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Highlights

e Several BF recombination patterns found in 16 countries; most from Brazil

e BF recombinant viruses circulate in Brazil since at least 1985

Highest recombination frequencies in pol, gag and env genes; lowest in tat and
rev

Predominance of subtype B in most accessory and regulatory genes, except in vif
There are preferential recombination points within the HIV genome

Most of BF recombinant viruses use CCR5 as a coreceptor for viral entry
X4/dual tropism is less frequent among F subtype sequences, compared with B
subtype

Abstract

The Human Immunodeficiency Virus Type 1 (HIV-1) presents a wide genetic

variability, which is represented by four groups, nine subtypes of group M and several
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recombinant forms. Among these, the BF recombinants have been distinguished by a
high global dispersion and an increase in number and diversity. To date, 15 BF
Circulating Recombinant Forms (CRFs) and diverse BF Unique Recombinant Forms
(URFs) have been described. In Brazil, nine CRF_BF have been identified. The aim of
this work was to perform molecular and geographic characterization of HIV-1 BF
recombinant strains. Near full-length genomes of 265 BF recombinant viruses were
collected from public databases and molecular analyses were performed. These
sequences were originally retrieved between 1993-2006 and isolated from 16 countries
(51.3% from Brazil). Diagnostic's year analysis showed that BF recombinants circulate
in Brazil since at least 1985. Most sequences displayed recombination in the pol
(84.9%), gag (69.3%) and env (51.4%) regions. The subtype B predominated in all
accessory and regulatory genes, except in vif, in which the F subtype was predominant
(40.4%). Twelve regions with a recombination rate higher than 10% were identified,
especially one region inside p24 gene (1359-1397) whose recombination was present in
more than 30% of the sequences. Coreceptor usage prediction during viral entry showed
that BF recombinants preferentially use CCR5 (67.2%) and the most frequent
tetrapeptides found in the V3 loop were GPGR (47.9%) and GPGQ (21.1%). The
frequency of X4/dual viruses was lower amongst F subtype (25.8%) V3 sequences,
compared with B subtype (43%). In addition, mutations associated with intermediate or
high resistance levels to Pl (10.6%), NRTI (15.0%), NNRTI (14.0%) and INSTI (2.6%)
were identified. The great diversity of the recombination patterns evidences that the
recombination between the subtypes B and F is frequent, reflecting a probable high rate
of dual infection and the acquisition of advantageous characteristics for viral fitness.

Keywords: HIV; BF; Recombination; CRF; genome.

1. Introduction

The HIV-1 is characterized by a great genetic diversity which is attributed to the high
error and recombination rates of the reverse transcription process, as well as to the fast
virions turnover in infected individuals (Santoro and Perno, 2013). This high HIV-1
strain variability is represented by four groups (M, N, O, and P), which are associated
with independent transmission events. The M group is further classified into nine

subtypes (A, B, C, D, F, G, H, J, and K) and many recombinants forms. Some of these



recombinant viruses become fixed and undergo rapid expansion in the population, and
they are classified as Circulating Recombinant Forms (CRFs). To date, 98 HIV-1 CRFs
have been described in many countries

(https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html) and are estimated to

be responsible for 18-20% of infections worldwide (Hemelaar et al., 2006). Among
those, 15 CRFs (15.3%) have been originated from recombination between subtypes B
and F, which is the most frequent dual recombination among HIV-1 subtypes
(http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html).

The first CRF_BF was identified in Argentina in 2001 (Carr et al., 2001). Since then,

these BF recombinants have been described in several countries, mainly in Brazil,

where nine CRFs_BF and several BF URFs have been identified. The importance of BF
recombinants in the HIV-1 epidemic has been demonstrated by several studies and
reinforced by the increasing number of these variants among the infected population
(De Oliveira et al., 2008; Villanova, 2010; Reis et al., 2017). Previous studies have
reported 10% to 30% prevalence of BF recombinants in Brazil (Sanabani et al., 2013;
Pessoa et al., 2016; da Costa et al., 2016; Reis et al., 2017) . In these studies, the F1
subtype frequencies were always lower than those for BF recombinants. The high
diversity of circulating BF strains may be related to the acquisition of adaptive
advantages considering that recombinant viruses must overcome the parental strains in
the coinfected individual in order to be efficiently transmitted (Melo et al., 2012). In
fact, different lines of evidence have demonstrated that BF recombinants may exhibit
distinct biological characteristics. For instance, a rapid growth rate of CRF12_BF and
CRF38_BF recombinants in Argentina and Uruguay has been observed (Aulicino et al.,
2007; Bello et al., 2010). In another study, the vpu genomic region of BF recombinants
was associated with an increased production of viral particles in cell assays when
compared with subtype B (De Candia et al., 2010).

The aim of this work was to broadly and comprehensively characterize the genetic
diversity of BF recombinant genomes circulating worldwide. We mapped the origin of
these isolates and investigated molecular characteristics, such as recombination patterns,
the occurrence of preferential recombination points within the HIVV genome, the
frequency of parental subtypes (B and F) fragments within the recombinant full
sequences, the drug resistance profile and the prediction of membrane coreceptors usage
during the virus entry into the host cell. This information may contribute to a better

understanding of HIV epidemiology and the viral characteristics that could be
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associated with genetic evolution. Furthermore, the knowledge of HIV genetic variation

represents a critical point for the development of drugs and effective vaccines.

2. Materials and methods

2.1. Data collection

Two hundred and sixty-five Near Full-Length Genome (NFLG) sequences (> 7000 bp)
of HIV-1 BF recombinants viruses were collected from the HIV sequencing database
maintained by Los Alamos National Laboratory (LANL) and NCBI Nucleotide
database until September 2018. The information from these two databases were cross-
referenced along with data available in the original studies that have originated those
sequences. When available, the data were retrieved, as following: GenBank accession
number; patient identification in LANL; sequence size; article in which the sequence
has been described; subtype reported by NCBI, LANL and by the original article;
country and city of sample collection; gender and age of the patient; TCD4, TCD8
lymphocytes and viral load counts; transmission mode; risk group; year of infection,
diagnosis and sample collection; clinical condition of the patient; coreceptor usage and
viral phenotype; and HIV treatment. The sequences were identified with the GenBank
accession number, country abbreviation, and sample collection year (i.e.,
KT427758.BR.2010).

2.2. Alignment
The 265 recombinant sequences were aligned with 39 reference sequences of all HIV-1

M subtypes, collected in the LANL database
(http://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html) and group O

sequence (GenBank: L20587.1). The sequence alignment was performed using MAFFT
version 7 default parameters (mafft --thread 10 --threadtb 5 --threadit O --reorder --auto
input > output) (Katoh et al., 2017).

2.3. Recombination and phylogenetics analysis
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Recombination patterns were evaluated using jpHMM online tool

(http://iphmm.gobics.de/submission hiv.html). The intervals for recombination

breakpoints based on HXB2 numbering obtained for each sequence were used to
identify the regions where the recombination between B and F subtypes were more
frequent.

The best-fit model for phylogenetic analysis was chosen using the 1Q-TREE model
selection tool (http://igtree.cibiv.univie.ac.at/). According to corrected Akaike
Information Criteria (AlCc) the best-fit model was GTR+F+I+G4. The reconstruction of
the evolutionary history of these sequences was estimated using a Maximum likelihood
(ML) analysis using the software 1Q-TREE (Command: igtree -s aln.fasta -m
GTR+F+1+G4 -bb 10000 -alrt 10000 -nt AUTO) (Trifinopoulos et al., 2016). The tree
visualization and editing were performed using FigTree v 1.4.2

(http://tree.bio.ed.ac.uk/software/figtree/). The genetic similarity between the

recombinant sequences, as well as, the parental subtypes were inferred from the mean
pairwise distances in non-overlapping windows of 100 nucleotides across the alignment.
Distances were measured with the Kimura two-parameter model implemented in
MEGA X (Kumar et al., 2018) using 500 bootstrap replicates to calculate the standard

deviations.
2.4. Prediction of coreceptor usage
The viral tropism prediction was determined according to the amino acid composition

of the V3 region of the HIV-1 envelope gp120 protein, using the Geno2pheno tool
(http://coreceptor.geno2pheno.org/index.php) with a false-positivity rate (FPR) cutoff of

20% (Lengauer et al., 2007). The tetrapeptide motifs in the V3 loop were identified
through manual search in the alignment.

2.5. Drug resistance analysis

HIV-1 drug resistance was determined throughout analyses of the reverse transcriptase,
protease, and integrase regions in the pol gene. The identification of drug resistance-
associated mutations was performed using the Stanford University Genotypic
Resistance Interpretation Algorithm program (HIVVdb v.8.7)
(https://hivdb.stanford.edu/hivdb/by-sequences/).
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2.6. Statistical analysis
The GraphPad Prism Version 7 (GraphPad Software Inc., CA, USA) was used to

perform the statistical analyses, based on Fisher’s exact (two-tailed) and Kruskal-Wallis

tests. P-values < 0.05 were considered significant.

3. Results

3.1. Sample characterization

The 265 NFLG of HIV BF recombinant viruses were collected from NCBI and LANL
databases (S1). These sequences were originally obtained between 1993 and 2016
(median: 2005). The mean age of the infected individuals (available for n=103) was 33
years at the time of collection. The majority (66%) were in the age group of 20 to 39
years, which coincides with the age group with the highest prevalence of HIV infections
worldwide (www.who.int/hiv/en/). The sequences (median size 8923 bp, ranging from
7293-9770 bp) were obtained from 16 different countries and most of them (51.3%)

were from Brazil (Fig. 1A). Sixty-one per cent of the sequences were classified as
URFs_BF (161/265and the remaining as CRFs_BF (104/265, 39.2%) (Fig. 1B).

3.2. Recombination and phylogenetics analysis

Fig.2 shows the recombination patterns of the 15 previously identified CRF_BF (Fig.2)
and all URF_BF (https://tinyurl.com/BFjpHMM) generated using jpHMM. The
structural, accessory and regulatory genomic regions were individually analyzed for the
occurrence of intragenic recombination. The pol gene (84.9%) was the genomic region
in which recombination occurred more frequently, followed by gag (69.3%) and env
(51.4%) regions. Although 40.4% of the genomes have maintained sequences of the F
subtype in the vif gene, the B subtype sequences were predominant in all other
regulatory and accessory genes (Fig. 3A).

The frequency at which each nucleotide position (based on HXB2 numbering) appears
within a recombination region was calculated based on the recombination breakpoint

intervals provided by the JpHMM analysis. For this purpose, all recombination intervals
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of each distinct recombinant pattern were cataloged in a spreadsheet. Then, the
frequency of each individual nucleotide position within these recombinant regions was
calculated. We identified 12 genomic regions where recombination occurred in at least
10% of the analyzed sequences (Fig. 3B). It was also possible to identify regions in
which recombination is more frequently found. A recombination frequency higher than
30% (1359-1397 bp) was found in p24 gene. Besides that, recombination is present in
20-25% of the sequences in three regions (p24: 1400-1418; protease: 2463-2476;
reverse transcriptase: 3691-3728). In order to evaluate the possible association between
breakpoints locations and intersubtype genetic conservation, the genetic distances (0.04
— 0.22) within nucleotide windows containing the regions in which recombination
occurred most frequently were compared with those (0.05 — 0.11) within windows
covering regions with low recombination frequencies. No statistical differences were
observed between the mean distances in these regions (Kruskal-Wallis test, p>0.05).
Reconstruction of the evolutionary history of the sequences is represented in the ML
tree (S2). Collapsed groups of all CRF_BF and correlated sequences (Fig. 4) showed
statistical support for all except the CRF12 cluster. The reference groups that are not the

parental subtypes also showed statistical support.

3.3. GP120 analysis

The prediction of the coreceptor usage indicated that 67.2% (178/265) of the sequences
were from viruses that use CCR5 as coreceptor to enter the cell while 32.8% (87/265)
were classified as X4 or dual tropic (R5/X4) viruses. Only four sequences showed
recombination inside the GP120 V3 loop region while in six V3 sequences the subtype
could not be assigned. Among the V3 sequences classified as F, 74.2% (115/155) were
predicted as R5 while among the V3 sequences of subtype B 57% (57/100) were R5
viruses (Fig. 5A). Twenty-six different tetrapeptide motifs in the V3 loop were found:
GPGR (47.92%), GPGQ (21.13%), GWGR (6.03%), RPRR (0.37%), RPGR (0.75%),
GFGR (1.88%), GWGK (0.75%), GLGR (0.75%), APGR (6.79%), GRGR (1.13%),
GPGG (1.50%), GPGS (0.75%), GPGK (4.90%), [AG]PG[RS] (0.37%), [AG]PGR
(0.75%), GTGQ (0.37%), GPGH (0.37%), GPER (0.37%), G[PA]G[RS] (0.37%),
GSGR (0.37%), GGVG (0.37%), RPGQ (0.37%), AWGR (0.37%), KPGR (0.37%),
TPGR (0.37%), GWGQ (0.37%). The subtype (Fig 5B) and tropism (Fig 5C)

associated with the five most frequent motifs were also investigated.



3.4. Antiretroviral (ARV) resistance

Despite the absence of information regarding the use of ARV by the patients from
whom the sequences were collected, the presence of mutations associated with
therapeutic resistance was investigated among the BF genomes. Mutations conferring
resistance to at least one antiretroviral class were found in 114 sequences (43.0%),
regardless of the associated level of resistance (Table 1). Out of these, 67 (25.3%)
displayed mutations associated with resistance to one ARV class, 30 (11.3%) to two
classes, 14 (5.3%) to three classes and 3 (1.1%) to all four ARV classes.

Thirty-five (13.2%) sequences presented mutations associated with some level of
resistance to protease inhibitors (PIs) (Fig. 6A). Seventy-four (29%) sequences showed
at least one resistance mutation within the reverse transcriptase region. Out of these, 46
(17.4%) had mutations that were associated with some level of resistance to nucleoside
reverse transcriptase inhibitors (NRTIs) (Fig. 6B) and 59 (22.3%) to the non-nucleoside
reverse transcriptase inhibitors (NNRTIs) (Fig. 6C). In the integrase region, 21 different
drug resistance-associated mutations were identified among the sequences. Among
these mutations, 10 were classified as major and only seven (2.6%) sequences showed

mutations associated with intermediate or high resistance level to INSTIs (Fig. 6D).

4. Discussion

In the present study, 265 NFLG from BF recombinant viruses originated in 16 different
countries were collected. This shows the global dispersion of these recombinants that
were initially described in South America (Aulicino et al., 2007) (Fig 1). Among the
individuals, the earliest diagnosis occurred in 1985. The viral sequence of this Brazilian
patient was obtained in 2005 and classified as CRF29. Therefore, BF recombinant
strains were most likely circulating even before the description of the first recombinant
in Brazil in 1992 (Melo et al., 2012). Nearly 51% of the recombinant samples were
isolated in Brazil and BF recombinants with Brazilian parental viruses were previously
identified in Italy and Japan. These observations point to the important role of BF
recombinants originated in Brazil in the global HIVV/AIDS pandemic (Bruselles et al.,
2009).



The variety of recombination patterns between subtypes B and F (Fig.2) indicates that
these recombination events are frequent and lead to the emergence of viable and
transmissible viral strains, further enhancing the HIV-1 genetic diversity. In some cases,
strains with different recombinant profiles have exhibited similar mosaic structures, but
with unique patterns in part of their genomes, suggesting their generation by successive
recombination processes from a common recombinant ancestor. Several factors may
contribute to the high emergence frequency and diversity of recombinant strains, such
as co-circulation of multiple HIV-1 subtypes in the same region, and co- or super-
infection of individuals with multiple subtypes. (Thomson et al., 2002; Leal et al.,
2008). Notably, HIVV-1 recombinant viruses are most prevalent in areas where multiple
subtypes co-circulate. In Brazil, both B (since around mid to late 1960s) and F (since
around late 1970s) subtypes have co-circulated for a long period of time (Guimara et al.,
2007). Moreover, BF recombinants have grown both in number of CRFs and URFs
diversity (Monteiro et al., 2009; Pessoa et al., 2014). Therefore, the wide variety of
recombination patterns found in our study reflects a probable high rate of dual infection
(coinfection and superinfection) between subtypes B and F. These findings led us to
believe in an urgent need for public health measures to prevent these episodes,
especially because the generation of viral diversity associated with recombination is a
challenge for epidemic control. Beyond that, the detection of BF recombinant viruses in
the population may be currently underestimated, since most subtyping studies are
commonly based only on one genomic fragment.

The likelihood of new biological properties in recombinant progenies may occur due
multiple recombination profiles, conferring them adaptive advantages over the parental
subtypes. A previous study on the in vitro HIV recombination consequences have
observed that an increase in the proportion of recombinant genomes over time coincides
with the progressive loss of one of the parental strains (Iglesias-Sanchez and Lopez-
Galindez, 2002). In fact, it has been suggested that the increasing prevalence of BF
viruses in Brazil, reaching 35% in some regions (Guimardes et al., 2015), may be
related to the disappearance of pure subtype F, which is usually found at low frequency
(Sanabani et al., 2006). Likewise, the HIV epidemic in some other countries or regions,
such as Malaysia and West Africa, is undergoing a gradual replacement of the initial
predominant HIV-1 pure subtype strains by CRFs (Lau and Wong, 2013).

Due to recombination in the viral population, genetic variability may enhance the

chance of adaptation of the recombinant progeny upon changes in selection pressures in



the host. As a result of HIV-1 recombination, the emergence of viral strains that escape
the host immune response (Streeck et al., 2008) and/or develop resistance to
antiretrovirals has been demonstrated (Kellam and Larder, 1995; Moutouh et al., 1996).
Therefore, it is possible that the crossover points do not occur randomly and that there
are genomic regions favoring recombination (Minin et al., 2007). The highest
recombination rates were observed inside pol, gag, and env regions (Fig. 3A). The high
rate of recombination within these structural genes have been widely reported (Dykes et
al., 2004; Galetto et al., 2004; Galetto et al., 2006; Monteiro-Cunha et al., 2011). In
particular, the high recombination rate in pol has been associated with its composition
by homopolymer bases, sequence similarity and the presence of secondary structures,
favoring the template switching during reverse transcription (Jetzt et al., 2000;
Onafuwa-Nuga and Telesnitsky, 2009; Sanjuan and Domingo-Calap, 2016). On the
other hand, the regions comprising the first exon of rev (revl) and the second exon of
tat (tat2, the major form) showed the lowest frequencies of recombination (0% and
1.2% respectively). Similarly, the vpu region preferentially maintained the pure B
subtype (60.8%) in the BF recombinant genomes (Fig. 3A), although it has been
previously shown that a structurally reorganized BF recombinant vpu has an increased
ability to enhance viral replication in vitro when compared to its parental B (De Candia
et al., 2010).

vif is an important viral infectivity factor that prevents the action of cellular proteins of
the APOBEC-3G family and was the only region in which the F subtype was
preferentially maintained (40.4%), In all other accessory/regulatory regions, the subtype
B has predominated. It has been shown that most of the vif alleles classified as subtype
F were highly effective in neutralizing the A3H hapll protein, whereas the alleles of
other non-B subtypes had low activity for the same protein (Binka et al., 2012).
Similarly, a recent study showed that natural vif proteins of F1 subtypes efficiently
attack hA3G and hA3H hapll proteins, even though they were unable to degrade hA3C
and hA3F (Zhang et al., 2016). Therefore, the maintenance of F subtype in the vif region
may confer some advantage to these recombinants and should be better investigated by
functional assays. In agreement with our findings, a recent study showed evidence of
non-random inheritance of genomic fragments from different HIV-1 M subtypes among
283 distinct recombination profiles (Tongo et al., 2018). Taken together, these results

show differences in the frequency with which HIV-1 subtypes are maintained in the
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different genomic regions of the recombinant sequences, which may be related to the
maintenance of advantageous characteristics for viral fitness.

Moreover, in the present study, 12 distinct recombination regions were identified in
more than 10% of the sequences and were found within genes like p17, p24, protease,
p51 (RT), p15, p31, vif, vpr, vpu/gp120, gp4l/rev2 and nef/3 LTR (Fig. 3B). In
particular, the region 1359-1397 (relative to HXB2 reference) found in p24 capsid
protein gene (aa 59-71) showed the highest frequency of recombination (>30%).
Although it has been previously suggested that genetic similarity is a factor favoring
recombination (An and Telesnitsky, 2002), our results do not point to a direct
relationship between genetic conservation and distribution of recombination hotspots,
indicating that factors other than genetic similarity should influence the occurrence of
preferential regions for recombination in the HIV-1 genome. In fact, the study by Jia
and colleagues has suggested that the probability of base pairing along the viral RNA
secondary structure may be a more important factor influencing recombination than
sequence conservation (Jia et al., 2016).

Genetic variations within the V3 domain of the gp120 envelope glycoprotein are
associated with coreceptor and cell line tropism (Jiang et al., 2010). Viruses using the
CCR5 coreceptor are more common in early infections and have higher transmission
rates than X4 or R5/X4 viruses which are associated with more rapid disease
progression (Cuevas et al., 2010). Thus, the dispersion of BF recombinants may be
related to the maintenance of the R5 phenotype in the majority (67.2%) of these viruses.
From this result, it can also be estimated that most patients infected with BF
recombinants would respond to Maraviroc, the CCR5 coreceptor inhibitory drug. HIV-1
viruses of other subtypes can use both coreceptors. However, it has been shown that
subtype D viruses are mostly dual-tropic and that subtypes C and G have lower X4 virus
rates than subtype B (Huang et al., 2007). In the present analysis, the frequency of
X4/dual tropic viruses was lower amongst F subtype (25.8%) V3 sequences, compared
with B subtype (43%) (Fisher’s test, p=0.006) (Fig. 5A). All 26 structural motifs present
among the BF sequences have been previously described. Sequences with the GPGR,
GPGQ and APGR motifs are mostly classified as subtype F at the V3 loop region and
those with the GWGR and GPGK as B subtype (Fig. 5B). Indeed, the GWGR motif is
known as a characteristic domain of Brazilian subtype B and has been previously
associated with the exclusive use of the CCRS5 receptor (Leal et al., 2008). However, in

the present study, five (31.3%) out of 16 sequences with the GWGR motif were

11



predicted as R5/X4. Similarly, other studies have reported that approximately 25% of
viruses with this structural motif can use the CXCR4 receptor (X4 or R5X4) (Ferraro et
al., 2001; Villanova, 2010; Sanabani et al., 2011). All sequences with the APGR motif
were predicted as CCR5 virus (Fig. 5C).

The drug resistance analysis showed that among the PI drugs, DRV/r (97.7%) and NFV
(86.8%) showed the highest and lowest susceptibility levels respectively (Fig. 6A). In
Brazil, ATV/r or DRV/r are the recommended P1 after the first therapeutic failure. On
the other side, LPV/r is being excluded from the main international protocols because of
the high toxicity and side effects. Among the NRTIs, TDF (89.8%) presented the
highest susceptibility level while DDI (17%), ABC (15%), AZT (14%) and DAT (14%)
showed the highest resistance levels (Fig. 6B). Within the NNRTIs class, 13.2% of the
sequences presented high or intermediate resistance level to NVP and 11.7% to EFV
(Fig. 6C). Until 2017, EFV combined with the TDF and 3TC constituted the first-line
antiretroviral therapy in Brazil, but since 2018, EFV was replaced by integrase inhibitor
DTG in the Brazilian guidelines. Of note, only 2.6% (7/265) of BF sequences were
associated with high/intermediate level of resistance to INSTIs (Fig. 6D). Most of
mutations in this region are accessories and among them, G163R (8.3%) and G163K
(4.2%) were the most frequent (Table 1). These mutations, have been reported at high
frequency among BF recombinants (Delicado et al., 2016). Noteworthy, only 0.4% of
the sequences was associated with intermediate-level resistance to DTG. This drug is
now recommended as a first- line antiretroviral drug in the United States, Brazil and

Europe (http://aidsinfo.nih.gov). Therefore, this results corroborate with previous

studies that reported the high genetic barrier to resistance as one of the advantages of
DTG (Walmsley et al., 2013; Raffi et al., 2015).

Nonetheless, the real impact of the selective pressure exerted by each individual drug on
the emergence of drug resistance mutations could not be better evaluated in the present
study, due to the absence of treatment information of the BF carriers. Despite this, all
sequences that showed mutations associated with resistance to Pls, NRTIs and NNRTIs
were retrieved after at least one of the drugs associated with a given mutation had
already been FDA approved. In contrast, the sequences with mutations associated with
high/intermediate level INSTI resistance have been collected before (between 1999 and
2006) the FDA approval of these drugs. Although these mutations have been previously
associated with the use of INSTIs (Wensing et., 2017; https://hivdb.stanford.edu/dr-

summary/resistance-notes/INSTI/), they probably represent natural variation among the

12


http://aidsinfo.nih.gov/
https://apc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fhivdb.stanford.edu%2Fdr-summary%2Fresistance-notes%2FINSTI%2F&data=02%7C01%7C%7C40916f27b793488d226608d6e873ec77%7C84df9e7fe9f640afb435aaaaaaaaaaaa%7C1%7C0%7C636951983217936794&sdata=wFrPNYnrOsSbwu6jLbhft0W4ui8weqZGRbYZDUB53ZQ%3D&reserved=0
https://apc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fhivdb.stanford.edu%2Fdr-summary%2Fresistance-notes%2FINSTI%2F&data=02%7C01%7C%7C40916f27b793488d226608d6e873ec77%7C84df9e7fe9f640afb435aaaaaaaaaaaa%7C1%7C0%7C636951983217936794&sdata=wFrPNYnrOsSbwu6jLbhft0W4ui8weqZGRbYZDUB53ZQ%3D&reserved=0

sequences analyzed in this study. In order to evaluate the natural occurrence of INSTIs
associated mutations, we searched all available sequences in the Los Alamos database
collected before 2007, when the first Integrase inhibitor (Raltegravir) was started.
Among the 2996 sequences collected until 2006, 47 (1.6%) presented mutations
associated with high or intermediate resistance to INSTIs. There is no statistical
difference between this result and the one found in our study (Fisher’s test, p=0.2),
indicating indeed that these mutations occur naturally in the viral population. In
addition, these data are in line with the results of a study by Delicado et al, 2016,
showing high prevalence of INSTI-associated mutations among F subtype and BF
recombinant sequences isolated from drug naive subjects. Taken together, these
findings suggest that some of the INSTI-associated mutations could be subtype-
associated polymorphisms and that their role in the development of antiretroviral
resistance should be individually analyzed for each genetic variant of HIV-1.

In conclusion, this report showed the circulation of HIV-1 BF recombinant strains
worldwide. Notably, NFLG of these variants were not detected in Africa. Most of these
viruses circulate in Brazil and although nine CRFs_BF have been characterized in this
country, these CRFs did not represent the majority of the sequences found. On the
contrary, a great diversity of URFs was identified. There are genomic regions in which
recombination occurs more frequently and regions that preferentially maintain
sequences of pure subtype B. vif was the only genomic region that presented higher
frequency of pure F subtype, which could be associated with possible adaptive
advantages. Considering that HIV genotypic variations reflect in several aspects such as
efficacy of diagnostic tests, disease monitoring, immune response, treatment outcome
and vaccine design, the high genetic variability observed among the genomic structures
strongly highlights the importance of monitoring the HIVV molecular epidemiology for

better control of the epidemic.
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FIGURE CAPTIONS

Fig. 1. Distribution of 265 HIV BF recombinant viruses (A) Geographic origin and
worldwide distribution of the strains. (N) number of collected sequences in each country.
The map shows the estimated number of people living with HIV in 2016 by WHO region.
Figure adaptation from
http://gamapserver.who.int/mapLibrary/Files/Maps/HIV _all_2016.png. (B) Genetic
profile distribution among BF recombinant viruses circulating in the world. URF_BF: BF
Unique Recombinant Forms. CRF: Circulating Recombinant Form.
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Statistically supported clades are identified by * if SH-aLRT>=80% and Ultrafast
bootstrap (UF-Boot) >=95%.

Fig. 5 Association between coreceptor usage, HIV-1 subtype and amino acid composition
of the gp120 V3 region. (A) Frequency of R5 and X4/Dual tropic strains among subtypes
B and F V3 sequences. (B) Classification of sequences with the most frequent motifs in
the GP120 V3 loop according to the sequence subtype and (C) viral tropism.
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Fig. 6. Prevalence of antiretroviral resistance among HIV-1 BF recombinant sequences.
Resistance to (A) Protease Inhibitor (PI1s). (B) Nucleoside Reverse Transcriptase Inhibitor
(NRTISs). (C) Non-Nucleoside Reverse Transcriptase Inhibitor (NNRTIs). (D) Integrase
Strand Transfer Inhibitors (INSTIs). Protease Inhibitors: ATV (Atazanavir/ritonavir),
DRV/Ir (Darunavir/ritonavir), FPV (Fosamprenavir/ritonavir), IDV/r
(Indinavir/ritonavir), LPV/r  (Lopinavir/ritonavir), NFV  (Nelfinavir), SQV
(Saquinavir/ritonavir) and TPV/r (Tipranavir/ritonavir). Nucleoside Reverse
Transcriptase Inhibitors: ABC (Abavavir), AZT (Zidovudine), D4T (Stavudine), DDI
(Didanosine), FTC (Emtricitabin), 3TC (Lamivudine) and TDF (Tenofovir). Non-
Nucleoside Reverse Transcriptase Inhibitors: DOR (Doravirine), EFV (Efavirenz), ETR

22



(Etravirine), NVP (Nevirapine) and RPV (Rilpivirin). Integrase Inhibitors: BIC
(Bictegravir), DTG (Dolutegravir), EVG (Elvitegravir) and RAL (Raltegravir).
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Table 1 — Drug resistance mutations among 265 BF recombinant sequences.

NRTI NNRTI Pl_ INSTI

Major Accessory Major Accessory
Mutation n % Mutation n | % Mutation | n % | Mutation n | % Mutation n % Mutation n | %
M41L 21 7.92 K103N 16 | 6.04 | L9OM 11 }.15 N88D 8 3.02 E138EK 2 0.75 G163R 22 | 8.30
M184V 19 7.17 E138A 9 3.40 | D30ON 9 .40 K20T 7 2.64 R263RK 2 0.75 G163K 11 | 4.15
T215Y 19 7.17 G190A 7 2.64 | V82A 8 .02 L33F 5 1.89 G140S 1 0.38 S153Y 1 0.38
D67N 16 6.04 Y181C 6 2.26 | 154V 7 .64 L10F 3 1.13 T66TP 1 0.38 S153SF 1 0.38
K70R 14 | 5.28 | V108l 6 | 226 | M46l 5 1.89 K43T 2 |0.75 P145PS 1 0.38 | G163KR 1 |0.38
L210wW 10 | 3.77 | N348I 4 | 151 | M46MI 3 |13 G48R 2 |0.75 N155D 1 0.38 | G140R 1 |0.38
K219Q 8 3.02 | V179D 4 | 151 |L76V 3 |13 F53L 2 |0.75 Y143YH 1 0.38 | T97TA 1 |0.38
T215F 8 3.02 A98G 3 1.13 | M46L 2 .75 Q58E 1 0.38 E138K 1 0.38 G163EK 1 0.38
L74V 5 1.89 | H221Y 3 | 113 | 184V 2 )75 L24l 1 |0.38 E92K 1 0.38 | G140Deletion | 1 | 0.38
E44D 4 151 | K238T 3 | 113 | V82F 1 )38 G73S 1 ]0.38 N155Deletion | 1 0.38 | A128T 1 |0.38
M1841 3 1.13 M2301 3 1.13 | I50L 1 .38 G48GR 1 0.38 TI7A 1 0.38
T69D 3 1.13 E138K 2 0.75 | D30DN 1 .38 G48GE 1 0.38
D67G 2 0.75 K103S 2 0.75 | V82IT 1 .38 G48E 1 0.38
E40F 2 0.75 L100l 2 0.75
E44A 2 0.75 V106A 2 0.75
L741 2 0.75 E138EK 1 0.38
T215S 2 0.75 F227L 1 0.38
V75A 2 0.75 G190GA 1 0.38
V75M 2 0.75 G190GEKR | 1 0.38
F77L 1 0.38 K101E 1 0.38
K219E 1 0.38 K101PQ 1 0.38
K219R 1 0.38 K103E 1 0.38
M184MI 1 0.38 | K103KE 1 |0.38
M184MV 1 0.38 | K103KI 1 |0.38
T215D 1 0.38 | K103KN 1 |0.38
T215E 1 0.38 P236L 1 ]0.38
T215TNSY |1 0.38 | V179E 1 |0.38
V75T 1 0.38

n=number of sequences with mutation.
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