced by factors other than spatial accessibility. We also found no
evidence to support the hypothesis that those CRF02_AG clades emerging
earliest ({tMRCA around late 1960s) displayed faster growth rates than those
clades emerged at most recent times (tMRCA between the late 1970s and the
middle 1980s). Differences in the proportion of HET and MSM individuals
across different transmission networks are probably not a major cause
for the growth rate variances observed because most HIV transmissions
in Africa occur through unprotected HET contacts [26]-[28]. We cannot
discard, however, the possible existence of a compartmentalized epidemic,
particularly in Cameroon, within which the CRF02_AG lineages infected
different risk or ethnic groups and/or the existence of clade-specific genetic

factors that resulted in different viral transmissibility properties.

6.3 The Ry of major HIV-1 CRF02_AG lineages

circulating in Europe and Asia

Within the CRFO2w, radiation analyzed in Chapter 4, we characterize
two autochthonous transmission networks out of Africa: the sub-clade
CRF02pg.-pg including sequences sampled from Bulgaria and Germany and
the sub-clade CRF02rsy composed by sequences from the former Soviet
Union (FSU) countries (Russia, Armenia, Kazakhstan, Uzbekistan and

Ukraine) which probably arose at around the early 2000s and the late 1990s,
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respectively. The mean Ry estimated for these two clades circulating in
European and FSU countries were very similar among each other (14.6-17.0)
and three to five times greater than those estimated for African CRF02_AG
clades (Fig. 6.3). It is, however, not surprising to obtain such a high Ry values
given the epidemiological link between the CRF02_AG lineage and highly
connected IDUs transmission networks reported in Bulgaria [29] as well as
in Kazakhstan [30], [31], Uzbekistan [32], Kyrgyzstan [33], and the Russian
Federation [34]. Notably, the origin and explosive growth of the CRFpg.pE
and CRF02ggy clades, may be associated to the establishment of two main
international heroin traffic routes linking Afghanistan (the world's largest
opium producer) to the markets of the Russian Federation and Western
Europe, namely: the Balkan trafficking route, which starts in Turkey and goes
via Bulgaria, Romania, the former Yugoslavia, Hungary, Slovakia and the
Czech Republic, finally reaching Austria and Germany [35] and the Northern
traffic route that covers the territory of Central Asia, the Caucasus, Russia,

Ukraine and Poland [35].

6.4 The Ry of major HIV-1 subtype C lineages

circulating in East Africa and Brazil

In sharp contrast to the wide variation in Ry values estimates for
major subtype B clades circulating in the Americas and CRF02_AG
clades circulating in West and West-Central Africa, the mean Ry values
(5.0-5.8) inferred in Chapter 5 of this thesis for the major HIV-1 subtype
C sub-epidemics in Burundi, Rwanda, Ethiopia Tanzania and Brazil
(Fig 6.4) were roughly similar. It is not surprising that African Cga
sub-epidemics display very similar epidemic growth rates given that factors

like gender inequality [36]-[38], ethnic conflicts [39]-[42], conflict-induced
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displacements and labor migration [43], [44] were common cultural and
socioeconomic features that shaped the early HIV epidemic dynamics across

all Eastern African countries.
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Figure 6.4: Coalescent R estimates of major HIV-1 Cgs sub-epidemics. The circle and
the vertical lines represent the median Ry and the corresponding 95% HPD intervals of
the posterior distributions estimated under the logistic growth coalescent model for each
clade.

Much more surprisingly, however, were the very similar Ry values
of African and Brazilian Cgas sub-epidemics despite the significantly
distinctive history and epidemiological context of these regions (Fig 6.4).
Some common structural factors, including the insufficient of knowledge
about HIV transmission and the predominant dissemination through HET
transmissions, may be the key determinants of these similar mean Ry
estimates inferred for the Cgp sub-epidemics in both geographic regions. The
inferred timeframe in which the Eastern African and Southern Brazilian Cgp
sub-epidemics grew exponentially (late 1960s to late 1980s) matches with a
period in which public health government agencies were unaware about the
severity of the epidemic, therefore prevention efforts were not yet abundant.
Furthermore, the epidemic success of the Southern Brazilian Cga subclade in
Southern Brazil, as well as of those circulating in Eastern Africa, was linked

to its efficient dissemination in an expanding HET network [45]-[47].
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6.5 The Ry of HIV-1in HET transmission networks

The mean R( values estimated in this thesis and in previous studies [48],
[49] for the major HIV-1 lineages mainly spreading among HET populations
from the Americas, West Africa and Eastern Africa were widely variable.
In general, the most prevalent HIV-1 clades circulating in HET populations
from West Africa (CRF02_AG, CRF06_cpx and subtype G) tend to spread at
faster rate (Ry = 6.0-8.6) than HIV-1 clades circulating in HET populations
from Eastern Africa (subtype C, Ry = 5.0-5.8) and from Latin American and
the Caribbean (subtypes B and C, Ry = 4.0-5.9) (Fig. 6.5). Of note, the relative
different transmission potentials inferred for the distinct HIV-1 clades cannot
be associated to any factor related to their time scale of dissemination given

the great overlap of their mean tMRCA estimates.

10 4

|
|
|
|
|
|
|
|
|
5] |
|
|
|
|
|
|
|
|
|
|

«© |
4~ }
2 o a q o q
West Africa East Africa Latin America/Caribbean
T T T T ] ] 1 ] T T T T T T
\'ad N s+ N N * N N Y * @
Q'l"“ 0«\?‘ © S,Q 0@?‘ \gﬁ‘ éﬂ' é‘ ®6Q @QP QQP @27')“ ©‘<‘ d@
GQ.Q o@gﬁ o@"@ 6@?\ GQ,P\ (&2 < [¢)
CLADES

Figure 6.5: Coalescent Ry estimates in HET transmission networks spreading in the
Americas, West and East Africa The circle and the vertical lines represent the median
Ry and the corresponding 95% HPD intervals of the posterior distributions estimated
under the logistic growth coalescent model for each clade. Epidemic growth rates of
Gwa-1, Gwa-n1, CRF06_cpx, Bisp+, Bpa-1, Bpa-1, Bra-rv and Brr+ clades were estimated
previously in: Delatorre et al. 2014a, Delatorre et al. 2014b, Mendoza et al. 2014 and
Cabello et al. 2014.
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Religious and cultural practices have been proven to have a great impact in
HIV transmission (both positive and negative), and thus in the rate of HIV-1
spread, among HET populations from different regions. Circumcision in
sub-Saharan Africa has been associated with traditional religious practices
of indigenous ethnic groups [50]-[52] and has been also identified as a
protective factor against HIV infection by reducing the susceptibility to other
communicable diseases that are known to act as co-factors for the HIV
infection (e.g. syphilis and herpes) [53], [54]. Several studies also point
to a negative association between Islam and HIV prevalence rate fueled
by the conservative social norms (mandatory circumcision, reduced alcohol
consumption and criminalization of adultery) of this religion [28], [55]-[57].
The higher proportion of circumcised male population and/or Muslim
people in Western Africa compared to Eastern Africa, Latin America and
the Caribbean regions [27], [58]-[60], however, do not support any negative
relationship between those religious and cultural practices and the rate of
HIV-1 expansion. These results, in turn, agree with available researches that
downplay the linkage of HIV to religion, attributing to it a modest role in the

promotion of abstinence, faithfulness and condom use [61]-[66].

Viral genetic characteristics may have also a great impact in HIV
transmission dynamics. Several studies reported a less virulence (less
pathogenic fitness) of the HIV-1 subtype C variant in comparison with other
HIV-1 group M subtypes [67]-[70]. These findings support the hypothesis
that the dominance of subtype C in the global epidemic may be related to
its lower pathogenicity, which would increase the asymptomatic period and
allow a greater number of secondary transmissions. However, the mean
Ry values estimated for the Cga subclades were slightly lower than those
estimated for highly prevalent HIV-1 lineages circulating in Western Africa

and comparable to those estimated for the more virulent subtype B. Thus,
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our estimations suggest that despite its lower virulence, the HIV-1 subtype
C seems not to have spread in Eastern Africa and Southern Brazil at a faster
rate than other prevalent HIV-1 group M clades circulating in the Americas

and Western Africa.

6.6 The stabilization of HIV-1 epidemics

A common finding in all the American and African HIV-1 epidemic
dynamics inferred through the chapters of this thesis is their good fit to
a logistic model of epidemic growth. The transition between the initial
exponential growth phase and the plateau state of the Ne suggested
by the coalescent-based BSP and logistic models supposes an imminent

stabilization in the incidence rate of all viral dynamics under analysis.

Despite the inferred slow-down in the incidence rate of the CRF02y, since
early 1980s, according to the United Nations Joint Program on HIV/AIDS
(UNAIDS) the number of new HIV infections reached a peak and started to
decline only between 1990 to 1999 in most of the Western African countries
where this clade disseminates [71] (Fig. 6.6). Similarly, according to the
UNAIDS data there was a sustained increase in the number of new HIV
infection in Cameroon until the year 2000 [71] (Fig. 6.6), while our inferences
support an epidemic stabilization of the Cameroonian CRF02_AG clades
between 1985 and 1995. Such time discrepancies are probably related to
the fact that the analyzed CRF02 clades are not the only HIV-1 lineages
of epidemiological relevance in those regions. The epidemiological data
in West Africa likely reflects as well, the incidence rate dynamic of more
recently introduced HIV-1 clades such as the subtype G and the CRF06_cpx
[48], [49]; while epidemiological data in Cameroon also comprises a wide

range of subtypes, CRFs and URFs [72]-[78]. The high prevalence of HIV-1C
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and of the Cgp lineages among subtype C strains in Burundi, Ethiopia and
Tanzania [79]-[88] is probably the key factor of the time consistency between
the onset of decline in number of new HIV cases in mid 1990s according to the
UNAIDS data (Fig. 6.7) and the start of the epidemic stabilization inferred
by our coalescent-based phylodynamic analyses for all the analyzed African

Cga sub-epidemics.

Subtype B is the predominant HIV-1 lineage reported in Mexico [89]-[91],
El Salvador [92]-[94], Honduras [95]-[100] and Peru [101]-[105], accounting
for > 98% of the HIV infections in those countries. Although the lack
of epidemiological data from Peru makes it impossible to highlight any
agreements or disagreements between the inferred dynamic for the Bpg clade
and empirical data, the onset of the epidemic stabilization inferred around
mid 1990s for the Mexican, Salvadoran and Honduran Bpanpemic clades
(Bmx-1, Bmx-ir, Bcamsy, Bcamun), coincides with the timing of maximum
growth in the number of new HIV cases in such countries [71] (Fig. 6.8).
These results are consistent with the fact that the concordance between
the epidemiological data and the inferred viral dynamics depends on the
prevalence of the specific HIV clade in the context of the overall epidemic of

the country/region from which it belongs.

Despite CRF12_BF and related BF recombinants account for about 50%
of the HIV infections in Argentina, we also observed a good agreement
between the inferred dynamic for the Bar clades and the epidemiological
data (Fig. 6.8) in that country. The synchronization of the population growth
dynamics previously inferred for the CRF12_BF [107] and the ones inferred
in Chapter 3 of this thesis for the Argentinean Bpanpemic clades, is probably
the main cause for the consistency between the epidemiological data and
the phylodynamic inferences in the indicated decline of the HIV epidemic

growth rate in this country since early 1990s.
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Figure 6.6: Number of new HIV cases in Western African countries
where CRF02y,s disseminates. Data was obtained from UNAIDS

website: http://aidsinfo.unaids.org/
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Figure 6.7: Number of new HIV cases in East African countries where
Cga clades disseminates. Data was obtained from UNAIDS website:
http://aidsinfo.unaids.org/
In Brazil, the phylodynamic modeling points to a decline of the incidence
rate between 1985 and 1995 for the Bpanpemic and Cga/pr clades, which,
assuming a time-lag of ~8-10 years between HIV and AIDS reported cases, is
concordant with the stabilization in the number of new AIDS cases reported
by the Brazilian Ministry of Health since the early 2000s in the Southeast and

Southern Brazilian regions, where most sequences from our datasets came

from (Fig. 6.9).

Taking into account the time scale in which the switch between the phase
of exponential growth and the stabilization of the epidemic growth took
place across all analyzed HIV-1 clades, it is evident that the introduction
of ART was not the driven factor in this crucial change of their epidemic

dynamics. While in Latin American countries the free and universal access to
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clades disseminates. Data was obtained from UNAIDS website: http://aidsinfo.

unaids.org/
ART started approximately between the mid and late 1990s [98], [108]-[111],
in East and West African countries as well as in Central Africa when it is
available, did not begin until the early 2000s [108], [111]-[113]. Consequently,
factors such as intrinsic networks dynamics and/or changes in population
risk behaviors, must be responsible for the reported and inferred declines in
the HIV incidence rate of the analyzed Latin American HIV clades between

late 1980s and mid 1990s and of the African CRF02_AG and Cga analyzed

sub-epidemics between early 1980s and early 2000s.
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Figure 6.9: Number of new AIDS cases reported by the Brazilian Ministry of Health

since early 2000s in the Southeast and Southern Brazilian regions. http://www.
portalsinan.saude.gov.br/dados-epidemiologicos-sinan

6.7 Recent changes in HIV-1 epidemics

The fit of the population dynamics of all the HIV-1 clades analyzed
under the frame of a logistic model as the coalescent-based phylodynamic
analysis suggests, implies that since their initial stabilization, their incidence
rates have remained stable up to the date of the most recent genetic
sequence included in their datasets. Nevertheless, the epidemiological data
support some recent changes in the growth rates of HIV-1 epidemics from
Western Africa, Eastern Africa and Latin America that the coalescent-based
phylodynamic model was unable to capture. Epidemiological data support a
decline in the number of new HIV infections in some Western (Burkina Faso,
Ghana, Mali, Togo and Senegal) and Eastern (Burundi, Rwanda, Ethiopia,
and Tanzania) African countries since the late 1990s and early 2000s, as
well in Honduras and El Salvador since the mid 1990s (Figs. 6.6 - 6.8). By
contrast, the Brazilian Ministry of Health reported an upward trend of new
HIV diagnoses since 2007 in Southern states where the Cgp /gr clade has

been widely disseminated (Fig. 6.9) [114]. Recent declines in HIV incidence
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support the relevance of prevention efforts that acted as the driven-force of
people's behavioral changes in several countries. At the same time, the recent
upward trend of new Cgp /R infections herein inferred in Southern Brazil
coincides with an association between ART availability and relapses into
high-risk sexual behavior, reported among vulnerable population groups
from developed countries [115]-[118] and emphasizes the importance for the

urgent implementation of prevention strategies in those groups.

The sensitivity shown by the birth-death phylodynamic model to capture
changes advanced by the epidemiological data in the most recent stages
of the Cga sub-epidemics, denotes that the lack of sensitivity of the
coalescent-based approach to capture such changes is likely due to intrinsic
assumptions of the model and not to sampling bias and/or the relative
prevalence of the HIV-1 lineage under study. The greater precision of the
coalescent-based parameter estimates for the oldest epidemic period and
the apparent higher sensitivity of the birth-death model for recover changes
in population dynamics at most recent times, leads us to recognize the
great importance of the joint use of both approaches for the comprehensive
reconstruction of past population dynamics of HIV epidemics and highlights
the need for undertake a birth-death-based phylodynamic analysis on
the Bpanpemic and CRF02_AG clades characterized in Chapters 3 and
4 of this thesis for which this approach was not applied. It will
be also of paramount importance to test whether other HIV-1 major
lineages circulating in Brazil also follow the same recent upward trend in

infections herein inferred for the Cga /pr clade.
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6.8 Conclusions

* One-third of HIV-1 subtype B infections in Latin America resulted from
the expansion of some Bpandemic clades likely to be introduced at a

very early stage of the HIV epidemic in the Americas.

* When the AIDS epidemic was recognized in the early 1980s, subtype B
had already arrived and established itself in several countries in Latin

America.

¢ The average R identified for the characterized Bpanpemic clades
varies between different countries and different lineages in the same
country, supporting the leading role of transmission networks instead
of country-specific prevention programs or viral determinants in the

rate of propagation of this HIV-1 clades in America.

¢ Current HIV-1 CRF02_AG epidemics in West-Central and West African
countries resulted from the spread of some founding strains outside

Central Africa between the 1960s and the mid-1980s.

¢ The founder strain CRF02_AG introduced in West Africa showed
faster growth and a broader geographical spread epidemic than those

introduced in West Central Africa.

¢ The spread of the CRF02ya clade outside Africa led to the emergence of
local transmission networks in Asia and Europe between the late 1990s

and the early 2000s.

¢ The outcome of the epidemic of different lineages of the CRF02_AG
variant was probably shaped by several factors, including: origin time,

spatial accessibility, transmission dynamics and viral determinants.
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* Major HIV-1 Cga lineages circulating in Eastern Africa and Southern
Brazil seem to have had an exponential spread with very similar
growth rates until roughly the mid 1990s, when a stabilization of the
HIV incidence rate took place in some of them, and a decline was noted
in others, which is likely associated with intrinsic networks dynamics

and/or changes in population risk behaviors.

* The overall agreement of the R estimated from genetic sequences with
those previously obtained from classical epidemiological data strength
the utility of coalescent and the birth-death phylodynamic approaches

to infer relevant epidemiological information of HIV epidemics.
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Appendix A

Spatiotemporal dynamics of the HIV-1 subtype G epidemic

in West and Central Africa

Delatorre, E., Mir, D., Bello, G. (2014).

PloS One, 9(2), €98908. http://doi.org/10.1371/journal .pone.0098908

The human immunodeficiency virus type 1 (HIV-1) subtype G is the second most prevalent
HIV-1 clade in West Africa, accounting for nearly 30% of infections in the region. There
is no information about the spatiotemporal dynamics of dissemination of this HIV-1 clade
in Africa. To this end, we analyzed a total of 305 HIV-1 subtype G pol sequences isolated
from 11 different countries from West and Central Africa over a period of 20 years (1992 to
2011). Evolutionary, phylogeographic and demographic parameters were jointly estimated
from sequence data using a Bayesian coalescent-based method. Our analyses indicate that
subtype G most probably emerged in Central Africa in 1968 (1956-1976). From Central
Africa, the virus was disseminated to West and West Central Africa at multiple times from
the middle 1970s onwards. Two subtype G strains probably introduced into Nigeria and
Togo between the middle and the late 1970s were disseminated locally and to neighboring
countries, leading to the origin of two major western African clades (GWA-I and GWA-
II). Subtype G clades circulating in western and central African regions displayed an initial
phase of exponential growth followed by a decline in growth rate since the early/middle
1990s; but the mean epidemic growth rate of GWA-I (0.75 year21) and GWA-II (0.95 year21)
clades was about two times higher than that estimated for central African lineages (0.47
year21). Notably, the overall evolutionary and demographic history of GWA-I and GWA-II
clades was very similar to that estimated for the CRF06_cpx clade circulating in the same
region. These results support the notion that the spatiotemporal dissemination dynamics of
major HIV-1 clades circulating in western Africa have probably been shaped by the same

ecological factors.


http://doi.org/10.1371/journal.pone.0098908
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Appendix B

Zika virus in the Americas: Early epidemiological and

genetic findings.

Faria, N. R., Azevedo, R.do S.da S., ... Vasconcelos, P. F. C. (2016).
Science (New York, N.Y.), aaf5036.

http://doi.org/10.1126/science.aaf5036

Brazil has experienced an unprecedented epidemic of Zika virus (ZIKV), with ~30,000 cases
reported to date. ZIKV was first detected in Brazil in May 2015 and cases of microcephaly
potentially associated with ZIKV infection were identified in November 2015. Using next
generation sequencing we generated seven Brazilian ZIKV genomes, sampled from four
self-limited cases, one blood donor, one fatal adult case, and one newborn with microcephaly
and congenital malformations. Phylogenetic and molecular clock analyses show a single
introduction of ZIKV into the Americas, estimated to have occurred between May-Dec
2013, more than 12 months prior to the detection of ZIKV in Brazil. The estimated date of
origin coincides with an increase in air passengers to Brazil from ZIKV endemic areas, and
with reported outbreaks in Pacific Islands. ZIKV genomes from Brazil are phylogenetically
interspersed with those from other South American and Caribbean countries. Mapping
mutations onto existing structural models revealed the context of viral amino acid changes
present in the outbreak lineage; however no shared amino acid changes were found among
the three currently available virus genomes from microcephaly cases. Municipality-level
incidence data indicate that reports of suspected microcephaly in Brazil best correlate with
ZIKV incidence around week 17 of pregnancy, although this does not demonstrate causation.
Our genetic description and analysis of ZIKV isolates in Brazil provide a baseline for future

studies of the evolution and molecular epidemiology in the Americas of this emerging virus.


http://doi.org/10.1126/science.aaf5036
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Appendix C

In-depth phylogenetic analysis of hepatitis C virus subtype
1a and occurrence of 80K and associated polymorphisms in
the NS3 protease.

Santos, A. F, Bello, G., Vidal, L. L., Souza, S. L., Mir, D., Soares, M. A.
(2016).

Scientific Reports, 6, 31780. http://doi.org/10.1038/srep31780

HCV genetic diversity is high and impacts disease progression, treatment and drug
resistance. HCV subtype 1la is divided in two clades (I and II), and the 80 K natural
polymorphism in the viral NS3 protease is prevalent in clade I. Paradoxically, countries
dominated by this clade have contrasting frequencies of 80 K. Over 2,000 HCV 1a NS3
sequences were retrieved from public databases representing Europe, Oceania and the
Americas. Sequences were aligned with HCV reference sequences and subjected to
phylogenetic analysis to investigate the relative presence of different subtype 1a clades and
NS3 protease mutations. HCV-1a sequences split into clades I and II. Clade I was further
structured into three subclades, IA to C. Sub-clade IA prevailed in the U.S., while subclade
IC was major in Brazil. The NS3 80 K polymorphism was associated with subclade IA, but
nearly absent in subclades IB and IC, a pattern similarly seen for the 91S/T compensatory
mutation. Three HCV-1a-I sub-clades have been identified, with different frequencies in
distinct regions. The 80 K and 91A /S mutations were associated with subclade IA, which
provide an explanation for the disparities seen in simeprevir resistance profiles of countries

dominated by HCV 1a-], like the U.S. and Brazil.


http://doi.org/10.1038/srep31780




183

Appendix D

New insights into the hepatitis E virus genotype 3

phylodynamics and evolutionary history

Mirazo, S., Mir, D., Bello, G., Ramos, N., Musto, H., Arbiza, J. (2016).
Infection, Genetics and Evolution, 43, 267-273.
http://doi.org/10.1016/j.meegid.2016.06.003

Hepeatitis E virus (HEV) is an emergent hepatotropic virus endemic mainly in Asia and other developing areas.
However, in the last decade it has been increasingly reported in high-income countries. Human infecting HEV
strains are currently classified into four genotypes (1-4). Genotype 3 (HEV-3) is the prevalent virus genotype and
the mostly associated with autochthonous and sporadic cases of HEV in developed areas. The evolutionary history
of HEV worldwide remains largely unknown. In this study we reconstructed the spatiotemporal and population
dynamics of HEV-3 at global scale, but with particular emphasis in South America, where case reports have
increased dramatically in the last years. To achieve this, we applied a Bayesian coalescent-based approach to a
comprehensive data set comprising 97 GenBank HEV-3 sequences for which the location and sampling date was
documented. Our phylogenetic analyses suggest that the worldwide genetic diversity of HEV-3 can be grouped
into two main Clades (I and II) with a mrca dated in approximately 320 years ago (95% HPD: 420- 236 years) and
that a unique independent introduction of HEV-3 seems to have occurred in Uruguay, where most of the human
HEV cases in South America have been described. The phylodynamic inference indicates that the population size
of this virus suffered substantial temporal variations after the second half of the 20th century. In this sense and
conversely to what is postulated to date, we suggest that the worldwide effective population size of HEV-3 is not
decreasing and that frequently sources of error in its estimates stem from assumptions that the analyzed sequences
are derived from a single panmictic population. Novel insights on the global population dynamics of HEV are
given. Additionally, this work constitutes an attempt to further describe in a Bayesian coalescent framework, the

phylodynamics and evolutionary history of HEV-3 in the South American region.


http://doi.org/10.1016/j.meegid.2016.06.003
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Appendix E

Evolutionary history and spatiotemporal dynamics of

DENV-1 genotype V in the Americas.

de Bruycker-Nogueira, F,, Mir, D., Dos Santos, F. B., Bello, G. (2016).
Infection, Genetics and Evolution, 45, 454-460.
http://doi.org/10.1016/j.meegid.2016.09.025

The genotype V has been the most prevalent dengue virus type 1 (DENV-1) clade circulating in the Americas
over the last 40 years. In this study, we investigate the spatiotemporal pattern of emergence and dissemination of
DENV-1 lineages in the continent. We applied phylogenetic and phylogeographic approaches to a comprehensive
data set of 836 DENV-1 E gene sequences of the genotype V isolated from 46 different countries around the
world over a period of 50years (1962 to 2014). Our study reveals that genetic diversity of DENV-1 genotype V
in the Americas resulted from two independent introductions of this genotype from India. The first genotype V
strain was most probably introduced into the Lesser Antilles at around the early 1970s and this Caribbean region
becomes the source population of several DENV-1 lineages that spread in the Americas during the 1970s and 1980s.
Most of those lineages appear to become extinct during the 1990s, except one that persisted in Venezuela and
later spread to other American countries, dominating the DENV-1 epidemics in the region from the early 2000s
onwards. The second genotype V strain of Indian origin was also most probably introduced into the Lesser Antilles
at around the early 1980s. This lineage remained almost undetected for nearly 15years, until it was introduced
in Northern Brazil around the middle 1990s and later spread to other country regions. These results demonstrate
that different geographic regions have played a role in maintaining and spreading the DENV-1 genotype V in the
Americas over time. DENV-1 genotype V lineages have originated, spread and died out in the Americas with very
different dynamics and the phenomenon of lineage replacement across successive DENV-1 epidemic outbreaks was

a common characteristic in most American countries.


http://doi.org/10.1016/j.meegid.2016.09.025
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Appendix F

Detection and molecular characterization of emergent
GII.P17/GII1.17 Norovirus in Brazil, 2015.

Andrade, J. S. R., Fumian, T. M., Leite, J. P. G., Assis, M. R. d., Bello, G.,
Mir, D., Miagostovich, M. P. (2017).
Infection, Genetics and Evolution, 51, 28-32.

http://doi.org/10.1016/j.meegid.2017.03.011

A newly GII.17 Kawazaki_2014 variant strain was detected recently in Brazil. Phylogenetic
analysis reveals at least four independent introduction events of this lineage into this country
that took place throughout 2014, coinciding with FIFA World Cup in Brazil, 2014, and Hong
Kong has been identified as themost likely source of introduction. This variant emerged
in Asia causing outbreaks and replacing prevalent GIL.4. Emergence of GILP17/ GIL17
variant emphasizes the need for active laboratory surveillance for NoV including molecular

epidemiology and studies on virus evolution.


http://doi.org/10.1016/j.meegid.2017.03.011
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Appendix G

Tracing the origin of the NS1 A188V substitution responsible
for recent enhancement of Zika virus Asian genotype

infectivity.

Delatorre, E., Mir, D., Bello, G. (2017).
Memoérias Do Instituto Oswaldo Cruz, 4(0), 1-3.

http://doi.org/10.1590/0074-02760170299

A recent study showed that infectivity of Zika virus (ZIKV) Asian genotype was enhanced
by an alanine-to- valine amino acid substitution at residue 188 of the NS1 protein, but the
precise time and location of origin of this mutation were not formally estimated. Here,
we applied a Bayesian coalescent-based framework to estimate the age and location of
the ancestral viral strain carrying the A188V substitution. Our results support that the
ancestral ZIKV strain carrying the A188V substitution arose in Southeastern Asia at the early
2000s and circulated in that region for some time (5-10 years) before being disseminated to

Southern Pacific islands and the Americas.


 http://doi.org/10.1590/0074-02760170299
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Appendix H

Phylodynamics of Yellow Fever Virus in the Americas: new

insights into the origin of the 2017 Brazilian outbreak.

Mir, D., Delatorre, E., Bonaldo, M., Lourengo-de-oliveira, R., Vicente, A. C., Bello, G.
(2017).
Scientific Reports, 7, 1-9.

http://doi.org/10.1038/s41698-017-07873-7

Yellow fever virus (YFV) strains circulating in the Americas belong to two distinct genotypes
(I and II) that have diversified into several concurrent enzootic lineages. Since 1999,
YFV genotype I has spread outside endemic regions and its recent (2017) reemergence in
non-endemic Southeastern Brazilian states fuels one of the largest epizootic of jungle Yellow
Fever registered in the country. To better understand this phenomenon, we reconstructed the
phylodynamics of YFV American genotypes using sequences from nine countries sampled
along 60 years, including strains from Brazilian 2017 outbreak. Our analyses reveals that
YFV genotypes I and 1II follow roughly similar evolutionary and demographic dynamics
until the early 1990s, when a dramatic change in the diversification process of the genotype I
occurred associated with the emergence and dissemination of a new lineage (here called
modern). Trinidad and Tobago was the most likely source of the YFV modern-lineage
that spread to Brazil and Venezuela around the late 1980s, where it replaced all lineages
previously circulating. The modern- lineage caused all major YFV outbreaks detected in
non-endemic South American regions since 2000, including the 2017 Brazilian outbreak,
and its dissemination was coupled to the accumulation of several amino acid substitutions

particularly within non-structural viral proteins.


http://doi.org/10.1038/s41598-017-07873-7
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Appendix I

Genomic and structural features of the yellow fever virus

from the 2016-2017 Brazilian outbreak.

Gomez, M.M., de Abreu, EV.S., Dos Santos, A.A.C., de Mello, 1.S., Santos, M.P,
Ribeiro, I.P., Ferreira-de-Brito, A., de Miranda, R.M., de Castro, M.G., Ribeiro,
M.S., da Costa Laterriere, R., Aguiar, S.F,, Meira, G.L.S., Antunes, D., Torres,
P.H.M., Mir, D., Vicente, A.C.P,, Guimarides, A.C.R., Caffarena, E.R., Bello, G,,
Lourengo-de-Oliveira, R., Bonaldo, M.C.

J. Gen. Virol., vol. 99, no. 4, 2018.
http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.
001033#tab2

Southeastern Brazil has been suffering a rapid expansion of a severe sylvatic yellow fever virus (YFV) outbreak
since late 2016, which has reached one of the most populated zones in Brazil and South America, heretofore a
yellow fever-free zone for more than 70 years. In the current study, we describe the complete genome of 12 YFV
samples from mosquitoes, humans and non-human primates from the Brazilian 2017 epidemic. All of the YFV
sequences belong to the modern lineage (sub- lineage 1E) of South American genotype I, having been circulating for
several months prior to the December 2016 detection. Our data confirm that viral strains associated with the most
severe YF epidemic in South America in the last 70 years display unique amino acid substitutions that are mainly
located in highly conserved positions in non-structural proteins. Our data also corroborate that YFV has spread
southward into Rio de Janeiro state following two main sylvatic dispersion routes that converged at the border of
the great metropolitan area comprising nearly 12 million unvaccinated inhabitants. Our original results can help
public health authorities to guide the surveillance, prophylaxis and control measures required to face such a severe
epidemiological problem. Finally, it will also inspire other workers to further investigate the epidemiological and

biological significance of the amino acid polymorphisms detected in the Brazilian 2017 YFV strains.


http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001033##tab2
http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001033##tab2
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