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Impacto da diversidade genética do VIH-1 na interacao com o hospedeiro

Resumo

Em 2019, estima-se que 38 milhdes de pessoas viveriam infetadas pelo virus da
imunodeficiéncia humana (VIH). Atualmente, nao existe uma cura para a infecdo por VIH e a
extensa variabilidade genética do virus representa um dos maiores obstaculos para acabar com a
proliferacdo da pandemia e desenvolver uma terapia eficiente. O Brasil & o pais com o maior
numero de pessoas infetadas por VIH na América Latina, apresentando uma distribuicdo
heterogénea de subtipos e recombinantes virais pelas suas diferentes regides geograficas.
Perceber a epidemia do VIH-1 no Brasil podera dar-nos informacdes valiosas sobre a diversidade
genética do virus e da sua relacdo com as caracteristicas genéticas e sociodemograficas da
populacao. Assim, primeiramente, neste estudo, tentamos perceber a dindmica das mutacdes de
resisténcia em pacientes em faléncia terapéutica no Brasil, entre 2008 e 2017, e, posteriormente,
tentamos investigar a epidemiologia molecular e a evolu¢do dos subtipos de VIH neste pais.

Os nossos resultados revelaram uma prevaléncia de mutacdes de resisténcia elevada na
populacao estudada, apesar de um decréscimo ter sido observado ao longo dos anos.
Contrariamente, um aumento significativo foi observado na prevaléncia da mutacdo de resisténcia
a inibidores da transcriptase reversa K65R, seguindo as alteracoes efetuadas a nivel dos farmacos
recomendados para tratamento. Foi, também, encontrada evidencia de transmissao da mutacéo
e 0S nossos resultados sugeriram que a mesma poderia aumentar o reconhecimento viral pelo
HLA-B27, que tem uma prevaléncia relativamente reduzida na populacdo braseira. Mais ainda, foi
verificado um aumento na prevaléncia do subtipo C, especialmente no Sul, onde ¢ dominante.
Encontramos, também, evidencia de transmissdo do subtipo C entre o Sul e outras regides do
Brasil, apesar de a sua proporcao ser pequena nestas areas. Adicionalmente, este subtipo foi mais
associado a baixos niveis de imunossupressao e a transmissao de mulher para homem e mae
para filho, do que o subtipo B, sustentando a hipdtese que alguns subtipos podem tirar partido de
periodos assintomaticos mais longos e das caracteristicas sociodemograficas da populacdo para
proliferar.

No geral, estes resultados reforcam a importancia de se perceber a dindmica da expansao
do VIH e da monitorizacao das mutacdes de resisténcia, de modo a serem criadas diretrizes de
controlo e tratamento mais especificas, para se reduzir o fardo da epidemia do VIH.

Palavras-chaves: VIH-1, Diversidade Genética, Subtipos, Mutacoes de Resisténcia, Brasil



Impact of HIV-1 genetic diversity on the interaction with host cells

Abstract

In 2019, 38 million people were estimated to be living with Human Immunodeficiency
Virus (HIV) infection. Currently, there is still no cure for HIV infection and the extensive viral genetic
diversity represents the one of the biggest obstacles to end the spread of the pandemics and to
develop an effective therapy. Brazil represents the country with the largest number of people living
with HIV in Latin America, presenting a heterogeneous distribution of HIV-1 subtypes and
recombinant forms across different geographic regions. Understanding HIV-1 epidemics in a
country as vast as Brazil, could give valuable insights about the viral genetic diversity and its
relationship with genetic and sociodemographic characteristics of the host population. Thus, in this
study, we firstly aimed at understanding the dynamics of the drug resistance mutations (DRMs) in
HIV-1 infected individuals failing antiretroviral treatment (ART) in Brazil, between the years 2008
and 2017, and, posteriorly, at investigating the molecular epidemiology and evolution of HIV-1
subtypes, in the same country.

Our results revealed a high prevalence of DRMs in the studied population, although a mild
decline was observed over the years. Contrastingly, a significant increase on the prevalence of the
K65R reverse transcriptase mutation was noticed, following a shift on the used ART regimens.
Evidence of K65R transmission was also verified and our results suggested that this mutation could
enhance viral recognition by HLA-B27 that has relatively low prevalence in the Brazilian population.
Moreover, our results indicated an increase on subtype C prevalence over the years, especially in
the South of Brazil, where it dominates. We also observed evidence for subtype C transmission
events between the South and other Brazilian regions, although this subtype was only present in
small proportions in these areas. Additionally, subtype C was significantly associated with lower
levels of immunodepression infection of women and women-to-child transmission, when compared
with subtype B, sustaining the hypothesis that some subtypes might take advantage of longer
asymptomatic periods and the sociodemographic characteristics of the population to proliferate.

Overall, our results reinforce the importance of understanding the dynamics of HIV-1
subtype expansion and monitoring DRMs prevalence to establish specific guidelines for prevention

and treatment, aiming at decreasing the epidemic burden of the HIV-1 infection.

Keywords: HIV-1, Genetic Diversity, Subtypes, Drug Resistance Mutation, Brazil.

Vi



Table of Contents

AradeCIMENTOS. ... iii
Statement of INtegIitY............cooiii iv
RESUMIO ...ttt v
ADSTFACT ... Vi
Table of CoNeNtS ..o Vi
List of Abbreviations and ACFONYMS................ccccooiiiiiiiii e X
LISt Of FIGUIES ...t Xii
List 0f tables........ ..o Xiv
Chapter 1 | General Introduction ...................coooi i 1
1L IEFOAUCTION ... 2
1.1. Human Immunodeficiency Virus (HIV).....c..oooiiiee e, 2
1.1.1. HIV-1 origin and diVEISITY.....coveeiii e 2
1.1.1.1. Phylogenetic analysis and phylogeography..........cccoecvveeiiciieieicceee e 5

1.1.2. HIV-1 virus @nd life CYCIE v.oeeiieeei et 5

1.2. HIV-1 transmission, infection @and AIDS .........oveeeiee et 8
1.2.1. HIV-1 transmission and infeCtion ...........cooveiiiiiiiiiiee e 8
1.2.2. AIDS @Nd death........coveiiiiieeeee e 11
1.2.3. Antiretroviral therapy ........eeei i 122

1.3. Drug resistance MULAtioNS..........ooiiiiii i 133
1.3.1. NRTI Resistance MUtations...........ccooiiiiiiiiiiiiie e 144
1.3.2. NNRTI Resistance MUtations ..........ccoiieiiiiiiiiiese s 155
1.3.3. Pl Resistance MUtations ..........cocuouiiiiiiiieiceee e 15
1.3.4. INSTIs Resistance MUtations ............ccooiiiiiiiiiiiiie e 15
1.3.5. Entry Inhibitors Resistance Mutations ............cccoveeiiiiiii i 15

1.4, HIV epidemics in Brazil.........ooviiiiuiiiiii e 136
AIMS O T TNESIS ... 17
BIDHOGIADNY ... e 18
Chapter 2 | Experimental Work ...................ccooiiiiii e 20

vii



Chapter 2.1. - Nationwide study of drug resistance mutations in HIV-1 infected

individuals under antiretroviral therapy in Brazil ................................oci 29
1 ADSEACT - bbb 30
2. INEFOAUCTION ..ttt et be e 30
3 RESUIS b 32

3.1. Characterization of the Study Population............cccccooiiiiiiiii e 32
3.2. Prevalence of Drug-Resistance Mutations...........cccoceeiiviiiiiiiii e 33
3.3. A Gradual Alteration on the Prevalence of Drug-Resistance Mutations...................... 34
3.4. A Shift on Treatment Scheme during the Years .........cocccovviiiiiiiiiiccec e 36
3.5. Evidence for Transmission of KO65R ..........ccoiiiiiiiiiic e 37
4. DISCUSSION ..ttt b bbbt b e b et 39
5. Materials and MethOAS ........ccviiiiiiii e 42
T N (8 o 1Y o] o1V = o] o 42
5.2. HIV-1 Subtypes and Drug Resistance MutationsS ............ccoveevveeeiveeiiiee i 43
5.3. Phylogenetic Analysis of K65R Sequences and Transmission Clusters...................... 43
5.4. HLA Binding Affinity PrediCtionS...........ooiciiiii e 43
5.5. HLA Prevalence in the Brazilian Population...........cccooveiioiiiiici e 44
TN =1 ([or= I AT P 1Y 44
B. RETEIBINCES ... e 44

Chapter 2.2. - Evolutionary dynamics of HIV-1 subtype C in Brazil......................... 56
1 ADSEACT ..o bbb s 57
2. INEFOAUCTION ...ttt b bt 57
3 RESUIS bbb 59

3.1. Proportion of HIV-1 subtype C infections in Brazil...........cccccooviiiiiiiiiiii 59
3.2. Subtype C associates with lower immunodepression when compared with B............ 60
3.3. Evidence for interregional and international subtype C transmission.............c....c...... 62
3.4. Relevant role of the South-East in the transmission of subtype C.........ccccoeeiiiinii. 66
3.5. Demographic differences in subtype C infections ..........cccoceiiiiiiiiiiiiiiiiic e 68
4. DISCUSSION ..ttt sttt bbbttt b e bkt etk e bt bt e b e st e bt e et 69
5. Materials and MethOds ..........oouviiiiiii e 72
5.1, Study PopUIation .......cuviiiiiec e 72
5.2, SEAUENCINEG ...t ettt ettt ettt et e e et e e et e e et a e e eabe e e sabe e e abaeeenbeeeabeeeenns 73



5.3. PhylogENEtiC @NAIYSIS .....vvveeiiceiie et 73

5.4. Definition of transmission cluster and tree visualization..............cccccvveiiiiiniiicnnnn, 74

5.5, StatiStiCal @NAIYSIS....ccviiiieiei e 74

B. RETEIBINCES ... ettt 75
Chapter 3 | General Discussion and Conclusions ......................ccccccooeiiiiiiinie e 83
1. General discussion @and CONCIUSIONS ..........cviiieriuiiiiii e 84
BIDHOGIADNY ... v 88
Supplementary Data ... 955



List of Abbreviations and Acronyms

3TC - Lamivudine;

ABC - Abacavir;

AIDS - Acquired Immunodeficiency Syndrome;
ART - Antiretroviral Treatment;

ATV - Atazanavir;

AZT - Zidovudine;

CCR5 - CC-Chemokine Receptor 5;

CRF - Circulating Recombinant Form;

CXCR4 - CXC-Chemokine Receptor 4;

d4T - Stavudine;

DRM - Drug Resistance Mutation;

DRV - Darunavir;

DTG - Dolutegravir;

EFV - Efavirenz;

EVG - Elvitegravir;

FTC - Emtricitabine;

GALT - Gut-Associated Lymphoid Tissue;

HIV - Human Immunodeficiency Virus;

HIV-1 - HIV-type 1;

HIV-2 - HIV-type 2;

INSTI - Integrase Strand-Transfer Inhibitor;
LPV - Lopinavir;

LTR - Long Terminal Repeat;

MSM - Men That Have Sex With Men;

Mtb - Mycobacterium tuberculosis,

NNRTI - Non-Nucleoside Reverse Transcriptase Inhibitor;
NRTI - Nucleoside Reverse Transcriptase Inhibitor;
NVP - Nevirapine;

Pl - Protease Inhibitor;



PLWH - People Living With HIV;

PR - Protease;

PrPE - Pre-exposure Prophylaxis;

RAL - Raltegravir;

RT - Reverse Transcriptase;

RTV - Ritonavir;

SIV - Simian Immunodeficiency Virus;

SDRM - Surveillance Drug Resistance Mutation;
TAM - Thymidine Analog-Associated Mutation;
TDF - Tenofovir Disoproxil Fumarate;

TB - Tuberculosis;

UNAIDS - Joint United Nations Programme on HIV/AIDS;
USA - United States of America;

VIH - Virus da Imunodeficiéncia Humana;

VL - Viral Loads;

WHO - World Health Organization.

Xi



List of Figures

Chapter 1 | General Introduction

Figure 1. HIV genetic diversity and cross-species transmission events..............cocuveee.. 3
Figure 2. HIV-1 groups and subtypes distribution worldwide............cccccoeviiiiiiiiinnnn. 5
Figure 3. HIV VIrONn ... 6
Figure 4. HIV-1 ife CYCl.....ccuiiiieiei e 7
Figure 5. HIV infection and progression 0 AIDS.............ccoviii i, 10

Chapter 2 | Experimental Work
Chapter 2.1. - Nationwide study of drug resistance mutations in HIV-1 infected
individuals under antiretroviral therapy in Brazil
Figure 1. Drug-resistance mutations prevalence in HIV-1 RT and PR through the yrs 2008
10 2007 e 35

Figure 2. Treatment scheme used at time of viral sequencing between the yrs 2008 and

Figure 3. Most found DRM by ART SCheme........cccoviiiiiiiiiieee e 38

Figure 4. Minimum spanning network analysis of transmission clusters with more than

one sequence With KEBR MULation ..........ocooviiiiiiii e 39
Chapter 2.2. - Evolutionary dynamics of HIV-1 subtype C in Brazil

Figure 1. HIV-1 subtype distribution in Brazil nation-wide data obtained from 2008 to

2017 (NZ26L1) 1ottt 60

Figure 2. Age and CD4+ T cell counts in individuals infected with HIV-1 subtype B or C.

Figure 3. Maximum likelihood tree of the HIV-1 subtype C sequences isolated in Brazil

from treatment naive individuals from 2008-2017 (n=340) and closely related sequences

from databases (total N=1194) ..o 63

Figure 4. Phylogeographic analysis of the evolution of HIV-1 subtype C transmission

ClUSTRYS. et 68
Supplementary Data

Sup Figure 1. Presence of DMR among SUbtypes.........cccooveiiiiiiiiii e 96

Xii



Sup Figure 2. Phylogenetic representation of a subset of HIV-1 subtype C sequences
isolated in Brazil with the K65R mutation and closely related sequences from databases
Sup Figure 3. Phylogenetic representation of a subset of HIV-1 subtype B sequences
isolated in Brazil with the K65R mutation and closely related sequences from databases
Sup Figure 4. Skygrid plot inferred with BEAST v1.10.4 and Tracer v1.7.1 using the

subset of 174 sequences that make up the transmission clusters ........ccccccceeevveeeneee. 109

Xiii



List of tables

Chapter 1 | General Introduction

Table 1. Surveillance Drug Resistance Mutations...........ccccoovveeeiiiiiiiiic e, 14
Chapter 2 | Experimental Work
Chapter 2.1. - Nationwide study of drug resistance mutations in HIV-1 infected
individuals under antiretroviral therapy in Brazil

Table 1. Characterization of the study population. .........ccccoovvieviicii e, 33

Table 2. Yearly distribution of the most prevalent drug-resistance mutations in HIV-1 RT

Table 3. K65R mutant strong binding affinity to most frequent HLAS ......ccoooeiivneei. 39
Chapter 2.2. - Evolutionary dynamics of HIV-1 subtype C in Brazil
Table 1. Characterization of the 35 transmission clusters of HIV-1 subtype C virus
identified iN this STUAY........oeii e 64
Table 2. Epidemiological comparison of HIV-1 epidemics between South and South-East
BIAZIL e et 69
Supplementary Data
Sup Table 1. Phylogeny inferred HIV-1 transmission clusters with more than one
sequences harboring the K65R mutation .........ccocooiiiiiiii e, 99
Sup Table 2. Distribution by subtype and region of the studied 2611 samples......... 103
Sup Table 3. Annual growth rate of HIV-1 infections in the Brazilian cohort under study
by SUBtype and reZION ... ..ueii i 104
Sup Table 4. Viral load comparison between individuals infected with subtypes C vs. B
or C vs.other non-B and Non-C SUDLYPES .....c.ueevcvieeiiii e 105

Sup Table 5. Cut-off age points63 used for the classification of immunological status..

Sup Table 6. Comparison of the number of infections with subtype C, B and other
classified as leading to immunodepression with moderate or severe levels ................ 106
Sup Table 7. Comparison of proportion of ambiguous sites (PAS) between B and C
Y001 0 1= TSR 107

Xiv



Sup Table 8. Pairwise rates of diffusion between geographic locations (discrete traits).

XV






1. Introduction

1.1. Human Immunodeficiency Virus (HIV)

On the early 1980s, the first cases of an inexplicable and severe immunodeficiency, that was
posteriorly described as Acquired Immunodeficiency Syndrome (AIDS), were reported in the United States
of America (USA), among men who had sex with men [1-4]. The virus responsible for AIDS was identified
after two years of these reports and named, in 1986, by the International Committee on Taxonomy of
Viruses, as the Human Immunodeficiency Virus (HIV) [1,2,5-8]. The AIDS epidemic rapidly spread and,
in 2019, 38 million people were estimated to be living with HIV worldwide [9]. Although new cases of
infection were globally reduced by 23% since 2010, there was still an alarming increase of 72% in eastern
Europe and more than 20% in Central Latin America, Asia, the Middle East and North Africa, comprising
a total of 1.7 million new infections in 2019 [9]. Even though HIV-related deaths have presented a 51%
decrease in the last 20 years, HIV infection is still one of the top ten leading causes of death in low-income

countries and was estimated to be responsible for 690 000 AlDS-related deaths in the same year [9,10].

1.1.1. HIV-1 origin and diversity

Being part of the Retroviridae family, HIV can be grouped into HIV-type 1 (HIV-1) and HIV-type 2
(HIV-2). Both HIV types were likely introduced by multiple cross-species transmission events of simian
immunodeficiency viruses (SIVs) infecting African non-human primates. Hunting non-human primates for
bushmeat is believed to be the potential reasons behind these zoonotic transmissions, as well as injuries

related with capture, trade and keeping these animals as pets [11,12].

At least four zoonotic transmission events are associated with the initial genetic difference
between the different HIV-1 groups (M, N, O and P), while no less than nine independent cross-species
transmissions are behind the introduction of the HIV-2 groups (A-l) [11-13]. Studies have found that the
HIV-1 pandemic group M is closely related with SIVcpz that infected chimpanzees (Pan froglodytes
troglodytes) from Cameroon southeast, while the rare group N ancestors have been identified in SIVcpz
from chimpanzee communities of south-central Cameroon [12-15]. Group O and P, which also have not

been disseminated widely, were found to be originated from independent zoonotic transmission events



from SIVgor, that infected Western lowland gorillas (Gorilla gorilla gorilla) from Cameroon [12,13,16,17].
On the other hand, HIV-2, which mainly restricted to West Africa, possibly for being less transmissible, is
more closely related with the SIVsmm that infects sooty mangabeys (Cercocebus atys) (Figure 1)

[11,18,19].

Homo sapiens Pan troglodytes troglodytes (chimpanzee)
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Figure 1. HIV genetic diversity and cross-species transmission events. Evolutionary relation

between different SIV and HIV (reprinted from Tebit and Arts, 2011 [20]).1

Although infection of the pandemic group M was first reported in the early 1980s, genetic

evidence supports events of group M infection around the final years of the 1950s decade in the

1 Reprinted from The Lancet Infectious Diseases, 11, Denis M. Tebit and Eric J. Arts, Tracking a century of global expansion and evolution of HIV to drive
understanding and to combat disease, 45-56, Copyright (2011), with permission from Elsevier.
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Democratic Republic of Congo [21,22]. In fact, phylogenetic studies suggest that HIV-1 group M originated
in Kinshasa on early twentieth century, with a relative slow exponential growth till 1960, where it
transitioned to a faster exponential growth phase, expanding to outside of the Democratic Republic of
Congo [22,23]. The genetic diversification and the introduction of the virus in other geographic regions,
resulted on the heterogeneous distribution of the ten HIV-1 group M subtypes (A-D, F-H, J-L), with ones
comprising sub-subtypes (Al, A2, A3, A4, A6 and F1, F2), and more than a hundred circulating
recombinant forms (CRFs) [24,25]. The main factors behind the group M extended genetic diversity are
believed to be the high replication levels using an error-prone reverse transcriptase (RT) and the
recombination events that can take place during replication [26]. Remarkably, the genetic distance

between subtypes can vary between 25 and 35% and 15 to 20% within a subtype [27].

Although HIV-1 subtype B is the most disseminated variant of the virus, being the main
responsible for the western and central Europe, America and Oceania epidemics, subtype C is the most
prevalent subtype, accounting for almost half of all HIV-1 infections worldwide (Figure 2) [28-30].
Different HIV-1 subtypes present variances on cell tropism, viral fithess and plasma viral loads, promoting
differences on disease progression dynamics and transmission rates, and also on the response to
antiretroviral treatment (ART), which can be a major obstacle on the development of an effective therapy

[31-36].

a) b)
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Figure 2. HIV-1 groups and subtypes distribution worldwide. (a) Frequencies of HIV-1 subtypes
according to the sequences (n = 815,431) obtained from the Los Alamos HIV database

(http://www.hiv.lanl.gov/), across 10 geographic regions [24]. Pie chart size is related with HIV



prevalence in each region (data obtained from the Joint United Nations Programme on HIV/AIDS
(UNAIDS) data report from 2020 [9]) and the geographic regions are also according to Los Alamos HIV
database. The global frequency of HIV-1 subtypes (b) was estimated by extrapolating the total number of
sequences to the real number of reported cases number of people living with HIV-1 by continent (obtained

from the UNAIDS report [9]). (Adapted from Santos-Pereira et al. [28]).

1.1.1.1. Phylogenetic analysis and phylogeography

As previously stated, the genetic variability among HIV-1 subtypes translates in differences on
infection and disease progression, highlighting the importance of molecular epidemiology analysis to
better understand the evolutionary dynamics of HIV-1 epidemics. With phylogenetic analysis it is possible
to evaluate the genealogical relationship of viral strains, allowing the reconstruction of transmission chains
and clusters, that provide valuable insights about the evolutionary history of the virus. There are several
phylogenetic methods, although statistical phylogenetics, that include maximum-likelihood method -
considering the phylogenetic tree with best fitting likelihood - and Bayesian phylogenetics - based on
Markov chain Monte Carlo (MCMC) for calculation of the posterior probability - , are the most used when
studying the HIV epidemiology, being highly accurate [37-39].

Moreover, software such as BEAST rely on molecular clock models that allow the estimation of
time-scaled trees and infer the most recent common ancestor of the sample population. Information
regarding the geographic localization of the sequences can be included in the BEAST analysis, being

possible to analyze the phylogeography of the time-scaled tree [39-41].

1.1.2. HIV-1 virus and life cycle

As retrovirus, HIV-1 and HIV-2 present a similar basic structure, although some differences can
be found on their genome organization [42]. HIV genome is composed by two identical single-stranded
RNA molecules, protected inside a capsid (Figure 3). As a provirus, HIV RNA molecules are posteriorly

converted to double-stranded DNA by RT and integrated in the human genome.



Figure 3. HIV virion. Structure of the HIV-1 virus (reprinted from Rossi ef a/, 2021 [43]).

Both ends of the HIV DNA genome comprise long terminal repeat (LTR) sequences. The 5’LTR
region is followed by the gagreading frame, that encodes the structural proteins of the matrix (p17), of
the capside (p24), the nucleocapsid (p7) and p6 protein. The po/ reading frame, that follows the gag
gene, codes for the enzymes involved on viral replication including the protease (PR), RT and integrase.
The following envgene encodes the external gp120 glycoprotein and transmembrane gp41 glycoprotein.
Moreover, the HIV-1 genome also codes for other proteins crucial HIV gene expression, such as Tat
(transactivator protein) and Rev (RNA splicing-regulator) regulatory factors, and other regulatory proteins

including the Nef, Vif, Vpr and Vpu, being the last one replaced for Vpx in case of HIV-2 [42,44].

HIV-1 replication cycle begins when HIV gp120 binds with the host CD4 receptors present in the
T lymphocytes, but also found in monocytes, dendritic cells and macrophages, followed by an interaction
with a second co receptor, usually the CC-chemokine receptor 5 (CCR5) or the CXC-chemokine receptor
4 (CXCR4) (Figure 4). Different HIV-1 variants preferential select one or the other chemokine receptor,
although some can use both. Upon the attachment to the host cell, a fusion peptide of gp41 is inserted
in the host membrane, which leads to the fusion of the viral and host membranes. The uncoating of the
viral core to the host cell cytoplasm occurs, followed by the reversed transcription of the HIV-1 RNA to
double stranded DNA. The proviral DNA is then transported to the cell nucleus where is randomly inserted

at the host genome by the integrase, establishing the HIV-1 infection (Figure 4) [2,42-46].



The expression of the proviral DNA depends on the host cell activated status, as latent cells
function as cellular reservoirs of the virus. RNA polymerase Il is responsible for the HIV-1 DNA
transcription, resulting, initially, on the synthesis of regulatory proteins including Tat, which maximizes
transcription rates, and Rev, that regulates the production of longer RNA transcripts. These longer
fragments are transported through the nuclear membrane to the cytoplasm where the viral structural
proteins and enzymes are synthesized. The Env proteins migrate and incorporate the host cell membrane,
as the viral replication enzymes and two full-size RNA strands form the immature core of the virus, while
the core proteins assemble to form the capsid, also migrating to the cell surface. The budding of this
complex forms an immature virion that will posteriorly maturate into an infectious particle (Figure 4)

[42,44,47,48].
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Figure 4. HIV-1 life cycle. HIV-1 enters the cell by interacting with a CD4 receptor and wither either a
CCRb5 or CXCR4 co-receptor. Viral binding to cell receptor is followed by membrane fusion and uncoating
of the HIV-1 RNA and the RT. The double stranded resultant DNA is inserted in the host genome and

transcribed to viral mMRNA upon cell activation. On the cytoplasm, translation occurs, and new viral



proteins assemble and migrate to the cell surface. With budding and maturation of a new virus, HIV-1 is

ready to target other cells (reprinted from Deeks et a/, 2015 [2])2.

1.2. HIV-1 transmission, infection and AIDS

1.2.1. HIV-1 transmission and infection

HIV-1 infection can occur following an exposure of mucosal membranes or injured skin to the
virus and by parenteral inoculation. The per-act HIV transmission risk varies according to the route of
infection (type of parenteral or sexual exposure and mother-to-child vertical transmission), although, in
case of sexual transmission, viral loads (VL) in the moment of exposure are the key factor determining
the risk of HIV-1 transmission [49-51]. Moreover, different HIV-1 subtypes also seem to present
preferential transmission routes, as, for instance, subtype C has been associated with increased vaginal
shedding and preferential in-utero transmission, in case of women-to-child transmission, when compared
with subtype D and A, being this type of transmission also more likely to occur in case of infection with

subtype D when compared with subtype A [34,52-54].

The first phase of HIV-1 infection occurs, approximately, in the first three weeks, before the virus
RNA can be detected in the plasma, and it is called the eclipse phase. Being so difficult to detect HIV
infection during this phase, most of the knowledge about this period comes from SIV studies in macaques
and /n vitro studies. Thus, in an initial phase, HIV-1 is believed to preferential infect cells harboring CCR5
co-receptor and within 2 days can be detected in the regional lymphatic tissue, followed by the lymph

nodes, and, within 10 to 14 days, in the whole body (Figure 5) [2,44,50,55,56] .

The acute phase of infection begins with HIV-1 VL becoming detectable in the plasma, as the
virus explosively replicates in the gut-associated lymphoid tissue (GALT) and other lymphoid tissues.
During this stage of infection, HIV-1 RNA plasma levels reach their peak at around 10¢-107 copies per ml,
indicating an increased the risk of transmitting the virus. With the response of the humoral immune
system against HIV-1, some flu-like symptoms can occur and others that include headache, skin rash,
myalgias and gastrointestinal symptoms, although many people remain asymptomatic. Also, during this

phase of infection, CD4+ T cells present a dramatic depletion. which levels posteriorly recover in the

2 Reprinted by permission from Springer Nature: Nature Reviews Disease Primers, HIV infection, Steven G. Deeks et al, [COPYRIGHT] 2015
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blood. The activation a virus-specific immune response, particular by action of the CD8- T-cells, leads to
a decrease on VL levels to a steady-state point, called viral set point. It is during the acute phase that HIV-

1 specific antibodies arise and evolve (seroconversion) (Figure 3) [2,42,44,50,55,56].

After the viral set point is established, HIV-1 continues to progressively destroy CD4+ T cells and
leads to a chronic activation of the immune system, for an asymptomatic period that is known as the
chronic phase of infection. In fact, this persistent and massive immune activation, characterized by an
accelerated cell turnover, is positively correlated with HIV-1 infection disease progression and patient
death (Figure 5) [42,51,57,58]. The virus manages to escape the immune system by the high number
of escape mutations, with the continuous production of viral guasispecies, that keep occurring within the
viral genome and by establishing cellular reservoirs in the lymph nodes, where viral replication remains

at slower rates [2,42].
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Figure 5. HIV infection and progression to AIDS. On the eclipse phase of infection, HIV-1 spreads
through the organism’s cells, establishing viral reservoirs. When RNA levels of HIV-1 become detectable
in the blood, the acute phase beings. HIV-1 VLs exponential increase till they reach their peak, and some
flu-like symptoms can be noticeable. The chronic phase of infection begins with viral RNA levels reaching

a steady-state level, and, from that point, CD4 depletions slowly occurs till immunodeficiency is achieved

(reprinted from Deeks ef a/,, 2015 [2])3.

3 Reprinted by permission from Springer Nature: Nature Reviews Disease Primers, HIV infection, Steven G. Deeks et al, [COPYRIGHT] 2015
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1.2.2. AIDS and death

The ultimate stage of HIV-1 infection is the AIDS phase (Figure 3). According to the World Health
Organization (WHO), AIDS can be defined, in adults, when the absolute and percentual (cell percentage

among the total lymphocyte count) CD4+ T cell levels are below 200 cells/ 1 | and <15%, respectively,

or when, upon HIV-1 positive diagnosis and in the absence of CD4 counts, an AIDS related comorbidity
is present [1,59]. The time of appearance of apparent symptoms of immunodeficiency can greatly vary,
being tightly related with the absence of treatment and the host capacity to contain virus and to
reconstitute the pool of CD4+ T cells [42,44]. Likewise, studies have pointed that 5 to 8% of HIV-1 infected
people can live with no sign of infection for at least 10 years, including with no alterations in CD4+ T cell
counts, and some above 35 years [60]. There is also a strong correlation between different HIV-1 subtypes
and the rates of disease progression. In fact, several studies report a faster progression to AIDS and
increased CD4+ T cell 4 count decline in case of subtype D infection [61-63]. Similarly, others have
report that some subtypes present a reduced viral fitness with longer periods of asymptomatic infection,
which is the case of subtype C when compared with D and A, and subtype Al when compared with

subtype B [35,64].

During the AIDS phase, with the severe impairment of the immune system, opportunistic infections
by bacteria, viruses, fungi and parasites can develop as well as neoplasms. As CD4+ T cells counts
continue to decrease and the organism weakens, AIDS is often accompanied with severe weight loss and
anemia, gastrointestinal disfunction, respiratory problems, fever, fatigue, the emergence of tumors and

impairment of neurologic functions.

It is estimated that, in the absence of ART, the timeframe between initial HIV-1 infection to AIDS-
related death is approximately 11 years [65]. Although the widespread use of ART lead to an important
decline in patients’ morbidity and mortality, the rate of non-AIDS related deaths among these patients
has increased, being the most common causes of non-AIDS deaths the severe infection by other infectious

agents, cardiovascular and liver diseases, and cancer [66,67].

Tuberculosis (TB), a disease caused by Mycobacterium tuberculosis (Mth) infection, is the leading
cause of morbidity and mortality among people living with HIV-1 infection, accounting for 1 in 3 HIV-
related deaths [68]. In 2019, the WHO defined the risk of developing TB to be 15 to 21 times higher in

people infected with HIV, as studies have pointed that reduced CD4+ T cell counts in case of HIV infection

11



relate with a higher probability of developing active TB [68,69]. In fact, in case of co-infection, these
human pathogens seem to present a synergetic relationship, promoting a faster deterioration of the
immune system, leading to reduced life expectancy [68,70]. Moreover, the combination of ART and TB

treatment was believed to prevent approximately 11 million deaths between 2000 and 2019 [68].

1.2.3. Antiretroviral therapy

At least 12.1 million deaths due to AIDS related illnesses were believed to be avoided, between
2010 and 2019, because of ART extended use. However, of the 38 million people living with HIV,

approximately a third (12.6 million) are still waiting for treatment [9].

The available ART drugs can be classified regarding their target on the HIV-1 replicative cycle.
Thus, the mostly used ART drugs can be grouped as nucleoside and non-nucleoside inhibitors of the RT

(NRTIs and NNRTIs), protease inhibitors (Pls) or integrase strand-transfer inhibitors (INSTIs) (Figure 2).

Although ART remarkably improved life expectancy and quality of HIV-1 infected patients, there
is still no cure for HIV infection. In 1987, Zidovudine (AZT), a NRTI, was approved as the first antiretroviral
drug, strongly increasing patient’s survival and life quality. However, monotherapy with the early NRTIs
failed at suppressing HIV in the long term, resulting in the emergence of drug resistance mutations. With
the introduction of NNRTIs and Pls during the 1990s, ART therapy dramatically changed, as combine
regimens of two NRTIS with an Pl or NNRTI successfully led to viral suppression, reducing morbidity and
mortality [71-73] . According to the last published WHO antiretroviral therapy guidelines for adults, the
first-line ART usually consists of two NRTIs and a INSTI or, in alternative a NNRTI, while the second-line
comprises two NRTIs and a Pls. Currently, ART is recommended to everyone diagnosed with HIV-1

infection [74].

As stated above, ART does not fully restore patients’ health and, although it increases life
expectancy, this increase is accompanied by a higher rate of non-AIDS comorbidities, conceivably
associated with antiretroviral therapy toxicities and with the chronic activation of the immune system
resultant from the persisting viral infection [67,75]. Importantly, HIV VL can be completely reestablished
upon ART interruption, which is considered to be mainly due to the existence of broad cellular reservoirs

of viruses since early phases of infection. ART likely fails to eradicate HIV in all reservoirs, and HIV persists
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with low levels of replication in some cells, which can be also a source for the selection of drug-resistant

variants [76-78].

Although ART efficiently reduces HIV propagation, it was not capable of stopping the spreading
of the HIV epidemic [74,79]. Efforts have been made worldwide towards the prevention HIV infection and,
currently, the WHO recommends the use of pre-exposure prophylaxis (PrEP) treatment, containing
tenofovir disoproxil fumarate (TDF), for people at substantial risk of HIV infection, reducing the risk of

infection by 85% [72,74].

1.3. Drug resistance mutations

The emergence of drug resistance mutations (DRMs) is one of the major threats to an effective
outcome of HIV-1 therapy. HIV-1 high recombination and mutation rates result in heterogeneous viral
populations and fostering the emergence of drug resistant viral variants with a competitive advantage
under ART selective pressure. These DRMs can be classified as primary, that directly lead to a reduction
of ART efficacy, or accessory (or secondary) that, alongside primary mutations, help to increase resistance
to therapy or compensate the fitness lost caused by primary DRMs, conferring an increased advantage
to the mutant variant. However, some drugs used in ART present a higher genetic barrier than others

meaning that resistance to these drugs requires a multiple combination of mutations [80-82].

The presence of DRMs can be a consequence of transmitted drug resistance, when the founding
virus of infection already harbors the mutation, or acquired drug resistance, which are not present in the
beginning of the treatment and emerge upon ART selective pressure. Acquired DRMs can be detected in
50% to 90% of the ART failing patients [83]. Moreover, the genetic variability among HIV-1 subtypes have
been associated with different patterns of DRMs [84-86].

As DRMs have been associated with increased mortality, infection rates and treatment costs, the
WHO strongly recommends the prevention and monitoring of DRMs at a population level [87,88]. In fact,
several high-income countries made HIV DRMs tests prior to treatment initiation the general practice,
contrasting with some low- and middle-income countries in which DMRs test is not universally performed.
Moreover, The WHO also outlined a list of surveillance drug resistance mutations (SDRMs) with the

purpose of facilitating ongoing and future studies of transmitted drug resistance (Table 1) [89].
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Table 1. Surveillance Drug Resistance Mutations. (Extracted from Stanford Drug Resistance

Database - https://hivdb.stanford.edu/)

NRTI NNRTI PI
M41 L L100 | L23 |
K65 R K101 E P L24 |
D67 N, G, E K103 N, S D30 N
169 D, Ins V106 M, A V32 |
K70 RE V179 F M46 I L
L74 v, Y181 C 1V 147 VA
V75 M, T,A S Y188 L H,C G48 v, M
F77 L G190 A S, E 150 v, L
Y115 F P225 H F53 LY
F116 Y M230 L 154 V,LLMATS
Q151 M G73 S,T,C,A
M184 v, L76 v
L210 w V82 ATFSCML
1215 Y,F,1,8,C,D,V,E N83 D
K219 Q,ENR 184 V,A C
185 v
N88 D,S
L90 M

1.3.1. NRTI Resistance Mutations

NRTIs represent the foundation of ART, being the most widely used drugs for the treatment of
HIV infection. However, all of drugs within this class can select DRMs, that can happen by two main
molecular mechanisms: by thymidine analog-associated mutations (TAMs) that increases the removal of
the NRTI from the end 3’ of the viral DNA, or by increasing natural substrate selective binding preventing
NRTI binding [80,90,91]. Although TAMs seem to be exclusively selected by AZT and stavudine (d4T),
they also can confer resistance to other NRTI, being part of this group the M41L, D67N, K70R, L210W,
T215F/Y and K219Q/E mutations in RT. On the other hand, the most commonly occurring mutations,

that are not comprised on the TAM group, include M184V/1, that are selected and promote viral resistance
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to lamivudine (3TC) and emtricitabine (FTC) but also confers higher susceptibility to AZT and TDF, and
K65R, that reduces susceptivity to most NRTIs but hypersensitizes the virus to AZT [80,90-93].

1.3.2. NNRTI Resistance Mutations

NNRTIs are usually administered in combination with NRTIs. In fact, the WHO recommends the
use of efavirenz (EFV) combined with TDF and 3TC as alternative first-line regimen. However, giving the
notable increase of pretreatment resistance to NNRTIs in low- and middle-income countries, the WHO
also strongly advises a change to non-NNRTI regimens in countries where pretreatment resistance to EFV

or nevirapine (NVP) is above 10% [94,95].

NNRTIs typically present a low genetic barrier to resistance and DRM can simply confer resistance
to this group of drugs by inhibiting or disrupting binding. Remarkably, nearly 70% of the mutations that

occur on RT within the NNRTI binding site can induce resistance [90].

1.3.3. Pl Resistance Mutations

Atazanavir (ATV), lopinavir (LPV) and darunavir (DRV), combined with ritonavir, a booster of these
drugs’ plasma concentrations, are the most widely used Pls, being highly effective at viral suppression
and usually presenting a higher genetic barrier when compared with other types of ART. Thus, LPV or
ATV in combination with NRTIs are the second-line recommended regiment by the WHO [95]. However,
although these agents usually need multiple resistance mutations, drug resistance to all the existent Pls
has been observed. DRMs can occur in the active site of Pls binding, being called primary mutations, or
outside the binging site, increasing viral resistance, being entitled accessory mutations. Different Pls have
been found to promote distinct patterns of mutations and clinical resistance have been associated with

more than a hundred protease mutations [80,90,96].

1.3.4. INSTIs Resistance Mutations

In 2018, the WHO changed its preferred first line regimen for adults and adolescents to a

combination of TDF, 3TC (or FTC) and dolutegravir (DTG), an INSTI. INSTIs are found be to highly
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effective, presenting a low toxicity and low costs. As DTG utilization was only approved in 2013, not many
cases of INSTI resistance have been reported in the population. However, many DRMs have been
observed to decrease INSTI efficacy, manly reported in case of raltegravir (RAL) (approved in 2007) and
elvitegravir (EVG) (approved in 2012). Recently, the first SDRM list of 24 non-polymorphic INSTI-selected
mutations was published [96-99].

1.3.5. Entry Inhibitors Resistance Mutations

Maraviroc was the first CCR5 antagonist to be approved for clinical use. This class of entry
inhibitors aim at preventing HIV-1 infection by binding to CCR5 receptors and by altering their
conformation, avoiding CD4-T cells infection by R5-tropic virus. However, treatment failure can occur if
the virus is able to use CXCR4 receptor and in case of emergence of mutations in the V3 loop that allow
the virus to bind to the inhibited receptor. Moreover, /n vitro studies also demonstrated the presence of
mutations in viral gp41 upon CCR5 inhibitors selection [100-105]. Currently there is still no CXCR4
inhibitors used for HIV-1 therapy in the clinical practice but resistance mutations for AMD3100 CXCR4

antagonist have been found /n vitro [106,107].

1.4 HIV epidemics in Brazil

Contrasting with the global trends, Latin America presented an increase of 21% of new HIV-
infections, between 2010 and 2019, with Brazil accounting for almost half of Latin America infections. In
2020, it was estimated that 0.9 million people were living with HIV infection in this country, including the
approximately 48.000 new reported cases of infections. In the same year, 13.000 AlIDS-elated deaths
were estimated to be reported although 70% of the individuals living with HIV were projected to be on
treatment [108]. In fact, Brazil was the first middle-income country to guarantee free access to ART to all
HIV infected patients, through the public Unified Health System, being also the only country in South
America that provides pre-exposure prophylaxis (PrEP) [9,109]. With a total area as vast as 8.51 million
kmz, HIV-1 subtypes and recombinant forms present a heterogeneous distribution across the country,
with B subtype dominating the epidemics, followed by subtype C, being the most prevalent subtype in the
South region, and subtype F1, accounting for almost 10% of all infections [110,111].

16



Aims of the thesis

As stated above, HIV-1 pandemics continues to proliferate, being one of the top ten leading
causes of death in low-income countries. Until now, there is no effective cure for this viral infection and
many cases of treatment failure continue to be reported, mainly due to a deficient adherence to treatment
and the emergence of DRMs.

Although new cases of infection are globally decreasing, in Latin America these new infections
presented an increase of 21% since 2010. In fact, since 1980, and until June of 2020, more than a
million cases of AIDS were reported in Brazil, accounting for almost half of Latin America infections. Only
in 2019, 41.909 new cases of HIV infection and a death rate of 4.1 per 100.000 individuals were
reported, according to the Epidemiological Bulletin from the Health Surveillance Department.

Since this country comprises the largest number of people living with HIV in Latin America, being
one of the 15 countries that represents 75% of global people living with HIV in 2014, we believed that
understanding the HIV-1 epidemics in Brazil could give us valuable insights about HIV-1 pandemic
worldwide and provide useful information for stablishing new guidelines for treatment according to the

genetic profile of the virus. Thus, with this thesis we aimed at:

Understanding the dynamics of DRMs in HIV-1 infected individuals under ART in Brazil;

Investigate the evolutionary dynamics of HIV-1 subtypes in the same country.

This experimental work chapter will be followed by a general discussion highlighting the key points

of these studies.
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Chapter 2 | Experimental Work

Nationwide Study of Drug Resistance Mutations in HIV-1 Infected

Individuals under Antiretroviral Therapy in Brazil

1. Abstract

The success of antiretroviral treatment (ART) is threatened by the emergence of drug resistance
mutations (DRM). Since Brazil presents the largest number of people living with HIV (PLWH) in South
America we aimed at understanding the dynamics of DRM in this country. We analyzed a total of 20,226
HIV-1 sequences collected from PLWH undergoing ART between 2008-2017. Results show a mild decline
of DRM over the years but an increase of the K65R reverse transcriptase mutation from 2.23% to 12.11%.
This increase gradually occurred following alterations in the ART regimens replacing zidovudine (AZT) with
tenofovir (TDF). PLWH harboring the K65R had significantly higher viral loads than those without this
mutation (< 0.001). Among the two most prevalent HIV-1 subtypes (B and C) there was a significant (p
< 0.001) association of K65R with subtype C (11.26%) when compared with subtype B (9.27%).
Nonetheless, evidence for K65R transmission in Brazil was found both for C and B subtypes. Additionally,
artificial neural network-based immunoinformatic predictions suggest that K65R could enhance viral
recognition by HLA-B27 that has relatively low prevalence in the Brazilian population. Overall, the results
suggest that tenofovir-based regimens need to be carefully monitored particularly in settings with subtype

C and specific HLA profiles.

2. Introduction

According to the Joint United Nations Programme on HIV/AIDS (UNAIDS), 690,000 individuals
died in 2019 of human immunodeficiency virus (HIV) infection-related causes. Although the global
number of new infections (1.7 million) has been reduced by 23%, since 2010, Latin America has
presented a 21% increase. Particularly, Brazil experienced an increase of 17%, with 48,000 new reported

infections and 14,000 acquired immunodeficiency syndrome (AIDS)-related deaths, in the same year [1].
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Antiretroviral therapy (ART) significantly improves patients’ survival, increasing life expectancy
and quality [2-4]. Furthermore, it plays a relevant role in the prevention of HIV-1 transmission in the
population [5-8]. However, the emergence of drug resistance mutations (DRM) represents a major threat
for the continued control of HIV replication, and consequent potential increase in the transmission of viral
strains with DRM [9,10]. The prevalence of DRM can greatly vary between different geographical areas,
depending on several factors, ranging from study design to the sociodemographic characteristics of the
population and most prevalent HIV-1 subtypes [9,11-15]. With a total area as vast as 8.51 million kmz,

different DRM rates have also been found in distinct Brazilian geographic regions [9,12,16-20].

In 1996, Brazil became the first middle-income country to ensure free access to ART to all
individuals infected with HIV, through the public Unified Health System [21,22]. Currently, 69% of the
people living with HIV are under ART [1]. Initial ART regimens in Brazil consist of a combination of three
drugs, comprising two NRTIs and a third of different ART class: a non-nucleoside reverse transcriptase
inhibitor (NNRTI), a protease inhibitor (PI) or an integrase inhibitor (INSTI) [21]. Although pre-treatment
testing for DRM in the reverse transcriptase (RT) and protease (PR) has been widely recommended by
the International Antiviral Society-USA, the US Department of Health and Human Services and the
European AIDS Clinical Society, among others, viral genotyping and resistance testing are preferably
performed in Brazil after 6 months of treatment failure [21,23-25]. After 2013, pre-treatment genotyping
was also indicated by the Brazilian Government in the following scenarios: Mycobacterium tuberculosis
(Mth) co-infection, pregnant woman, children and new diagnoses with a sexual partner under ART [21,22].
Importantly, Brazil is the only country in South America that provides pre-exposure prophylaxis (PrEP)

through the public health system [1,21].

Among the drug-resistance mutations (DRM) [26], K65R is commonly associated with tenofovir
(TDF) resistance and different prevalence rates of this mutation have been reported in several Brazilian
cities [11,17,27]. It was also associated with resistance to other reverse transcriptase inhibitors (NRTIs),
but it confers increased susceptibility to zidovudine (AZT) [28-33]. K65R is acquired in B and several
other HIV-1 subtypes by the AAA—AGA substitution while in subtype C the involved substitution is
AAG—AGG, which has been associated with higher probability of C subtype viruses to acquire this
mutation [31,32,34,35].

The relevant reforms made in ART protocols in Brazil during the last decades, promoting the
preferential use TDF containing schemes in the absence of universal HIV-1 genotyping, raised the

hypothesis that the HIV DRM profile could have changed, bringing novel treatment obstacles and clinical
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implications. To test this hypothesis, we retrospectively studied data from 20,226 HIV-1 infected and ART-
treated individuals from all regions of Brazil, from 2008 to 2017. We used statistical and genome
sequence analysis to understand, at an unprecedented scale in Brazil, the dynamics of evolution of the
HIV-1 drug resistance profiles. Additionally, we also relied on immunoinformatics to investigate factors

possible underlying treatment failure and transmission of DRM.

3. Results

3.1. Characterization of the Study Population

The study comprised a total of 20,226 HIV-1 infected individuals, with a HIV-1 sequence
genotyped between 2008 and 2017, on ART treatment, from which 44.3% (n = 8962) were female and
55.7% (n=11,263) male. The main characteristics of the study population are shown in Table 1. The
median age was 39.55 (+12.71) years (yrs). Most of the individuals were between 30 and 49 yrs old
(61.44%), from the State of Sao Paulo (21.98%; n = 4445), followed by the States of Rio Grande do Sul
(11.96%; n= 2419), Minas Gerais (9.29%; n = 1878), Rio de Janeiro (9.20%; n = 1861) and Parana
(7.94%; n = 1606). The geographic frequency distribution for PLWH in the study population was in
agreement with the official Brazilian HIV-1 prevalence reports [36]. These patients were on ART, in
average, for 2.98 (+2.96) yrs and the most common treatment schemes combinations were: lamivudine
(3TC)/efavirenz (EFV)/TDF (21.38%; n= 4324), 3TC/AZT/EFV (19.79%; n= 4003), 3TC/AZT/low-dose
ritonavir-boosted lopinavir (LPV) (11.16%; n = 2258), 3TC/LPV/TDF (8.24%;, n = 1666) and
3TC/atazanavir (ATV)/ritonavir (RTV)/TDF (6.70%; n= 1355).
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Table 1. Characterization of the study population.

HIV-1- Individuals

Female

Male

All ages 20,226 (100.00%) 8962 (44.3%) 11,263 (55.7%)
<1lyrsold 64 (0.32%) 30 (0.15%) 34 (0.17%)
2-9 yrs old 364 (1.80%) 200 (0.99%) 164 (0.81%)
10-17 yrs old 840 (4.15%) 426 (2.11%) 414 (2.05%)
18-30 yrs old 2443 (12.08%) 1201 (5.94%) 1242 (6.14%)
30-49 yrs old 12,426 (61.44%) 5390 (26.65%) 7036 (34.79%)
50-79 yrs old 4074 (20.14%) 1709 (8.45%) 2364 (11.69%)
>80 yrs old 15 (0.07%) 6 (0.03%) 9 (0.04%)
Age (av. yrs + std) 39.55+ 1271 38.67 + 13.15 40.25 +12.31
Treatment (av. yrs + std) 2.98 +2.96 3.06 +2.96 2.92 +2.95

Birth Federative Unit

S&o Paulo

Rio Grande do Sul

Minas Gerais

Rio de Janeiro

Parana

Others

HIV-1- individuals

4445 (21.98%)

2419 (11.96%)

1878 (9.29%)

1861 (9.20%)

1606 (7.94%)

8017 (39.64%)

Treatment Scheme

3TC,EFV,TDF

3TC,AZT EFV

3TC,AZT,LPV

3TC,LPV,TDF

3TC,ATV,RTV,TDF

Others

HIV-1- individuals

4324 (21.38%)

4003 (19.79%)

2258 (11.16%)

1666 (8.24%)

1355 (6.70%)

6620 (32.73%)

av. average; std, standard deviation; yrs, years; HIV-1-, HIV-1 infected.

3.2. Prevalence of Drug-Resistance Mutations

We evaluated the presence of drug-resistance mutations (DRM) in the study population, including

DRM found isolated or in combinations in the same virus, and uncovered an overall prevalence of 84.10%
(m=17,011). DRM were mostly found at the RT (83.24%; n=16,836) and included 13,845 sequences
with NRTI DRM and 11,720 sequences with NNRTI DRM. The most common DRM (Figure 1,
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Supplementary table S2 available at https://www.mdpi.com/1422-0067/22/10/5304 ) were the
substitutions in RT amino acids M184V (65.53%, 7= 13,265), K103N (40.20%, n= 8738), and M41L

(17.21%, n= 3480). DRM in PR were found in 5021 (24.82%) sequences and the more frequent were
V82A (9.99%, n=2021), M46l (9.58%, n= 1938), and 154V (8.50%, n=1719).

80 M184v
o= K103N

—e— M41L

D67N

70 o— T215Y
K70R

—_— V82A

o M46l

60 210w
154V

s~ G190A
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50 g KG5R
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30
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Figure 1. Drug-resistance mutations prevalence in HIV-1 RT and PR through the yrs 2008

to 2017. Percentage of individuals infected with a viral strain that presented one of the most common

DRM in the different yrs.

3.3. A Gradual Alteration on the Prevalence of Drug-Resistance Mutations

To investigate the temporal dynamics and evolution of the DRM landscape in the study population
we evaluated yearly DRM prevalence from 2008 until 2017. The most common mutation across the years
was M184V (Figure 1), notwithstanding a decreasing trend and a significant decrease between 2015
(68.29%, n=1874) and 2016 (53.21%, n= 2684) (p< 0.001) (Table 2). Similarly, all the other 10 most
frequent DRM followed a decreasing trend along the years with the remarkable exception for K65R and
K103N (Figure 1). K103N remained stable in the studied period. While the prevalence of viruses harboring
K103N increased between 2014 (40.97%, n=1180) and 2015 (47.12%, n=1293; p< 0.001) this was
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accompanied with a significant decrease in 2016 (42.53%, n = 2145; p < 0.001) and no significant
difference between 2008 and 2017 (p = 0.919). Importantly, K65R showed a clear rise along the years
(Figure 1). In 2008, the mutation was relatively rare and only found in 2.23% (7 = 8) of the population.
Subsequently, this mutation became more prevalent and increased significantly between 2013 and 2015
(p<0.001). Although its prevalence suffered a decrease between 2015 and 2016 (p= 0.0124), K65R
prevailed the third most common DRM in 2016 and 2017 (Figure 1). Overall, the data strongly supports
that, in contrast with other prevalent DRM, K65R prevalence was increasing in Brazil, raising additional
concerns about the efficacy of some of the ART combinations used. In line with this hypothesis was the
finding that viral loads for PLWH with K65R were significantly higher than for the rest of the cohort
(180,739.60 + 497,000.10 cop/mL vs. 95,358.26 + 338,930.67 cop/mL, respectively; p< 0.001).

Table 2. Yearly distribution of the most prevalent drug-resistance mutations in HIV-1 RT

and PR.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 **
M184V 276 (76.88) 416 (73.37) 375(75.45) 1076 (75.3) 1781 (72.46) 2082 (71.94) 2004 (69.58) 1874 (68.29) 2684 * (53.21) 697 (51.48)
K103N 149 (41.5) 252 (44.44) 217 (43.66) 638 (44.65) 1083 (44.06) 1215 (41.98) 1180 (40.97) 1293 *(47.12) 2145 * (42.53) 566 (41.8)
M41L 125(34.82) 182 (32.1) 155 (31.19) 383 (26.8) 561 * (22.28) 585~ (20.21) 425~ (14.76) 374 (13.63) 5457 (10.8) 145 (10.71)
D67N 114 (31.75) 163 (28.75) 149 (29.98) 337 * (23.58) 504 * (20.5) 487 * (16.83) 435 (15.1) 398 (14.5) 526 * (10.43) 140 (10.34)
T215Y 109 (30.36) 144 (25.4) 141 (28.37) 299 * (20.92) 403 * (16.4) 434 (15) 323 *(11.22) 277 (10.09) 336 *(6.66) 72 (5.32)
K70R 96 (26.74) 133 (23.46) 131(26.36) 308 * (21.55) 451 * (18.35) 459 * (15.86) 368 * (12.78) 344 (12.54) 460 * (9.12) 116 (8.57)
V82A 82 (22.84) 111 (19.58) 91 (18.31) 206 * (14.42) 335(13.63) 313 *(10.82) 251 *(8.72) 242(8.82) 303 * (6.01) 87 (6.43)
M46l 81 (22.56) 122 (21.52) 89 (17.91) 207 (14.49) 302 (12.29) 302 * (10.44) 222 *(7.71) 207 (7.54) 324 (6.42) 82 (6.06)
L210w 75 (20.89) 109 (19.22) 96 (19.32) 204 * (14.28) 294 * (11.96) 301 (10.4) 199 * (6.91) 172 (6.27) 249 (4.94) 66 (4.87)
154V 73 (20.33) 115(20.28) 79 (15.9) 191 (13.37) 269 * (10.94) 273 (9.43) 224 *(7.78) 196 (7.14) 241* (4.78) 58 (4.28)
G190A 46 (12.81) 80 (14.11) 47* (9.46) 146 (10.22) 239 (9.72) 266 (9.19) 271 (9.41) 259 (9.44) 392 *(7.77) 102 (7.53)
P225H 36 (10.03) 56 (9.88) 62 (12.47) 179 (12.53) 320 (13.02) 403 (13.93) 370(12.85) 390 (14.21) 586 * (11.62) 158 (11.67)
K65R 8(2.23) 21(3.7) 23 (4.63) 74 (5.18) 161 (6.55) 194 (6.7) 246 * (8.74) 374 *(13.63) 589 *(11.68) 164 (12.11)

Percentage number under parentheses. * A statistical difference was found with data from the previous year (p < 0.05). ** Data for 2017 was only available

Jan-Apr.
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3.4. A Shift on Treatment Scheme during the Years

Having observed the clear increase in K65R along the studied yrs, we then decided to evaluate
the ART combination schemes in use during the studied period (Figure 2), aiming at understanding ART
usage impact on the DRM. In 2008, from a total of 359 patients, the most prevalent ART combination
was 3TC/AZT/EFV (20.06%, n = 72), followed by 3TC/AZT/LPV (8.36%, n = 30), prevailing the most
common treatment till 2014 (25.03%, 7= 721) among 2880 patients. From 2015 forward, 3TC/EFV/TDF
scheme became the most prevalent. In this year (n = 2744), 24.85% (682) individuals were under
3TC/EFV/TDF drug combination and 19.97% (n = 548) under 3TC/AZT/EFV. In 2017, 3TC/EFV/TDF
combination was used on 40.10% (n7 = 543) of the individuals on ART (7= 1354).

3TC,EFV,TDF
mmm 3TCAZT,EFV
BN 3TCAZTLPV
35 B 3TC,LPV,TDF
= 3TCATV,RTV,TDF

40

30

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Yrs

Figure 2. Treatment scheme used at time of viral sequencing between the yrs 2008 and
2017. Percentage of patients (7 = 20,226) under the five more common ART combinations
(3TC/EFV/TDF; 3TC/AZT/EFV; 3TC/AZT/LPV; 3TC/LPV/TDF; 3TC/ATV/RTV/TDF) in the year of the

viral sequencing.

As we have found a shift on the ART treatment scheme during the studied years, we decided to
evaluate DRM prevalence separating the individuals using the most common drug combinations,
3TC/EFV/TDF (21.38%, n = 4324) and 3TC/AZT/EFV (19.79%, n = 4003) (Figure 3). The DRM with
most similar prevalence when comparing both groups were M46l, V82A, L90M and 154V. In contrast,

K65R was only found in 0.37% (7= 15) of the viruses isolated from patients treated with 3TC/AZT/EFV
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vs. 30.64% (n = 1325) of the viruses from individuals using 3TC/EFV/TDF. This strong association of
K65R with TDF containing schemes was found across HIV-1 subtypes (Supplementary Figure S1).
Focusing on 2015, the year where the number of patients (7= 2744) using the two schemes was more
even (3TC/AZT/EFV: 19.97%, n= 548; vs. 3TC/EFV/TDF: 24.85%, n= 682), 5 patients (0.91%) treated
with 3TC/AZT/EFV were infected with a K65R mutant, being this number significantly different (p <
0.001) from the 267 patients (39.15%) treated with 3TC/EFV/TDF combination. Also, comparing all
patients revealed a significant association between 3TC/EFV/TDF and K65R (p < 0.001).

EE Total
80 3TC,AZTEFV
s 3TCEFV,TDF

70
60
50
40
30

20

M184V1 K103N  M41L D67N  T215Y K7OR  P225H M461 L210W  VB2A  G190A  K65R 154V Y181C  L9OM
Mutations

Figure 3. Most found DRM by ART scheme. Percentage of individuals infected with viruses
harboring common DRM separated by ART scheme, discriminating 3TC/EFV/TDF (n = 4324, orangg),
3TC/AZT/EFV (n= 4003, yellow) and in the total of ART schemes.

3.5. Evidence for Transmission of K65R

To investigate if the transmission of virus harboring K65R could have contributed to the increase
in the prevalence of this mutation in Brazil, we performed a phylogenetic analysis on a subset of viral
sequences including all the sequences with the K65R mutation and closely related sequences from public
databases (Supplementary Figures S2 and S3). The definition of transmission clusters was performed as
previously [80] considering tree branch statistical support and mean genetic distance criteria. We found
K65R in at least two HIV-1 sequences in 21 well-delimited transmission clusters (16 from subtype B and

5 from subtype C) (Supplementary Table S1). The size of the inferred transmission clusters ranged from
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three to 16 individuals. The minimum spanning network analysis of these clusters (Figure 4) supports the
occurrence of events of K65R transmission in the study cohort. Furthermore, the analysis of the clinical
records from the individuals likely involved in K65R transmission supports this possibility for several cases
showing a coincidence of geographic location, proximity in diagnostic dates and similar reported
transmission routes (Supplementary Table S1). Despite the significant increased prevalence of the K65R
in subtype C (11.26%, n = 347) viruses when compared with B (9.27%, n= 1305) subtype (p < 0.001,

Supplementary Figure S2) we found probable events of K65R transmission also in subtype B viruses.

W/ K65R
Il W/o K65R

B16

'
/1/ B8

S 7B5 c4

Figure 4. Minimum spanning network analysis of transmission clusters with more than one
sequence with K65R mutation. Clusters compatible with K65R transmission are highlighted in green.

Sequences without K65R mutation are marked in blue and in orange K65R mutants.

We then used an immunoinformatic approach to investigate the predicted impact of K65R on
immune-driven selective pressures. We performed artificial neural network-based predictions of binding
to the globally most frequent class | HLAs of all the peptide sequences overlapping K65R and ranging
from eight to 12 amino acids with the mutant or the wild-type residue. Interestingly, we found that K65R
overlapping peptides were predicted to be recognized by two HLAs (HLA-AO3, HLA-B58) in the wildtype
version and by one additional HLA (HLA-B27) in the mutant version (Table 3). HLA-B27 has the lowest
prevalence (2.23%) in the Brazilian population of all the HLAs tested. Overall, our results suggest that the
presence of K65R mutation might contribute for the immune control of the virus in individuals harboring

HLA-B27 possibly decreasing its transmission in populations with high prevalence of this HLA.
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Table 3. K65R mutant strong binding affinity to most frequent HLAs.

WT SB Binding K65R SB Binding Allele Freq. in BR pop.
HLA-AO1 no no 9.21
HLA-A02 no no 25.94
HLA-A03 yes yes 9.26
HLA-A24 no no 10.00
HLA-A26 no no 3.35
HLA-BO7 no no 6.92
HLA-BO8 no no 5.12
HLA-B15 no no 9.08
HLA-B27 no yes 2.23
HLA-B39 no no 3.46
HLA-B40 no no 4.70
HLA-B58 yes yes 2.65

4, Discussion

Acquired and transmitted DRM remain one of the major obstacles towards ART efficacy and AIDS

treatment. In case of Brazil, previous regional studies showed distinct moderate patters of transmitted
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DRM prevalence [11,16,20,27,37], and high DRM rates in patients receiving ART [17-19,27,38]. In this
study, we aimed at understanding DRM [26] prevalence across the 27 Brazilian federative units focusing
on 20,226 HIV-1 infected patients under different ART schemes, with viral sequence genotyped between
2008 and 2017. In accordance to the Brazilian HIV-1 epidemiology report [36], our cohort was composed
mainly by male individuals (55.7%) and the majority of the patients’ age varied between 30 and 49 years

old (61.44%).

A high prevalence of DRM was observed with 84.1% of the infected individuals presenting at least
one drug resistance mutation. Nonetheless, 68.5% of the genotyped sequences had a DRM to NRTIs, a
value that represents a decrease to what was previously reported in the literature [17-19,38,39],
following a trend that has been described by Duani et al. and Diaz et al. in previous years [17,39].
However, NNRTI resistance rates (57.95%) did not follow the increasing trend reported by the same
authors, presenting a similar value to what has been found in previous works [18,39]. PI resistance

mutations (24.82%) also seem to follow the reported decreasing trend [17,39].

Also in line with previous studies is the finding of M184V (65.53%), K103N (40.20%), and M41L
(17.21%) as the most common DRM [17,19,38,39]. M184V, the most prevalent, is a NRTI mutation
selected by 3TC and associated with impaired viral fitness and hypersensitization to other NRTI, including
AZT and TDF [40-42]. Along with the most common mutations, M184V rates presented a decrease over
the yrs (76.88% in 2008 to 51.48% in 2017). This decrease on acquired DRM was also observed in other
countries and was hypothesized to be due to an improvement on treatment efficacy and also an increased
accessibility to ART which enhances patient adherence to therapy [43-45]. Moreover, in Brazil,
pretreatment genotyping has been extended to children living with HIV under 12 years of age, in case of
Mtb co-infection, to pregnant woman and new diagnoses with a sexual partner on ART, since 2013 [46],

which may had an impact the on the DRM general decrease trend.

Nonetheless, it is important to highlight that the percentage of PLWH infected with a virus
harboring M148V remained very high and above 50% after 2013. Moreover, K103N and P225H, both
frequent NNRTI DRM, remained stable over the yrs. K103N was previously reported as one of the most
commonly acquired DRM in Brazil [17,18,38,39] in association with the use of EFV [47]. P225H is also
selected by EFV and generally occurs in the presence of K103N, synergically increasing EFV resistance
[47-49]. As for K65R, it is selected by TDF and by other NRTI including abacavir (ABC) and 3TC,
decreasing viral susceptibility to most of these drugs [29,31,50].
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Previous work reported that K65R mutation presented varied prevalence distribution throughout
time in different Brazilian regions [17,19,27]. Strikingly, in our nationwide work in Brazil we found that
K65R was the only DRM that followed an accentuated increase in prevalence over the studied years
(2.23% in 2008 to 12.11% in 2017). The increasing and preferential usage of TDF in the clinical practice
[21], including in a context of a failing regimen, could be the primordial reason for the significant
expansion of K65R as other studies show a higher prevalence of this mutation in patients failing ART
treatment [15,51-54]. However, although an increasing trend was identified in a cohort from India [55],
several studies report a decrease on K65R levels over the years in other countries [47,56-59].
Reinheimer and colleagues suggest that the decline on K65R prevalence rates is linked with the increasing
usage of single tablet ART regimens and the inclusion of AZT on the used treatment regimen, which has
been liked with K65R development suppression [60]. Moreover, Theys et al. work [58] suggests that the
found decline of tenofovir K65R selection rate in Portugal, between 2002 and 2010, is mainly caused by
changes on treatment guidelines over the years and by the increased usage of combination of TDF and
emtricitabine (FTC) [58]. Collectively, these studies suggest that the genetic or sociodemographic

characteristics of the population treated with TDF might be influencing the K65R levels.

In 2019, 15.074 individuals were reported to use PrEP in Brazil [1]. Although PrEP consists of a
co-formulation of FTC and TDF [61], evidence suggests that the risk of selection for TDF resistance is low
and is more likely to occur in cases of undiagnosed HIV infection [62,63]. However, in these cases, high
prevalence rates of M184V, which is also selected by FTC, and K65R as found in our study population,

might compromise the efficacy of PrEP [64,65].

K65R has been associated with diminished viral fitness and replication, which has been linked
with decreased transmission capacity [66,67]. Even though several studies support almost inexistent
K65R transmission rates [11,68,69], Rhee and co-works present evidence of higher levels of transmitted
K65R, especially in low- and middle-income countries [70]. In our phylogenetic analysis we found 21
transmission clusters containing at least two sequences with the K65R mutation. Moreover, minimum
spanning network analysis supported the occurrence of events of K65R transmission in at least seven of
these clusters. This might be suggestive that the efficacy of PrEP might be compromised in this setting.
Indeed, we found much higher viral loads in patients harboring K65R mutation when compared with the
rest of our cohort population. Similar viral loads were observed between individuals with and without
tenofovir resistance by The TenoRes Study Group [71], which can be associated with increased mutation

transmission. Furthermore, our results suggest that K65R overlapping peptides can be increasingly
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recognized by HLA-B27, a HLA that is linked with lower viral loads and slower diseased progression to
AIDS [72,73]. The fact that Brazil presents a low prevalence of the HLA-B27, when in comparison with
other regions [74-76], might have contributed to K65R expansion in this country. However, it is relevant
to point-out that our results are based on in-silico prediction and not taking in consideration the possible
impact on immune responses of the combination of different mutations in the same virus. Thus, it is

relevant to address this topic in the future by performing functional studies.

Despite of the observed decreasing trend in the prevalence of some major DRM in the studied
Brazilian cohort, a high prevalence of these mutations was still verified. Indeed, our results show that the
alteration performed in 2013 enlarging the criteria to include more PLWH in the recommendation for
baseline DRM testing had a positive impact but was still insufficient. We propose that the lack of universal
baseline HIV-1 DRM screening to inform on effective ART regimens resulted in high levels of DRM, such
as M184V, K103N, and M41L underlying many cases of treatment failure in Brazil not only from 2008-
2012 but also continuing from 2013-2017. Furthermore, we observed a clear increase in K65R reverse
transcriptase DRM that is an additional problem in Brazil that could have been aggravated by the
circulation of HIV-1 subtype C and the HLA class | makeup of the population. This increase in K65R was
mainly found in association with the use of TDF and is particularly relevant in combination with the high

M184V levels found in the study population suggesting that the efficacy of PrEP might be compromised.

Overall, our results support that some of the drugs most frequently used in Brazil might be
compromised due to the high frequency of DRM and that baseline drug resistance testing should be
universal and mandatory as it is the best way to promote personalized selection of the most optimized

ART regiment.

5. Materials and Methods

5.1. Study Population

The collection of the patient’s data was performed anonymously after approval by the Brazilian
national ethic committee through the protocol CAAE 53757016.0.0000.5504. All records from HIV-1-
infected individuals followed by the Specialized Assistance Services on Sexually Transmissible Diseases

and HIV/AIDS obtained at all 27 Brazilian federative units from 01/01/2008 to 04/30/2017 were
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curated in a relational database. A total of 20,226 HIV-1 infected patients were selected for this study
according to the following inclusion criteria: (i) be under ART treatment; (ii) have at least one associated
partial HIV-1 genome sequence available (complete HIV protease (7 = 20,223) and complete reverse
transcriptase (7 = 20,214)). HIV-1 sequencing was performed as part of the routine clinical testing with

commercially available HIV-1 genotyping systems based on Sanger sequencing.

5.2. HIV-1 Subtypes and Drug Resistance Mutations

HIV-1 subtypes were identified by relying on the consensus from least two of the three utilized
subtyping tools: SNAPPY [77], jpHMM [78] and Stanford HIV Drug Resistance database
(https://hivdb.stanford.edu/, accessed 01/05/2021). All sequences were also analyzed using the

Stanford HIVdb Genotypic Resistance Interpretation Algorithm to evaluate and interpret the presence of

DRM in each sequence.

5.3. Phylogenetic Analysis of K65R Sequences and Transmission Clusters

All sequences having the K65R were separated by subtype and used to query local and public
databases to identify highly related HIV-1 sequences. The resulting sequences from the most common
subtypes B and C were aligned with MAFFT v7.309 [79] and used to make a phylogenetic reconstruction
using PhyML v3.0 [80]. The best fitting substitution model was GTR + G4 + |, determined by PhyML SMS
using AIC [81]. The heuristic trees search was performed using SPR methods. Bayesian evolutionary
analyses were performed using BEAST v1.10.4 [82,83] with GTR + G4 + |, as the nucleotide substitution
model. This phylogenetic representation was used to infer the transmission clusters as previously [84].
Minimum spanning network analysis of the sequences identified in transmission clusters with more than

one K65R mutant was performed with PHYLOVIZ [85].

5.4. HLA Binding Affinity Predictions
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Predictions of binding for different class 1 human leukocyte antigens (HLA) were performed with
NetMHCpan 4.1 [86]. The wildtype sequence (NPYNTPVFAIKKKDSTKWRKLVYD) and the sequence with
the K65R mutation (NPYNTPVFAIKRKDSTKWRKLVD) were used to generate all possible peptides
sequences overlapping position 65 and ranging from eight to 12 amino acids. A group of 11 HLAs were
used as supertype representatives: HLA-A01:01; HLA-A02:01; HLA-A03:01; HLA-A24:02; HLA-A26:01;
HLA-BO7:02; HLA-BO8:01; HLA-B27:05; HLA-B39:01; HLA-B40:01; HLA-B58:01; HLA-B15:01. The
thresholds for the definition of binding were maintained as the tool defaults, only binding results classified

as “strong binding” were considered.

5.5. HLA Prevalence in the Brazilian Population

The Allele Frequencies Database [87] was used as the source of this information for the Brazilian
population. To obtain cohesive and yet representative nationwide results, the bone marrow registry
(REDOME) data was selected. Since this data is separated by Brazilian state, we calculated the

proportional values for a national level estimation.

5.6. Statistical Analysis

Statistical analysis was performed by using Epi Info™ version 7.2.4.0

(https://www.cdc.gov/epiinfo/index.html, accessed 01/05/2021), relying on Mantel-Haenszel test, at

significance level of 0.05, to evaluate statistical correlations. SPSSe Statistics version 26.0 (IBMe, Armonk,

NY, USA) was also utilized for performing mean comparison with t-test, at a 0.05 significance level.
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Evolutionary dynamics of HIV-1 subtype C in Brazil

1. Abstract

The extensive genetic diversity of HIV-1 is a major challenge for the prevention and treatment of
HIV-1 infections. Subtype C accounts for most of the HIV-1 infections in the world but has been mainly
localized in Southern Africa, Ethiopia and India. For elusive reasons, South Brazil harbors the largest HIV-
1 subtype C epidemic in the American continent that is elsewhere dominated by subtype B. To investigate
this topic, we collected clinical data and viral sequences from 2611 treatment-naive patients diagnosed
with HIV-1 in Brazil. Molecular epidemiology analysis supported 35 well-delimited transmission clusters
of subtype C highlighting transmission within South Brazil but also from the South to all other Brazilian
regions and internationally. Individuals infected with subtype C had lower probability to be
immunodepressed comparing to subtype B. The HIV-1 epidemics in the South was characterized by high
female-to-male infection ratios and women-to-child transmission. Our results suggest that HIV-1 subtype
C probably takes advantage of longer asymptomatic periods to maximize transmission and is unlikely to
outcompete subtype B in settings where the infection of women is relatively less relevant. This study
contributes to elucidate factors possibly underlying the geographical distribution and expansion patterns

of the most spread HIV-1 subtypes.

2. Introduction

Retroviruses such as HIV (Human Immunodeficiency Virus) have an extreme capacity to generate
genetic diversity [1]. HIV genetic diversity spectrum is divided into types | and Il, with HIV-1 comprising
the groups M, O, N and P. The pandemic group M is increasingly diversifying and comprises at least 10
subtypes, several sub-subtypes and recombinant forms [2,3]. Interestingly, these HIV-1 clades might be
evolving at different rates, to modulate virulence [4,5]. Most accepted theories on virulence evolution
postulate that the selection for an optimal virulence level follows a complex trade-off between the factors
influencing pathogen induced-host mortality and between-host transmission [6]. In fact, M group subtypes

were associated to differences in disease progression [7-11], preferential transmission routes [12,13]
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and different capacity to evade the immune system [14,15] or therapy [16-18]. These differences
possibly result in subtype-related advantages in different niches contributing for the global subtype spread

dynamics [5,11].

Subtype C causes nearly all infections in Southern Africa, Ethiopia and India being responsible
for almost half of the HIV-1 infections in the world [19-21]. Despite the increasing amount of evidence
that supports the geographic expansion of C subtype and other non-B subtypes in different continents
[22-25], globally, in the last decades, subtype C has been shown to have a decreasing profile, along with
other subtypes, contrasting with subtype B [20]. In fact, subtype B remains the most geographically
spread HIV-1 subtype worldwide. £x vivoevidence following viral infection of peripheral blood mononuclear
cells suggests that C subtype might be less cytopathogenic due to a preference for CCR5 co-receptor
expressing cells and less fit when compared to B [26-28]. Furthermore, it was shown that HIV-1 subtype
C is associated with slower rates of CD4+ T-cell declines and higher frequencies of long-term non-
progression when compared to subtype A or D in women from Uganda and Zimbabwe [29]. In cohorts
from Kenya [13] or Tanzania [12] it was found that pregnant women infected with subtype C had higher

risk of mother-to-child transmission when compared with the ones infected with A or D.

Studies comparing in detail subtype C and B infections in human cohorts are limited by the rarity
of informative clinical settings where subtype C and B co-exist in large numbers. In case of Brazil, the
HIV-1 epidemics is dominated by B subtype. However, subtype C, that was introduced in the country
possibly in 1960-80s [30-32] from East Africa [33], rapidly become the most prevalent subtype in the
South region of the country. Reports show that in the early 2000s, C subtype represented around 30%
of the HIV-1 infections in several cities in this region and that, after 2005, it became the most prevalent
subtype, representing more than 40% of the cases [30,34]. Most strikingly, the spread of C subtype in
other regions of Brazil outside of the South were revealed to be slow and modest. Despite intense and
regular movement of people between the South and South-East regions, the South-East region of Brazil
and other regions bordering South Brazil in Argentina, Paraguay or Uruguay remain with less than 6% of
subtype C prevalence [34]. The reasons underlying these regional differences are elusive and gaining
insights into the introduction and regional expansion of HIV-1 subtype C in Brazil might give important
information about C versus B subtype-related differences in what regards to within-host replication,
virulence, transmission, and overall host population infection dynamics. Thus, in the present study, we
investigated the phylogeography of HIV-1 sequences and compared clinical and epidemiological

information from 2611 Brazilian patients.
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3. Results

3.1. Proportion of HIV-1 subtype C infections in Brazil

To investigate the differences in the proportion of cases caused by HIV-1 C and B subtypes in
Brazil, we subtyped the sequences from all individuals that were treatment naive and sampled from
01/2008 to 04/2017 at the National Genotyping Network of Brazil (n=2611; Supplementary Table S2).
The region with the higher proportion of naive HIV-1 infected individuals was the South-East (n=1305;
49.98%) followed by the South (n=507; 19.42%) and North-East (n=487; 18.65%) (Figure 1A). HIV-1
subtype B was the most common at the country level with a total of 1675 cases, representing 64.15% of
all infections in the studied population. Combining all regions, the proportion of C subtype among our
sample was 13.02% (340 cases of a total of 2611). However, in the South, subtype C represented 50.30%
of the cases being the most frequent in the region (Figure 1A). The analysis of the number of cases per
year highlights that subtype C was consistently the most abundant in the South during the period under
analysis (Figure 1B). In the South-East, the region with most HIV-1 infections, the number of cases with
subtype C in the studied population never reached more than 12 cases per year, contrasting with the
South, in which the number of C infections was superior to 30 cases per year in the period between 2013
and2016, with a peak of 48 cases in the year of 2014 (Figure 1B). Overall, the South was the region with
highest growth in the number of cases caused by subtype C and the only region where this subtype was

more frequent than subtype B (Supplementary Table S3).
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Figure 1. HIV-1 subtype distribution in Brazil nation-wide data obtained from 2008 to
2017 (n=2611). The pie charts represent the prevalence of subtypes B (blue), C (red) and other
subtypes and recombinants (green) in the five macro-regions of Brazil. The shade of grey indicates the
prevalence of HIV-1 (all subtypes) in each region (raging from the highest prevalence in dark grey to
the lowest prevalence in light grey). The line charts represent the absolute number of HIV-1 cases of

subtype B, C and other subtypes in all Brazilian regions per year.

3.2. Subtype C associates with lower immunodepression when compared with B

To address subtype-related differences in infection progression outcomes, we compared the viral
loads and CD4+ T cell counts between the infections caused by subtypes C or B. For viral load
comparisons, we separated individuals with viral loads predictive of slow or moderate disease progression
(<=100,000 virus/mL; n=1927) from those with higher viral loads(>100,000 virus/mL; n=535), using a
clinical baseline predictor value of treatment failure[35], and found no significant differences between C
and B subtypes (p=0.6319; Supplementary Table S4). To investigate the effect of HIV-1 subtype in CD4+
T cell counts we compared individuals with or without immunodepression and, among the
immunodepressed, the ones with moderate or severe levels. Considering the age-related differences of

CD4+ T cell normality, the classification of each case was done by adjusting the reference values
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according to the age of the subject (Supplementary Table S5). Individuals infected with subtype C had a
significant lower probability to be immunodepressed (p=0.000) when compared with subtype B (Figure
2: Supplementary Table S6). This association was maintained when dividing the group by age
(Supplementary Table S6). Among the individuals with immunodepression, the ones infected with subtype
C had significant lower probability of severe immunodepression (p=0.001; Figure 2; Supplementary Table
S6). Individuals with less than 18 years infected with subtype C had an even lower probability of severe
immunodepression (p=0.008; Supplementary Table S6). Moreover, we decided to evaluate the proportion
of ambiguous sites (PAS), a surrogate of age of infection [36-39], on all the viral sequences and no
significant difference was found between subtypes (Supplementary Table S7). Overall, these results
suggest that C subtype viruses, despite reaching viral loads similar to subtype B, are less able to cause
immunodepression, which could lead to longer asymptomatic periods and possibly increase the

opportunity for transmission in some settings.

HIV-1 subtype B infected individuals HIV-1 subtype C infected individuals

nts (cells/mL CD4+ T cell counts (cells/mL

Figure 2. Age and CD4+ T cell counts in individuals infected with HIV-1 subtype B or C. The
2D contour histograms represent the Age (years) in the y axis and CD4+ T cell counts (cells/mL) in the
x axis for all studied cases of HIV-1 subtype B infection (n=1675) and subtype C infection (n=340). The

color scale represents the frequency of cases from blue (lower) to pink (higher).
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3.3. Evidence for interregional and international subtype C transmission

To gain insights into the transmission of subtype C in Brazil, we performed maximum likelihood
(ML) and Bayesian phylogenetic analysis of the 340 subtype C sequences described in this study and
854 closely related sequences obtained from public databases (total n=1194). The phylogenetic
representation (Figure 3) demonstrated that the vast majority (99.26%; 1076 out of 1084) of the C
subtype viruses isolated in Brazil were included in a monophyletic clade that shared ancestors with
sequences from the East African region. This large clade also included sequences obtained from public
databases and isolated in Asia, Europe, and other American countries. We then performed the
characterization of transmission clusters and found 35 well-delimited transmission clusters (TC1 to TC35,
Table 1) involving a total of 174 sequences. The average number of sequences per cluster was 4.97.
TC24 was the largest cluster including a total of 24 sequences isolated in the South-East, Central-West
or North regions of Brazil. Most of the clusters (18 out of 35, 51.43%) were exclusively formed from
sequences isolated in the South of Brazil. From the nine clusters spanning more than one Brazilian region
(Table 1, interregional), only clusters TC24 and TC35 did not include sequences isolated in the South.
Interestingly, we found four clusters that included sequences isolated outside Brazil (Table 1,
international). The two largest (TC5, TC16) included sequences from the South, South-East, one other
Brazilian region and other countries (USA, Spain, Portugal, or Germany). Most of the sequences in clusters
(71.26%, 124 out of 174) lacked information on the reported route of infection. Among those with
available data, transmission between heterosexual (28 cases) and MSM (12 cases) were the most
reported. The estimates for the time of the MRCA for each cluster ranged from 1992-2009. The cluster
depth analysis (obtained for each cluster by subtracting the most recent sampling date minus the time of
MRCA) supports that six transmission clusters (TCs 2, 5, 16, 22, 24 and 26) were ongoing for more than
20 years (Table 1).
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m— Brazil
m— Africa
e Other countries

Figure 3. Maximum likelihood tree of the HIV-1 subtype C sequences isolated in Brazil
from treatment naive individuals from 2008-2017 (n=340) and closely related sequences
from databases (total n=1194). Branch colors indicate the geographical origin of the sequences.
Most subtype C sequences isolated from patients in Brazil are monophyletic suggesting one single

maijor founder event.
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Table 1. Characterization of the 35 transmission clusters of HIV-1 subtype C virus

identified in this study.

Place of sampling (n)

Number of individuals . Time of MRCA | Cluster
Cluster Sampling
Cluster Brazil (95% HPD, Depth
expansion ozl date range
Other | Missing years) (years)
Total | Male | Female | N/A N|S|NE|SE|CW
1992.7
TC5 10 6 1 3 of1f1(|5]0 3 0 2009.0-2017.2 24.5

(1984.8-1999.6)

1996.3
TC16 9 5 0 4 o(4y0(2]1 2: 0 2008.0-2017.1 20.8
international (1990.6-2001.4)
TC19 6 0 0 6 ofojo|o0] o0 6 0 N/A N/A N/A
1998.5
TC17 3 1 1 1 0f2{0(|0] O 1 0 2007.0-2017.2 18.7

(1993.1-2003.3)

1992.9
TC24 24 | 16 4 4 3/0{0 (13| 8 0 0 2010.0-2017.2 243
(1985.7-1999.7)

1995.9
TC26 9 4 1 4 0]5/01]3]|0 0 1 2006.0-2017.0 21.1
(1989.4-2001.8)

1997.1
TC9 6 2 4 0 11110113 0 0 2010.0-2017.0 19.9
(1991.4-2002.4)

1999.7
TC29 5 2 2 1 o400 1 0 0 2008.0-2014.8 15.1
interregional (1994.7-2004.1)
2003.2
TC34 4 1 2 1 of1{o0|3]0 0 0 2013.0-2016.8 13.6

(1997.7-2008.5)

2000.9
TC31 3 0 3 0 0|112]0]|0 0 0 2016.7-2016.8 159
(1994.9-2006.7)
2008.5
TC27 3 0 3 0 0|20 ]1]0 0 0 2016.1-2016.2 7.7

(2002.2-2013.5)

TC32 3 0 3 0 0|20 ]1]0 0 0 2016.2-2016.8 2002.5 143
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TC35

(1997-2008.3)

1999.5

TC2

TC6

TC12

TC22

TC28

TC7

TC1

TC13

TC14

TC11

TC30

TC20

TC21

TC33

regional

2006.0-2016.7 17.2
(1995.3-2003.6)
1992.2
2004.0-2016.8 24.6
(1982.3-2000.6)
1996.3
2012.0-2015.5 19.2
(1990.1-2002)
2006.9
2009.8-2015.0 8.1
(2003.1-2009.8)
1995.5
2008.8-2015.9 20.4
(1988.6-2001.7)
2004.9
2013.2-2017.2 12.3
(1999.8-2009.7)
2000.9
2013.3-2017.1 16.2
(1995.3-2006.1)
2000.2
2008.0-2016.9 16.7
(1995.3-2004.8)
1999.8
2012.6-2014.5 147
(1993.9-2005.3)
1999.8
2011.3-2015.5 15.7
(1993.7-2005.2)
1999.2
2015.9-2017.3 18.1
(1993.2-2005.2)
1999.3
2008.0-2014.4 15.1
(1994.3-2003.8)
1998.1
2008.4-2015.3 17.2
(1992.3-2003.5)
2000.9
2012.2-2013.2 12.3
(1995.1-2006.5)
2014.4-2015.6 2001.3 14.3

65




Chapter 2 | Experimental Work

(1995.6-2007.1)

2009.5
TC4 3 1 2 0 0131000 0 0 2013.8-2016.7 7.2
(2004.8-2013.2)

1998.8
TC15 3 1 1 1 0|3]0]0]| O 0 0 2008.0-2012.2 134
(1993.4-2004.1)

2009.1
TC18 3 0 3 0 0|3]0]0]| O 0 0 2011.9-2014.2 5.1
(2005.4-2011.8)

2006.7

TC10 3 1 2 0 0j0j0]|3]|0 0 0 2010.4-2014.1 7.4
(2002.6-2010)
1998.8

TC8 3 2 1 0 0131000 0 0 2015.8-2017.2 18.4

(1992-2005.5)

2001.3
TC23 3 0 3 0 0131000 0 0 2013.4-2014.8 135
(1995.7-2006.5)
2002.1
TC3 3 0 0 3 0j0j0]2]|0 0 1 2007.0 4.9
(1998.4-2005.4)
1998.8
TC25 3 0 2 1 2|0 0|0 O 0 1 2010.0-2010.4 116
(1992.4-2004)

a) USA (1), Spain (1), Portugal (1); b) UK (6); c) Germany(1), Spain(1); d) Germany(1).

3.4. Relevant role of the South-East in the transmission of subtype C

A phylogeographic analysis was performed using sample collection location (the Brazilian state
or the country outside Brazil) as discrete traits (Figure 4). The root of subtype C epidemic in Brazil was
inferred to Santa Catarina (SC, pp=0.97) in the South. Transmission to outside of the South was estimated
to be as early as 1992 (1985.7-1999.7) with the states of Sdo Paulo (SP) and Manaus/Amazonas (AM),
having the highest posterior probability (pp=0.9702 and pp=0.9609, respectively) of being the first points
of introduction in other regions. A total of 13 pairwise rates of diffusion between locations were found to
have a strong support value (Bayes factor >10, Supplementary Table S8). These include the transmission
among Southern states (SC-RS, SC-PR), between the South and the South-East (SC-SP, SC-RJ, SC-MG) or
the Central-West (RS-GO). Importantly, transmission relating the South-Eastern states (SP, RJ) and the
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Central-West (MS, DF), North (PA, RO) or North Eastern (BA) states were also strongly supported. This
shows that, at a given point in the transmission history, the South-East not only received C viruses from
the South, but was also a relevant transmission donor to all the other Brazilian regions. The well supported
diffusion rates also include international transmission of the Brazilian C subtype clade relating the

Southern state of RS with Germany and Spain with the United States of America.

g?

EEEEEEEESEEEEESEEN
b
b
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Figure 4. Phylogeographic analysis of the evolution of HIV-1 subtype C transmission
clusters. (a) Bayesian MCC time scaled discrete phylogeographic tree built using BEAST with the
Brazilian state or Country outside Brazil where the viral sequence was isolated as the discrete trait.
(b)Geographical representation of this transmission history. Acronyms: AM (Amazonas), BA (Bahia), CE
(Ceara), DF (Distrito Federal), GO (Goias), MG (Minas Gerais), MS (Mato Grosso do Sul), PA (Para), PI
(Piaui), PR (Parana), RJ (Rio de Janeiro), RO (Rondbdnia), RS (Rio Grande do Sul), SC (Santa Catarina),

SP (Sao Paulo), DE (Germany), ES (Spain) and US (USA).

3.5. Demographic differences in subtype C infections

Having established evidence for intense South to South-East transmission of subtype C, we then
explored the demographic and epidemiologic characteristic of the HIV-1 epidemics in these regions to
investigate possible reasons for the inferior capacity of C subtype to become dominant outside the South.
In total, 60.18% (204 of 339) of the infections by subtype C in Brazil were in women and only 39.82%
(135 of 339) in men (OR=1.64; Cl=1.30-2.08; p=0.000). In accordance, we found significant differences
(p=0.0160) in the distribution of the sex of the HIV-1 infected individuals in the South when compared
with the South-East (Table 2). In the South, HIV-1 affected more females (55.82%) than males (female-to-
male ratio=1.27) while in the South-East most of the infections were in male (50.04%; female-to-male
ratio=0.98). Despite the missing data, within our study population mother-to-child transmission was
significantly more likely (Cl =1.76-6.96; p=0.0002) to occur in the South than in the South-East. Moreover,
the number of infected individuals with less than 18 years of age infected with HIV-1 in the South was
also significantly (p=0.000) higher than in the South-East. Transmission between men that have sex with
men (MSM) was significantly more associated with the South-East (OR=3.72; Cl=1.22-15.13; p=0.0218).
These findings highlight clear demographic and epidemiological differences between these two

neighboring Brazilian regions.
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Table 2. Epidemiological comparison of HIV-1 epidemics between South and South-East

Brazil.
p
Brazil South South-East OR* Cl
value
Male 1314 (50.33%) 223 (43.98%) 653 (50.04%) 0.78 0.63-0.95
0.016
3 Female 1286 (49.25%) 283 (55.82%) 643 (49.27%) 1.29 1.05-1.58
”n
Missing 11 (0.42%) 1 (0.20%) 9 (0.69%) 0.28 0.01-2.06 | 0.359
<18yr 702 (26.89%) 165 (32.54%) 276 (21.15%) 1.80 1.43-2.26
0.000
8 >=18 yr 1903 (72.88%) 341 (67.26%) 1027 (78.70%) 0,55 0.44-0.70
<
Missing 6 (0.23%) 1 (0.20%) 2 (0.15%) 1.29 0.02-23.78 | 1.000
MSM 50 (1.91%) 4.(0.79%) 32 (2.45%) 0.27 0.07-0.82 | 0.022
"3 Women-to-child 82 (3.14%) 24 (4.73%) 25 (1.92%) 3.49 1.76-6.96 | 0.000
e
.E Heterosexual 165 (6.32%) 27 (5.33%) 82 (6.28%) 0.70 0.38-1.30 | 0.260
8
£
2 Other 12 (0.46%) 2 (0.39%) 7 (0.54%) 0.72 0.07-3.96 | 0.984
=
Missing 2302 (88.17%) 450 (88.76%) 1159 (88.81%) 0.99 0.72-1.38 | 0.974
total 2611 507 1305

* The OR, Cl and p value are presented for the South vs. South-East comparison using two-tailed Fisher Exact Test or Corrected Mantel-Haenszel chi-square

test were applicable.

4, Discussion

The large HIV-1 subtype diversity adds a considerable layer of complexity for the control of the
HIV-1 pandemics. HIV-1 has an extreme capacity to generate diversity within the host and takes advantage
of a highly diverse population-level genetic pool for efficient adaptation. HIV-1 subtypes C and B can be
considered the evolutionarily most successful subtypes. C is the most prevalent being responsible for
more than 50% of the HIV infections in word but it is mainly localized to Southern Africa, Ethiopia and
India [19-21]. B is the most spread worldwide. Given the differences in geographic distribution between
C and B subtypes it is reasonable to assume that there are particularities in these viruses possibly

conferring subtype-specific advantages in different settings. Brazil has the ideal characteristics to study
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the factors underlying the capacity of C or B subtypes to outcompete each other in a population. This
large American country has bordering regions dominated in prevalence by subtype C or B and more than
two decades of detailed and comprehensive clinical records on HIV infections [40]. In this study, country
level data was collected from 2008-2017 and 2611 cases met the inclusion criteria. The observed
proportion of HIV-1 infections by Brazilian region in the study population was in accordance with the
official HIV-1 prevalence reports [40]. Regarding HIV-1 subtype distribution in Brazil, our results update

and expand to the country-level previous literature that reported only state or regional data [41-43].

Our results, clearly show that, during the period under analysis, the only region where subtype C
dominated in proportion was the South. Most interestingly, despite intense and regular movement of
people between the South and South-East regions, the lowest overall subtype C proportion of cases in the
studied population was found in the South-East (3.52%; 44 cases out of 1248). Moreover, the proportion
of C subtype infections increased in all Brazilian regions at an average rate of 1.16% per year. The highest
growth rate was found in the South (1.73% per year) while the bordering South-East region presented one

of the lowest subtype C proportion growth rates in the country (0.67% per year).

Subtype C was previously associated with higher CD4+ T cell counts in African cohorts when
compared with subtypes A and D [29]. In the comparison with B subtype, our analysis in the Brazilian
cohort suggests that Subtype C, despite reaching similar viral loads than subtype B, often leads to more
moderate rates of destruction of CD4+ T cells. In fact, among people infected with subtype C there were
significantly less individuals with immunodepression when compared with the ones infected with subtype
B, which was not due to differences on the age of the infected individuals or in the time since infection,
as no significant differences were observed on the statistical analysis of the PAS [36-39]. This could lead
to longer asymptomatic periods in subtype C infections and possibly increased opportunities for
transmission. To investigate the C subtype transmission, we performed a molecular epidemiology and
phylogeographical analysis using the 340 C subtype sequences obtained in this study and the closest
related sequences from databases. This was performed to enrich the information that could be obtained
in what regards to the transmission outside Brazil. Our analysis generated information on the origin and
probable place of introduction of C subtype in Brazil. In accordance with the previous studies [30,32], we
found strong evidence supporting one major founding event of introduction of subtype C in Brazil
originating from Middle East African countries. We found no evidence supporting the introduction from
UK to Brazil as suggested in one study [31]. We did find a transmission cluster (TC19) with sequences

isolated in the UK that likely originated in Brazil and was transmitted to the UK. We found strong statistical
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support for international transmission from the Southern Brazil state of Rio Grande do Sul (RS) to
Germany. This link is possibly explained by the known migratory fluxes between these two geographic

locations.

In our analysis, the state with the highest probability for the place of entrance of subtype C in
Brazil was Santa Catarina (SC). The characterization of transmission clusters and phygeographic
dynamics suggests that the inferior capacity of C subtype to thrive outside the South was not due to
absence of cross-regional transmission. In fact, we found that more than 20% of the C subtype
transmission events bridged, in the last decades, the South and at least one other Brazilian region with
emphasis on the South-East. We found strong statistical support indicating that the states of Sdo Paulo
and Rio de Janeiro were not only recipients but also donors in interregional transmission clusters of
subtype C viruses. This suggests that, although the South-East have among the lowest overall proportion
and annual growth rate of subtype C in the country it played a role in disseminating C subtype virus to
other Brazilian regions. Considering our results, it is tempting to speculate that for HIV-1 subtype C to
thrive in a population it relies on its high within-host replicative capacity (like that of B subtype) but possibly
also takes advantage of longer asymptomatic periods that might increase its opportunities to transmit.
The epidemiological comparison between the South and South-East Brazil suggests that C subtype
capacity to outcompete B might be facilitated in settings with higher female-to-male infection ratios and
women-to-child transmission. However, these conclusions are limited by the presence of missing data on
the reported route of infection and to what is possible by means of a cross-sectional study.
Notwithstanding, this data finds parallels in previous studies in African cohorts showing that C subtype
was more adapted to women-to-child transmission than A or D subtypes [12,13]. In a Kenyan cohort, it
was found that pregnant women infected with subtype C were significantly more likely to shed HIV-1-
infected vaginal cells than were those infected with subtype A or D [13]. Whether C subtype virus are
present in higher levels in cells from the vaginal mucosa or even breast milk when compared to B subtype
virus has not, to our best knowledge, been studied, being a matter for future investigation. On the other
hand, the distribution of HIV infection among men, women and children is also influenced by sociocultural
factors such as breast feeding and other gender equality-related factors. It is relevant to point out that the
practice of cross-breastfeeding was a culturally established and accepted behavior in Brazil [44,45]. It
was initially provided by lactating slaves mainly originating from the same African regions that are the
most probable point of origin of the HIV-1 subtype C introduced in Brazil. Long after slavery was abolished

and at least until the first half of the XX century, it was frequent that lactating Afro-Brazilian women were
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paid to cross-breastfeed [45]. It is possible that sociocultural heritages from this past influenced the
introduction and transmission of subtype C and, consequently, its distribution in the Brazilian territory.
The South has the highest prevalence in Brazil of AIDS in pregnant women and children and the higher
female-to-male infection ratio [40]. Apparently, subtype C might have found in the Southern region of
Brazil, sociocultural and behavioral conditions favorable to its dissemination with similarities to those

found in other African and Asian regions, where it is also the most prevalent HIV-1 subtype [20,46].

Overall, this study opens lines of research on the differences between the two most prevalent
HIV-1 subtypes and, at the same time, it is useful for the management of the health care and public HIV-
1 control policies. Regarding the dynamics between B and C subtypes it is possible that C subtype
outcompetes B only in settings with sizable infection of women and women-to-child transmission. Thus,
it is suggested that, where the prevalence of subtype C is higher, care professionals and public policies
define specific strategies for the protection of women and the pregnancy-puerperal cycle against HIV
infection. Targeting this group by close surveillance to make the diagnosis and treatment as close as
possible to the time of infection is likely to reduce the epidemiological burden of subtype C HIV-1

infections.

5. Materials and Methods

5.1. Study Population

Data was collected from the HIV-1 infected patients followed at the Specialized Assistance
Services on Sexually Transmissible Diseases and HIV/Aids located in all 26 Brazilian states and Federal
District from 01/01/2008 to 04/30/2017 that met the inclusion criteria for this study (n=2611,
Supplementary Table S2). The inclusion criteria were availability of partial HIV-1 genome sequence, and
absence of previous antiretroviral treatment upon sampling. For all cases matching the criteria the
following patient secondary data was collected: self-reported transmission route; sex; birth year; date of
the viral sample collection for sequencing; CD4+ T-cell count at sampling; viral load at sampling;
geographical origin of the sample; and pregnancy. The collection of the patient’s data was performed
anonymously after approval by the Brazilian national ethic committee through the protocol CAAE

53757016.0.0000.5504.
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5.2. Sequencing

DNA sequencing, from the reverse transcriptase PCR amplicons was performed with
commercially available HIV-1 genotyping systems based on Sanger sequencing and performed using
standardized protocols in the National Genotyping Network of Brazil. The HIV-1 genome sequence portion
used in this study corresponds to the pol region. The HIV-1 positions in this study refer to the HXB2 HIV-
1 reference genome (GenBank: K03455.1). All multiple sequence alignments were performed using
MAFFT v7.309[47]removing columns containing at least 10% gaps. The HIV-1 subtype was assigned
using Rega HIV-1 Subtyping Tool v3.0[48], Comet HIV-1 v2.3[49], jpHMMI[50], RIP v3.0[51],
SCUEAL[52], and SNAPPY[53]. The results of the different tools were compared, and subtype was
classified based on the agreement between the used tools and manual inspection of the results from
phylogenetic and recombination analysis. The 2611 sequences selected for this study were made

available in GenBank (accession numbers pending).

5.3. Phylogenetic analysis

To obtain additional sequences from outside the National Genotyping Network of Brazil we

queried the HIV reference sequence database (http://www.hiv.lanl.gov/) using BLAST[54]. For each of

the 340 subtype C sequences described in this study the 10 most closely related generated outputs were
selected. We excluded duplicates or sequences from the same patient and sequences showing evidence
of recombination - all sequences were analysed by the subtyping tools as mentioned above - Rega HIV-1
Subtyping Tool v3.0[48], Comet HIV-1 v2.3[49], jpHMM[50], RIP v3.0[51], SCUEAL[52] and SNAPPY[53]
- and only sequences classified as subtype C, based on the agreement between the different tools, were
selected. Applying these criteria 854 database sequences were added to this study for phylogenetic
analysis. An alignment of 1194 sequences was used to make a phylogenetic reconstruction using PhyML
v3.0[55]. The best fitting substitution model was GTR + G4 + |, determined by PhyML SMS(Smart Model
Selection) using AIC (Akaike Information Criterion)[56].The heuristic trees search was performed using
SPR and NNI methods. The branch support was calculated with the approximate likelihood-ratio (aLRT)
SH-like test. The tree with the best likelihood value was performed using SPR with 3 random starting trees

(Fig. 2).Bayesian evolutionary and phylogeographic analyses were performed using BEAST
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v1.10.4[57][58], with GTR + G4 + | for two different codon partitions (1 + 2, 3), as nucleotide substitution
model, coalescent Skygrid model and uncorrelated relaxed clock. The site model GTR+ G4 +|
corresponding to the best model selected by jModelTest program[59]. Two different runs (random seeds)
of 320 million generations, converged to similar values. Outputs were analysed with Tracer v1.7.1[60] to
ensure all parameters had an effective sampling size (ESS) superior to 300. The two multiple tree output
files were combined, using LogCombiner v1.10.4[57], excluding 10% burn-in, and used to build the
maximum clade credibility tree with mean heights using TreeAnnotator v1.10.4[57]. The Skygrid plot was
also created (Supplementary Fig. S1). In the phylogeographic analysis the sampling Brazilian state or

country outside Brazil were used as a discrete trait, with a total of 18 different locations (Fig. 3).

5.4. Definition of transmission cluster and tree visualization

The criteria for the definition of a clade as a transmission cluster were likelihood ratio test (aLRT)
SH-like branch support 20.95 (estimated with PhyML v3) with GTR + G4 + | as the beast fitting substitution
(determined by PhyML SMS using AIC) and with heuristic trees search performed by using SPR and NNI
methods. The tree with the best likelihood value was performed using SPR with 3 random starting tree;
branch posterior probability 20.99 (estimated with BEAST v1.10.4), with GTR + G4 + 1| for two different
codon partitions (1 + 2, 3), as nucleotide substitution model, coalescent Skygrid model and uncorrelated
relaxed clock; mean cluster genetic distance <0.003 substitutions per site; and maximum genetic
distance <0.05 substitutions per site. MEGA X v10.05 [61] was used for genetic distance calculation.
Only clusters with more than 2 sequences were included. For the visualization and manipulation of the
trees the software FigTree v1.4.4 were used. The phylogeographic representation was created with
SpreaD3 [62]. For database sequences from outside Brazil, the country’s locations were plotted as their

geographic centre.

5.5. Statistical analysis

After verifying and optimizing the quality of epidemiological data (transmission route; sex; birth
year; date of the viral sample collection for sequencing; CD4+ T-cell count at sampling; viral load at

sampling; geographical origin of the sample), they were organized into spreadsheets and processed by
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the software Epi Info, from the Center for Disease Control and Prevention (United States). For statistical
analysis, the Mantel-Haenszel chi-square test was used when the minimum sample size in all variables
was greater than or equal to 5. When sample size was less than 5 units in at least one of the variables,
the Fisher exact test was used for calculating the Odds Ratio and the corrected Mantel-Haenszel chi-
square test for calculating the p-value. In all cases, the tests were two-tailed, and the level of significance

considered was 5%.
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1. General discussion and conclusions

Brazil comprises the largest number of people living with HIV in Latin America, as more than one
million cases of AIDS have been reported in this country. According to the Epidemiological Bulletin from
the Health Surveillance Department, in 2019, at least 41.000 individuals were diagnosed with HIV
infection and more than 10.000 (14.000 estimated by UNAIDS) die from AlDS-related causes [1,2]. HIV-
1 subtypes present differences on distribution across the different Brazilian geographic regions, with
subtype B dominating the epidemics countrywide, and variations on DRM rates have also been observed

[3,4].

HIV-1 genetic diversity among subtypes and recombinant forms has been associated with
differences on disease progression and dynamics, preferential transmission routes and response to
treatment, which is mainly due to differences on the prevalence of DRMs [4-20]. These differences can
provide a certain advantage regarding host genetics and social factors, contributing to the broad HIV-1
subtype dispersion worldwide [21-23]. Likewise, prevalence of DRMs also presents different patterns

according to the sociodemographic characteristics of the population [24-27].

In the first part of our experimental work, as DRM represent one of the biggest obstacles regarding
effective therapy, we decided to study the prevalence of DRMs across the 27 Brazilian federative units
focusing on 20,226 HIV-1 infected patients, under different treatment schemes. Our results corroborated
the high frequency of acquired DRMs reported in Brazil in previous studies, with 84.1% of the infected
individuals presenting at least one DRM [28-31]. From the overall genotyped sequences, 68.5%

presented at least a DRM to NRTIs, 57.95% to NNRTIs and 24.82% presented a Pl resistance mutation.

Overall, most of the top commonly found mutations, being the three most common M184YV,
K103N, and M41L, presented a decrease on their prevalence or remained stable over the years. This
decrease on acquired DRM was also observed in other countries, giving raise to the hypothesis that an
improvement on treatment efficacy and an increased accessibility to ART could be the reason behind this
decline on DRM presence [32-34]. In case of Brazil, it is possible that the extension of pretreatment
genotyping to children and pregnant woman, in case of Mtb co-infection and new infections from a sexual

partner under ART, might have influenced the decreasing trend [35].

Contrasting with these group of mutations, K65R, that was present on 2.23% of the genotyped

sequences in 2008 and in 12.11% in 2017, became the third most common mutation of our cohort in
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2016. This mutation was mainly found in association with the use of TDF, which is included in the first-
line recommended ART regimen in Brazil, corroborating other studies that pointed a higher prevalence of
this mutation in patients failing ART treatment containing TDF [36-40]. However, different patterns on
K65R rates have been reported in several countries in which TDF is commonly used, which could indicate
that this mutation frequency can be influenced by the populations’ genetic or sociodemographic profiles
[41-45]. In fact, we found, by relying on artificial neural network-based immunoinformatic predictions,
that K65R could increase HIV recognition by HLA-B27, that presents low prevalence levels in Brazil.
However, it is important to reinforce that more studies should be carried to better understand the impact
of DRM on HLAs recognition, as our results are only based on in-silico predictions and should be

interesting to perform functional studies to address this topic.

Moreover, evidence of K65R transmission was also observed, as 21 clusters containing at least
two sequences with this mutation were found. Although K65R has been associated with diminished viral
fitness and replication, which has been linked with decreased transmission capacity, other studies
indicate the presence of similar viral loads in individuals with and without the tenofovir resistance, which
highlights the importance of pretreatment genotyping for this mutation, which transmission can
compromise the efficacy of PrEP [46-51]. In future studies, it would be interesting to perform the same

studies in a treatment naive population, to access the levels of K65R transmission.

In line with what has been observed in this study, K65R has been associated with HIV-1 subtype
C [52,53]. Subtype C is the most prevalent worldwide, accounting for more than 50% of the HIV global
infections. However, it is mainly localized to Southern Africa, Ethiopia and India [54,55]. In case of Brazil,
subtype B is the most prevalent subtype at a national level [56]. Studies have pointed that subtype C
dominates in proportion in the Brazilian Southern area, which was corroborated by the results of the
second part of the experimental work of this thesis [56]. Remarkably, according to our study, all
geographic regions presented an increase on subtype C growth rate, which was dominated by the South
(1.73% per year). Most interestingly, despite intense and regular movement of people between the South
and South-East regions, the lowest overall subtype C proportion of cases in the studied population was

found in the South-East, with the lowest subtype C proportion growth rates in the country.

Previous work indicated that subtype C is associated with higher CD4+ T cell counts in African
cohorts when compared with subtypes A and D [57]. Accordingly, we observed that subtype C infected
patients presented lower levels of immunodepression when compared with individuals infected with

subtype B, despite reaching similar viral loads, and that this difference was not related with patients’ age
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or time of infection, as no significant differences were observed on the statistical analysis of the PAS. In
fact, a previous study from Sub-Saharan Africa also demonstrated that women infected with HIV-1 subtype
C presented a slower CD4 decline and, consequently, disease progression, when compared with subtype
A and D [57]. Moreover, when compared with other variants, subtype C also presented higher CD4+ T-
cell counts in a Brazilian cohort [10]. Longer asymptomatic periods associated with slower disease
progression might be related with higher transmission rates which could be one of the reasons behind

the increase growth of this subtype in our cohort.

We also investigated C subtype transmission by performing molecular epidemiology and
phylogeographical analysis and found that the state with the highest probability for the place of entrance
of subtype C in Brazil was Santa Catarina (SC). Moreover, the characterization of transmission clusters
and phygeographic dynamics suggest that the inferior capacity of C subtype to thrive outside the South
was not due to absence of cross-regional transmission, as we found more than 20% of the C subtype
transmission events between the South and other Brazilian regions, particularly in the South-East,
although small proportions of this subtype were observed in these areas. These observations corroborate
the hypothesis that viral subtypes might take advantage of the sociodemographic characteristics of
population to become dominant in a particular setting. Future studies, relying on a bigger data set of
patients with complete information regarding, for instance, the route of transmission, should be carried

to better understand the epidemiology of HIV-1 subtypes across the country.

We also compared the HIV-1 epidemics in the South and South-East region, which suggests that
C subtype capacity to outcompete B might be facilitated in settings with higher female-to-male infection
ratios and women-to-child transmission, although information regarding the transmission route of
infection was missing in several patients. Subtype C has been previously associated with preferential in-
utero transmission and increased vaginal shedding, in case of motherto-child transmission, when
compared with subtype D and A, and presented an association with heterosexual transmission in
comparison with other subtypes [7,9,10]. To your knowledge, there are still no studies comparing subtype
C and B presence in cells from the vaginal mucosa or even breast milk, being important to address this
question in the future Moreover, cross-breastfeeding was a culturally established and accepted behavior
in Brazil, and at least until the first half of the XX century, Afro-Brazilian women were frequently paid to
cross-breastfeed [58]. These facts raise the possibility that sociocultural heritages could have influenced

the introduction and transmission of subtype C and its distribution in Brazil.
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Overall, this work reinforced the importance of HIV-1 genotyping and resistance testing prior to
treatment as we found an heterogenous distribution of viral subtypes across Brazil and high levels of
DRMs to drugs that are included the commonly used treatment regimens. The increasing prevalence of
K65R, which is significantly more present in subtype C, that was also found to be proliferating across the
country, could become a major obstacle to the standard first-line treatment scheme containing TDF and
compromise PrEP efficacy in case of transmission. Our results also corroborated the differences on the
transmission dynamics between B and C subtypes, study opening lines of research on the differences
between the two most prevalent HIV-1 subtypes. This work also highlights the importance of defining
public control strategics focusing on specific social groups that are more prone to be infected by a

dominating subtype, aiming at reducing its epidemiological burden.
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Sup Figure 1. Presence of DMR among subtypes. Top 15 most prevalent SMDR among different
HIV-1 subtypes was evaluated in all the individuals of the cohort (a), in patients receiving a treatment
scheme including AZT (b) or TDF (c).
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Sup Figure 2. Phylogenetic representation of a subset of HIV-1 subtype C sequences
isolated in Brazil with the K65R mutation and closely related sequences from databases.
Circular cladogram representation of the Maximum likelihood tree. Branch colored in red indicate inferred
transmission clusters. The tree was rooted considering references of subtype Al. To improve tree

visualization a separate analysis excluding the outgroup sequences is shown.
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0.03

Sup Figure 3. Phylogenetic representation of a subset of HIV-1 subtype B sequences
isolated in Brazil with the K65R mutation and closely related sequences from databases.
Circular cladogram representation of the Maximum likelihood tree. Branch colored in red indicate inferred
transmission clusters. The tree was rooted considering references of subtype Al. To improve tree

visualization a separate analysis excluding the outgroup sequences is shown.
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Sup Table 1. Phylogeny inferred HIV-1 transmission clusters with more than one sequences
harboring the K65R mutation.

Sequence Origin  Cluster Sx::le Country Fe(:jeI:i::ive Trar::::ti:sion Gender K:;T:::t‘:t‘:(fm
18SC110074 This study Bl 2011 Brazil SC Homosexual Male No
21PR130051 This study Bl 2013 Brazil PR Bisexual Male No
21PR140146 This study Bl 2014 Brazil PR Male Yes
21PR140647 This study Bl 2014 Brazil PR Male Yes
26PR150111 This study Bl 2015 Brazil PR Homosexual Male No
29PR1604451 This study Bl 2016 Brazil PR Homosexual Male No
29PR1610702 This study Bl 2016 Brazil PR Male No
24P1150732 This study B2 2015 Brazil Pl Male Yes
29P11700952 This study B2 2017 Brazil Pl Male Yes

KF782694 Dai:tiizes B2 2012 Brazil MA Homosexual Male No
20SP1606275  Thisstudy B3 2016 Brazil SP HeteD'fjge;‘“a" Male No
29SP1608861 This study B3 2016 Brazil SP Homosexual Male Yes
29SP1610014 This study B3 2016 Brazil SP Heterosexual Female Yes
11SP151909 This study B4 2015 Brazil SP Male Yes
29ES1700443 This study B4 2017 Brazil ES Bisexual Male No

29MG1601542 This study B4 2016 Brazil MG Male Yes
29DF1701982 This study B5 2017 Brazil DF Homosexual Male Yes
29PA1605620 This study B5 2016 Brazil PA Male Yes
29PA1608064 This study B5 2016 Brazil PA Male Yes
29PA1608071 This study B5 2016 Brazil PA Heterosexual Male Yes
29PA1702877 This study B5 2017 Brazil PA Female Yes

KX887674 Dai:tt))gges B5 2015 Brazil PA No

KX887675 Dai:tt))gges B5 2015 Brazil PA No
11SP140792 This study B6 2014 Brazil SP Female Yes
29RJ1608399 This study B6 2016 Brazil RJ Male No
29SP1609861 This study B6 2016 Brazil SP Heterosexual Male Yes
29SP1610943 This study B6 2016 Brazil SP Homosexual Male Yes
29SP1701160 This study B6 2017 Brazil AL Male No

JN100838 D;:Egges B6 2003 Ki:;i‘:ﬂ Homosexual Male No

JN195956 Dai:tt))gges B6 2008 Brazil SP No

KT427797 Dai:tt))gges B6 2010 Brazil SP No
04DF150339 This study B7 2015 Brazil PB Male No

29RS1600171 This study B7 2016 Brazil RS Male Yes

EU248364 Dai:tt))gges B7 2003 Belgium No

FJ228082 Dai:tt))gges B7 2006 Italy No

FJ228130 Dai:tt))gges B7 2004 Italy No

GQ399355 Dai:tt))gges B7 2005 Portugal No
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Grosso do Sul, AM - Amazonas, TO - Tocantins.
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Sup Table 2. Distribution by subtype and region of the studied 2611 samples.

Subtype
Region Total
B C Other
117 13 37 167
Central-West
70.06% 7.78% 22.16% 6.40%
364 18 105 487
North-East
74.74% 3.70% 21.56% 18.65%
111 7 27 145
North
76.55% 4.83% 18.62% 5.55%
946 47 312 1305
South-East
72.49% 3.60% 23.91% 49.98%
137 255 115 507
South
27.02% 50.30% 22.68% 19.42%
1675 340 596
Total 2611
64.15% 13.02% 22.83%
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Sup Table 3. Annual growth rate of HIV-1 infections in the Brazilian cohort under study by

subtype and region.

Subtype Region Annual growth rate (%)
South-East 0.67
South 1.73
C North-East 0.66
North 1.29
Central-West 1.44
South-East -1.04
South -1.23
B North-East -1.54
North 0.03
Central-West -1.35
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Sup Table 4. Viral load comparison between individuals infected with subtypes C vs. B or C

vs.other non-B and non-C subtypes.

Viral load Subtype N Cvs.B C vs. other
(copies/mL
) B C Other OR Cl pvalue | OR Cl p value
1270 251 406 0.70. 091
<=100,000 1927 | 0.93 1.26
65.91% | 13.03% | 21.07% 1.25 1.76
0.6319 0.0162
325 69 141 0.80. 0.57.
>100,000 535 | 1.07 079
60.75% | 12.90% | 26.36% 1.43 1.10
80 20 49 0.74 0.40-
Missing 149 | 1.24 0.3919 | 0.70 0.1880
53.69% | 13.42% | 32.89% 2.04 1.18

Sup Table 5. Cut-off age points63 used for the classification of immunological status.

Age group
Immunological status <1 1-5 >5
CD4+ counts (cell/mm3)
Without immunodepression >1500 >1000 >500
Moderate immunodepression 750-1499 500-999 200-499
Severe immunodepression <750 <500 <200
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Sup Table 6. Comparison of the number of infections with subtype C, B and other classified

as leading to immunodepression with moderate or severe levels.

Age group Subtype C vs. B** C vs. Other**
(years Immunodepression N*
B © Other OR Cl pvalue | OR Cl p value
old)
562 | 150 220 133 102
No 932 | 1.71 1.36
60.30% | 16.09% | 23.61% 2.19 1.81
Al 0.000 0.034
979 | 153 305 0.46. 0.55.
Yes 1437 | 058 0.74
68.13% | 10.65% | 21.22% 0.75 0.98
178 | 66 103 L 05. 0.60.
No 347 | 1.68 1.02
51.30% | 19.02% | 29.68% 2.70 1.74
<18 0.029 0.948
154‘ 34 54 0.37_ 0.57_
Yes 242 | 0.60 0.98
63.64% | 14.05% | 22.31% 0.95 1.67
384 | 84 117 111 L 06.
No 585 | 1.52 1.51
65.64% | 14.36% | 20.00% 2.05 2.16
>18 0.007 0.022
825 | 119 251 0.49. 0.46.
Yes 1195 | 0.66 0.66
69.04% | 9.96% | 20.00% 0.90 0.94
320 | 71 117 126, 0.94
Yes. Moderate 508 1.78 1.40
62.99% | 13.98% | 23.03% 2.52 2.06
Al 0.001 0.099
659 | 82 188 0.40. 0.48.
Yes. Severe 929 | 0.56 0.72
70.94% | 8.83% | 20.24% 0.79 1.07
61 22 25 1.29- 0.87-
Yes. Moderate 108 | 2.78 2.11
56.48% | 20.37% | 23.15% 6.20 5.24
<18 0.008 0.094
0.16- 0.19-
Yes. Severe 93 12 29 134 | 0.36 0.47
0.78 1.15
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69.40% | 8.96% | 21.64%
259 49 92 1.03- 0.77-
Yes. Moderate 400 | 1.53 1.21
64.75% | 12.25% | 23.00% 2.26 1.89
218 0.033 0.403
566 70 159 0.44- 0.53-
Yes. severe 795 | 0.65 0.83
71.19% | 8.81% | 20.00% 0.97 1.30
* From the 2611 cases selected for this study 245 lacked information on age, or CD4+ counts and were not included in this
calculation. The missing values had a random distribution between the groups.
**Statistical comparisons were performed with corrected Mantel-Haenszel chi-square test.
Sup Table 7. Comparison of proportion of ambiguous sites (PAS) between B and C
subtypes.
Cvs.B
B C
OR IC P
n % n %
0.48
<25 399 23.82 87 25.59 | 1.10 0.84-1.43
7
0.26
Proportion of 25 a <50 422 25.19 76 22.35 | 0.85 0.64-1.12 g
ambiguous sites (PAS)
0.92
(percentile) 50 a <75 395 23.58 81 23.82 | 1.01 0.77-1.33 A
0.75
75-100 459 27.40 96 28.24 | 1.04 0.80-1.35 A
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Sup Table 8. Pairwise rates of diffusion between geographic locations (discrete traits).

POSTERIOR
Location trait pair Regions involved BAYES FACTOR
PROBABILITY

SC RS South 123895.7829 1

SC SP South. South-East 123895.7829 1

SC PR South 6513.5858 0.9988
SP MS South-East. Central-West 1129.0813 0.9933
SP DF South-East. Central-West 251.5648 0.9705
SC MG South. South-East 237.2210 0.9688
SP PA South-East. North 44.8986 0.8545
RJ BA South-East. North-East 42.9874 0.8490
SP RO South-East. Central-West 30.6890 0.8005
SC RJ South. Central-West 27.0303 0.7795
ES us International 16.1299 0.6784
RS GO South. Central-West 12.9997 0.6296
RS DE South. International 10.8927 0.5875
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100000

Effective population size

1960 1970 1980 1990 2000 2010

Sup Figure 4. Skygrid plot inferred with BEAST v1.10.4 and Tracer v1.7.1 using the subset
of 174 sequences that make up the transmission clusters. Effective population (y-axis) size by
chronological time (x-axis). The mean and the 95% Bayesian highest posterior density (HPD) interval is
represented by the solid line and shaded blue area, respectively. The solid black vertical line represents

the estimated root of the tree and the second line the highest age value for the root.

109



