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The HIV-1 subtype B epidemic in French Guiana and Suriname is characterized by the co-circulation of the globally disseminated “BPANDEMIC” lineage and of non-pandemic subtype B lineages of Caribbean origin (BCAR). To reconstruct the spatiotemporal pattern of spread of those viral lineages circulating in these two countries, a total of 361 HIV-1 subtype B pol sequences recovered from treatment-naive adult patients from French Guiana and Suriname between 2006 and 2012 were combined with BPANDEMIC and BCAR reference sequences. Major Guianese/Surinamese BPANDEMIC and BCAR lineages were identified by Maximum Likelihood phylogenetic analysis and the spatiotemporal and demographic parameters estimated using a Bayesian coalescent-based method. We detected four BCAR and three BPANDEMIC transmission chains of large size that together comprise most pandemic and non-pandemic subtype B sequences from French Guiana (≥52%) and Suriname (≥70%) here analyzed. These major lineages were probably introduced into French Guiana and Suriname from the Caribbean (BCAR) and North/South America (BPANDEMIC) between the middle 1970s and the late 1980s and spread among populations from both countries with roughly comparable demographic growth rates. We detected a significant trend for higher viral loads and higher proportion of homosexual/bisexual men among subjects infected with BPANDEMIC relative to BCAR strains in French Guiana. These results show that the HIV subtype B epidemic in French Guiana and Suriname has been driven by multiple active BCAR and BPANDEMIC transmission chains that arose since the middle 1970s onward and operate in both countries simultaneously. Although no significant differences in the epidemic potential of major BCAR and BPANDEMIC lineages were observed, relevant associations between the infecting subtype B lineage and epidemiological and clinical characteristics were detected in French Guiana.
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INTRODUCTION

The Guianas are a region located on the northeastern coast of South America, bordered by Brazil to the south and Venezuela to the west, which includes the French Guiana (an overseas department of France), and the sovereign states of Guyana (known as British Guiana until 1966) and Suriname (part of the Kingdom of the Netherlands until 1975). With a combined population of nearly 1.5 million inhabitants, the Guianas consists of a wide variety of ethnic groups due to historical colonization by Amerindians, Europeans, Africans, and Asians and recent migratory fluxes from neighboring South American and Caribbean countries (Hyles, 2014). In this singular geographic and demographic context, the HIV/AIDS epidemic is a major public health problem and HIV prevalence rates in adult populations from French Guiana, Guyana, and Suriname (1.0–1.5%) are among the highest in the American continent (Nacher et al., 2010; UNAIDS, 2013).

Subtype B is the predominant HIV-1 lineage circulating in French Guiana (Kazanji et al., 2001; Darcissac et al., 2016) and Suriname (Abdoel Wahid et al., 2016); but in sharp contrast to other continental American countries where the epidemic is mostly driven by the globally disseminated “BPANDEMIC” lineage, the subtype B epidemic in French Guiana and Suriname is driven by transmission of both BPANDEMIC and of non-pandemic subtype B lineages characteristic of the Caribbean region (“BCAR” lineages) (Cabello et al., 2015). This epidemiological pattern resembles that described in several Caribbean islands (Haiti, the Dominican Republic, Jamaica, The Bahamas and the Lesser Antilles) (Cabello et al., 2014) and in the Northern Brazilian state of Roraima (Divino et al., 2016). Previous phylogenetic analyses revealed that a substantial fraction (30–95%) of subtype B infections in Latin American and Caribbean countries resulted from the expansion of a few local (or regional) BPANDEMIC and BCAR founder strains (Delatorre and Bello, 2013; Cabello et al., 2014, 2015; Mendoza et al., 2014; Mir et al., 2015; Divino et al., 2016), thus supporting a great geographic compartmentalization of the HIV-1 subtype B epidemic in those regions.

Little is known about the spatiotemporal dynamics of dissemination, geographic compartmentalization, and demographic history of the BPANDEMIC and BCAR lineages circulating in French Guiana and Suriname. To answer these questions, we used Maximum Likelihood (ML) and Bayesian coalescent-based methods to analyze a comprehensive data set of 361 HIV-1 subtype B pol sequences from French Guiana and Suriname recently described (Abdoel Wahid et al., 2016; Darcissac et al., 2016). The sequences were compared with HIV-1 subtype B pol sequences from the Caribbean, South America, North America, and Europe to identify country-specific transmission clusters of the BPANDEMIC and BCAR lineages and to reconstruct their evolutionary and demographic dynamics. We also tested if individuals from French Guiana infected by the BPANDEMIC and BCAR lineages displayed or not comparable epidemiological and clinical characteristics.



MATERIALS AND METHODS

Guianese and Surinamese HIV-1 Subtype B Sequences

HIV-1 subtype B pol sequences from treatment-naive adult patients from French Guiana (n = 271) and Suriname (n = 90) recently described (Abdoel Wahid et al., 2016; Darcissac et al., 2016) were included in the present study. HIV-1 sequences were sampled over a time period of seven years (2006–2012) and cover the complete protease (PR) and the first part of the reverse transcriptase (RT) regions (nucleotides 2,253–3,275 of reference strain HXB2). Only one sequence per subject was selected and the subtype of all sequences was confirmed using the REGA HIV subtyping tool v.2 (de Oliveira et al., 2005). HIV-1 pol sequences were aligned using the ClustalW program (Thompson et al., 1997) and codons associated with major antiretroviral (ARV) drug resistance positions in PR (n = 12) and RT (n = 21) were excluded. All patients were informed of the possible use of epidemiological and clinical data for research and provided written consent. The project was approved by the Comité de Recherche Clinique (CoRC) Pasteur Institute Paris Project number 2014–2016.

HIV-1 Subtype B Lineage Assignment and Identification of Guianese/Surinamese Subtype B Lineages

HIV-1 subtype B pol sequences from French Guiana and Suriname were first aligned with 500 subtype B sequences representative of the BPANDEMIC and the BCAR lineages described previously (Cabello et al., 2014; Mendoza et al., 2014) (Supplementary Table S1) and classified within corresponding lineages by using a ML phylogenetic approach. ML trees were inferred with the PhyML program (Guindon et al., 2010) using an online web server (Guindon et al., 2005) under the GTR+I+Γ nucleotide substitution model, as selected by the jModelTest program (Posada, 2008), and the SPR branch-swapping algorithm of heuristic tree search. The reliability of the obtained tree topology was estimated with the approximate likelihood-ratio test (aLRT) (Anisimova and Gascuel, 2006) based on the Shimodaira-Hasegawa-like procedure. Trees were rooted using subtype D sequences (the closets HIV-1 group M lineage relative to subtype B) taken from the Los Alamos HIV Database and visualized using the FigTree v1.4.0 program (Rambaut, 2009).

HIV-1 BCAR and BPANDEMIC pol sequences from French Guiana and Suriname were next aligned with BCAR sequences from the Caribbean and Brazil and with BPANDEMIC sequences from the United States (US), France, the Netherlands, and Northern Brazil characterized previously (Cabello et al., 2014, 2015, 2016; Divino et al., 2016) (Supplementary Table S2). Sequences were subjected to ML analyses as described above and Guianese and Surinamese BCAR and BPANDEMIC transmission clusters were defined as highly supported (aLRT ≥ 0.85) monophyletic clusters mostly (>90%) composed by sequences from these countries. For putative intra-subtype BCAR/BPANDEMIC recombinant sequences, similarity plots depicting the percentage identity to a panel of BPANDEMIC, BCAR, and subtype D reference sequences were generated using SimPlot v.3.5.1 (Lole et al., 1999) and Neighbor-Joining phylogenetic trees of different pol gene fragments were reconstructed under the Tamura-Nei model, in 500 bootstrapped datasets, using MEGA v6 (Tamura et al., 2013).

Spatiotemporal and Demographic Reconstructions

To reconstruct spatiotemporal dynamics and identify the most probable source location of major BCAR Guianese/Surinamese lineages here identified, we selected BCAR sequences from the major Caribbean islands with high prevalence of non-pandemic strains and BCAR sequences from neighboring South American countries, including: all BCAR sequences from Hispaniola and sequences of major BCAR lineages circulating in Trinidad and Tobago (BCAR-TT), Jamaica (BCAR-JM-I), Brazil (BCAR-BR-I and BCAR-BR-II), and Guyana (BCAR-GY) identified in previous studies (Cabello et al., 2014, 2015; Divino et al., 2016) (Supplementary Table S3). Similarly, to identify the most probable source location of major BPANDEMIC Guianese/Surinamese lineages we selected a subset of BPANDEMIC reference sequences from regions with the highest human flux from/to French Guiana and Suriname (the Caribbean, South America, Central America, North America, and Europe). A total of 40 BPANDEMIC reference sequences from each geographic region with known date of isolation and with the highest similarity to Guianese and Surinamese sequences were selected using the basic local alignment search tool (BLAST)1 (Supplementary Table S4).

The evolutionary rate, the age of the most recent common ancestor (TMRCA, years), the spatial diffusion pattern and the rate (r, years-1) of population growth of major HIV-1 Guianese/Surinamese subtype B lineages were jointly estimated using the Bayesian Markov Chain Monte Carlo (MCMC) approach as implemented in BEAST v1.8 (Drummond et al., 2002; Drummond and Rambaut, 2007) with BEAGLE (Suchard and Rambaut, 2009) to improve run-time. Because regression analyses using program TempEst (Rambaut et al., 2016) revealed that subtype B pol datasets here compiled does not contain sufficient temporal signal for reliable time-scale estimations (X-intercept [TMRCA] < 1,910), Bayesian MCMC analyses were performed using the GTR+I+Ã4 nucleotide substitution model and a relaxed uncorrelated lognormal molecular clock model (Drummond et al., 2006) with a uniform prior distribution on the substitution rate that encompass mean values previously estimated for the subtype B pol gene (2.0–3.0 × 10-3 subst./site/year) (Hue et al., 2005; Zehender et al., 2010; Chen et al., 2011; Mendoza et al., 2014). Migration events throughout the phylogenetic histories were reconstructed using a reversible discrete phylogeography model (Lemey et al., 2009) with a CTMC rate reference prior (Ferreira and Suchard, 2008). Changes in effective population size through time for each major HIV-1 Guianese/Surinamese subtype B lineages was independently estimated using a Bayesian Skyline coalescent tree prior (Drummond et al., 2005). Estimates of the population growth rate were obtained using the parametric model (logistic, exponential, or expansion) that provided the best fit to the demographic signal contained in datasets. Comparison between demographic models was performed using the log marginal likelihood estimation based on path sampling (PS) and stepping-stone sampling (SS) methods (Baele et al., 2012). MCMC chains were run for 50–200 × 106 generations. Convergence (Effective Sample Size > 200) and uncertainty (95% Highest Probability Density [HPD] values) in parameter estimates were assessed using the TRACER v1.6 program (Rambaut and Drummond, 2007). Maximum clade credibility (MCC) trees were summarized with TreeAnnotator v1.7.5 and visualized with FigTree v1.4.0.

Estimation of HIV Incidence Temporal Trend in French Guiana

To estimate the HIV incidence in French Guiana we used the Spectrum v5.51 package2. AIM (AIDS Impact Model) and CSAVER (Case Surveillance and Vital Registration) incidence fitting tools were used with a start in 1970 and projections until 2013. Historical HIV programmed data, treatment eligibility criteria for adults and children for different periods, the proportion of pregnant women with access to prevention of mother-to-child transmission of HIV, the number of patients receiving ARV therapy, the median CD4-count at ARV initiation, the proportion of virologically suppressed treated patients and the proportion of lost to follow-up patients each year were entered in Spectrum. The Epidemic was modeled as a concentrated epidemic. The yearly progression rate to the next CD4 category and the HIV mortality with and without ARV were selected from the options in Spectrum based on Latin America and the Caribbean. The default ratio of fertility of infected women versus uninfected ones was used.

Statistical Analyses

Epidemiological and demographic characteristics of the cohort included in the present study were compared using Fisher’s exact test or chi2 implemented in Stata 13 software. Statistical significance was defined as p < 0.05.



RESULTS

Identification of Major Guianese/Surinamese Subtype B Lineages

HIV-1 subtype B sequences from French Guiana and Suriname (n = 361) were combined with viral strains representative of the BPANDEMIC (n = 300) and BCAR (n = 200) lineages (Supplementary Table S1). The ML analysis revealed that, as expected, a very large proportion of HIV-1 subtype B sequences from French Guiana (60%) and Suriname (50%) were intermixed among BCAR strains; whereas the others branched within the well-supported (aLRT = 0.90) BPANDEMIC lineage (Supplementary Figure S1 and Supplementary Table S5). A few sequences from French Guiana (4%) and Suriname (6%) remained unclassified as they branched basal to the BPANDEMIC lineage, but were not intermixed among BCAR sequences and, when included, greatly reduced the support of the BPANDEMIC lineage (aLRT < 0.80) (data not shown). Similarity plots revealed that most unclassified sequences displayed a higher similarity to BCAR reference strains in the initial portion of the pol fragment (covering the entire PR) compared to BPANDEMIC strains, and a higher similarity to BPANDEMIC sequences in the final portion of the pol fragment (Supplementary Figure S2). This suggests that they may represent intra-subtype BCAR/BPANDEMIC recombinant sequences. The phylogenetic branching pattern at the initial and final portions of the pol fragment also supports a BCAR/BPANDEMIC recombinant structure for half of unclassified sequences (Supplementary Figure S2). However, this result should be interpreted with caution due the overall low support (bootstrap < 60%) at nodes of phylogenetic trees.

The BCAR and BPANDEMIC sequences from French Guiana and Suriname were then combined with BCAR and BPANDEMIC sequences of countries from the Americas (Caribbean region and Brazil) and Europe (France and the Netherlands) that maintain historical intense migratory fluxes with French Guiana and Suriname. The ML phylogenetic analyses revealed that most BCAR and BPANDEMIC sequences from French Guiana (≥52%) and Suriname (≥70%) branched within a few monophyletic lineages of large size (n > 10 sequences) that were exclusively composed of sequences from both countries (BCAR-GF/SR-I, BCAR-GF/SR-II, BCAR-GF/SR-III, BPAN-GF/SR-I, and BPAN-GF/SR-II), from French Guiana (BPAN-GF-I), or that also include sequences from neighboring countries (BCAR-SA-I) (Figure 1 and Supplementary Table S6). Geographic distribution of major Guianese/Surinamese BCAR and BPANDEMIC lineages was not homogenous across countries (Supplementary Tables S7, S8). The remaining BCAR and BPANDEMIC sequences from French Guiana and Suriname branched in country-specific lineages of small size (≤10%) or appeared as non-clustered infections (≤41%) (Supplementary Table S6).
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FIGURE 1. Identification of major Guianese/Surinamese subtype B lineages. (A,C) ML phylogenetic trees of HIV-1 BCAR and BPANDEMIC pol sequences circulating in French Guiana and Suriname together with representative BCAR sequences from the Caribbean and Brazil and BPANDEMIC sequences from the US, France, the Netherlands and Northern Brazil. Branches are colored according to the geographic origin of each sequence as indicated at the legend (bottom right). Shaded boxes highlight the position of BCAR and BPANDEMIC highly supported (SH-aLRT ≥ 0.85) clusters mostly/exclusively composed by Guianese and/or Surinamese sequences. Major (n ≥ 10) BCAR and BPANDEMIC lineages detected in French Guiana and Suriname are indicated with names. Trees were rooted using HIV-1 subtype D reference sequences. The branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site. (B,D) Estimated proportion of HIV-1 sequences branching in major and minor Guianese/Surinamese clusters as well of non-clustered (NC) sequences among BCAR and BPANDEMIC infected individuals from French Guiana and Suriname according to the ML analyses.



Spatiotemporal Dissemination of Major Guianese/Surinamese Subtype B Lineages

To identify the most probable source location of major BCAR and BPANDEMIC Guianese/Surinamese subtype B lineages, those sequences were combined with sequences of major BCAR lineages circulating in the Caribbean and Brazil and with BPANDEMIC sequences from the Americas and Europe with the highest BLAST search similarity score to Guianese/Surinamese sequences. Bayesian phylogeographic analyses support that lineage BCAR-SA-I arose after dissemination of a single variant strain from Trinidad and Tobago (Posterior State Probability [PSP] = 0.98) into French Guiana (PSP = 0.93) at around the middle 1970s, that subsequently passed the BCAR-SA-I lineage to Suriname, Brazil, and Guyana at multiples times, originating the sublineages BCAR-BR-I and BCAR-GY (Figure 2A and Supplementary Figure S3). The other Guianese/Surinamese BCAR lineages most probably arose after dissemination of viral strains from Hispaniola (PSP ≥ 0.97) into Suriname (lineage BCAR-GF/SR-I, PSP = 0.68) and French Guiana (lineages BCAR-GF/SR-II and BCAR-GF/SR-III, PSP ≥ 0.97) between the late 1970s and the middle 1980s, followed by multiple viral exchanges between those countries (Figure 2A and Table 1). The lineages BPAN-GF/SR-I and BPAN-GF/SR-II most probably arose after concurrent dissemination of BPANDEMIC strains from North America (PSP = 1) into French Guiana (PSP = 0.97) and Suriname (PSP = 0.75), respectively, at around the middle 1980s and were later disseminated between French Guiana and Suriname at multiple times (Figure 2B and Table 1). We detected only sporadic disseminations of the BPAN-GF/SR-I lineage from French Guiana into Northern Brazil (Amapá), North America (the US), and Europe (the Netherlands). The BPAN-GF-I lineage most probably arose after spreading of a BPANDEMIC strain from South America (PSP = 0.92) into French Guiana (PSP = 0.99) at around the early 1990s, with no evidence of dissemination outside this country (Figure 2B and Table 1).
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FIGURE 2. Spatiotemporal dissemination of major Guianese/Surinamese subtype B lineages. (A) Time-scaled Bayesian phylogenetic tree of HIV-1 BCAR pol sequences from French Guiana, Suriname, Brazil, Guyana, and the Caribbean combined with subtype D reference sequences. Shaded boxes highlight the position of major BCAR lineages from French Guiana/Suriname, Trinidad and Tobago, Jamaica, Brazil, and Guyana. The arc indicates the position of the BCAR-SA-I lineage. (B) Time-scaled Bayesian phylogenetic tree of HIV-1 BPANDEMIC pol sequences from the French Guiana, Suriname and closely related BPANDEMIC sequences from the Caribbean, South/Central/North America, and Europe, combined with subtype D reference sequences. Shaded boxes highlight the position of major BPANDEMIC lineages circulating in French Guiana and Suriname. Branches are colored according to the most probable location state of their descendent nodes as indicated in the legend at right. Branch lengths are drawn to a scale of years. The trees are automatically rooted under the assumption of a relaxed molecular clock.



TABLE 1. Phylogeographic, evolutionary, and demographic parameters estimated for major HIV-1 BCAR and BPANDEMIC lineages circulating in French Guiana and Suriname.
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Demographic History of Major Guianese/Surinamese Subtype B Lineages

Bayesian coalescent inference was next used to reconstruct the population dynamics of major HIV-1 subtype B Guianese/Surinamese lineages with more than 30 sequences. The Bayesian skyline plot (BSP) analyses suggest that lineages BCAR-SA-I, BCAR-GF/SR-I, and BPAN-GF/SR-I experienced an initial phase of slow growth until 1985–1990, followed by a phase of exponential growth during the 1990s and subsequent decline in growth rate from the middle 1990s and the middle 2000s (Figures 3A–C). The estimated temporal change of the HIV incidence rate in French Guiana also supports an epidemic stabilization around the early 2000s; but points to a continuous reduction of the HIV incidence afterward that was not captured by our coalescent-based demographic inference (Figure 3D). The logistic demographic model fit the data better than the other models tested (log BF > 3) for lineages BCAR-SA-I and BCAR-GF/SR-I; but was modestly supported (log BF = 1.9) over the exponential one for lineage BPAN-GF/SR-I, probably due to the very recent stabilization phase (Supplementary Table S9). According to the logistic growth model, the mean estimated epidemic growth rates of lineages BCAR-SA-I (0.46 year-1), BPAN-GF/SR-I (0.45 year-1), and BCAR-GF/SR-I (0.30 year-1) were roughly comparable and corresponded to mean R0 of between 3.4 and 4.7 (Table 1).
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FIGURE 3. (A–C) Demographic history of major HIV-1 BCAR and BPANDEMIC lineages (n > 30 sequences) circulating in French Guiana and Suriname. Mean estimates of the effective number of infections (Ne) (solid line) are shown together with the 95% HPD intervals (dashed curves) of the Bayesian skyline plot for lineages BCAR-SA-I (A), BCAR-GF/SR-I (B), and BPAN-GF/SR-I (C). The vertical axes represent the estimated Ne on a logarithmic scale. Time scales are in calendar years. (D) Spectrum-estimated national HIV incidence temporal trend in French Guiana.



Association Between Epidemiological Characteristics and HIV-1 Subtype B Lineages

Analysis of the epidemiological characteristics of Guianese subjects infected with BPANDEMIC and BCAR lineages revealed that both viral lineages circulated among males and females of different age groups. Most subjects infected with both BPANDEMIC and BCAR lineages were mainly followed-up at clinics from the capital city Cayenne and born outside French Guiana (Table 2). Although heterosexual sex was the main mode of HIV transmission for both lineages, the proportion of homosexual/bisexual men among those infected by the BPANDEMIC lineage (10%) was five-times higher than among those infected by BCAR lineages (2%). Among clinical characteristics, significant differences were observed in subject distribution according to plasma RNA viral load. The proportion of subjects with high viral loads (>10,000 copies/ml) among those infected with the BPANDEMIC lineage (64%) was higher that among those infected with BCAR lineages (46%).

TABLE 2. Epidemiological information of subjects from French Guiana infected by HIV-1 BCAR and BPANDEMIC clades.

[image: image]

Significant differences in epidemiological and clinical variables were also observed among major Guianese/Surinamese subtype B transmission chains (Supplementary Table S10). In contrast to the overall pattern, most (65%) subjects infected with the lineage BCAR-GF/SR-I were followed-up at clinics from Saint Laurent du Maroni, the second most populous city of French Guiana located at the border with Suriname. Significant associations were observed between infecting strain and the country of origin, including: born in Guyana and lineage BCAR-SA-I, born in Suriname and lineage BCAR-GF/SR-I, and born in mainland France and lineage BCAR-GF/SR-II. Notably, individuals of Haiti origin represent a large proportion (20%) of subjects from French Guiana infected with BCAR strains, but a low fraction (5%) of those infected with major Guianese/Surinamese BCAR lineages. We also observed that the proportion of subjects with high viral loads among those infected with lineage BPAN-GF/SR-I (82%) was higher than among those infected with lineages BCAR-SA-I (43%) and BCAR-GF/SR-II (25%).



DISCUSSION

This study revealed that the HIV-1 subtype B epidemic in French Guiana and Suriname has been driven by multiple active BCAR and BPANDEMIC transmission chains that arose from several independent sources and operate in both countries simultaneously. Most BCAR (≥59%) and BPANDEMIC (≥40%) sequences from French Guiana and Suriname here analyzed branched within regional-specific monophyletic lineages that comprise sequences from both countries; while only a minor fraction of BCAR (≤10%) and BPANDEMIC (≤18%) sequences branched within country-specific clusters containing only sequences from a single country. This high degree of phylogenetic intermixing of HIV sequences is fully consistent with the intense cross-border population mobility between French Guiana and Suriname (Collomb and Fouck, 2016; Jaries et al., 2017) and supports the need to develop a coordinated bi-national healthcare response.

Our analyses identify four major BCAR (designated as BCAR-SA-I and BCAR-GF/SR-I to BCAR-GF/SR-III) and three major BPANDEMIC (designated as BPAN-GF/SR-I, BPAN-GF/SR-II, and BPAN-GF-I) transmission chains that together accounted for 54 and 73% of all HIV-1 subtype B sequences from French Guiana and Suriname here analyzed, respectively. This resembles the estimated proportion of HIV-1 subtype B infections that resulted from the expansion of major local (country- and regional-specific) BPANDEMIC and/or BCAR lineages in Argentina (31%), Brazil (31%), Mexico (37%), El Salvador (41%), Peru (51%), Jamaica (53%), Cuba (70%), Panama (77%), Honduras (91%), and Trinidad and Tobago (94%) (Delatorre and Bello, 2013; Cabello et al., 2014; Mendoza et al., 2014; Mir et al., 2015). This level of geographic compartmentalization is much higher than that observed for the subtype B epidemic in Europe where countries are highly interconnected and transcontinental migration is a significant driving force of virus dispersal (Paraskevis et al., 2009; Magiorkinis et al., 2016) and supports that subtype B transmissions in Latin America and the Caribbean are mainly occurring between individuals from the same country or neighboring countries (Junqueira et al., 2016).

The lineage BCAR-SA-I was the most widely disseminated BCAR lineage in French Guiana and the northern South America region. According to our Bayesian phylogeographic analysis, this regional lineage arose after dissemination of a BCAR-TT strain from Trinidad and Tobago into French Guiana at around the middle 1970s and later spread to Suriname, Guyana, and Northern Brazilian region. Nevertheless, a significant proportion (10%) of immigrants residing in Trinidad and Tobago is from Guyana (Borland et al., 2004). In addition, a very high proportion (45%) of subjects infected with the lineage BCAR-SA-I in French Guiana where from Guyana. At last, the intense human mobility across the Roraima border with Guyana (Pereira, 2006; Corbin, 2007) coincides with a high prevalence of the lineage BCAR-SA-I in that Northern Brazilian state (Divino et al., 2016). These epidemiological data therefore suggest that lineage BCAR-SA-I arose in Guyana. Nevertheless, the scarcity of HIV-1 sequences from that country seriously constrained our phylogeographic inference. The other major Guianese/Surinamese BCAR lineages most probably arose in the island of Hispaniola and were introduced into French Guiana (BCAR-GF/SR-II and BCAR-GF/SR-III) or Suriname (BCAR-GF/SR-I) between the late 1970s and the middle 1980s. It is interesting to note that a significant proportion (20%) of BCAR-infected subjects living in French Guiana were born in Haiti but individuals of Haitian origin only represent a minor fraction (5%) of lineages BCAR-GF/SR-I (5%), BCAR-GF/SR-II (0%), and BCAR-GF/SR-III (10%). Thus, Haitian migrants may provide an epidemiological link for sporadic BCAR transmissions from Haiti into French Guiana but only a minor fraction of those migrants seems to be actively participating in sustaining the local BCAR transmission networks.

Our phylogeographic analysis supports that major BPANDEMIC lineages most probably arose after dissemination of viral strains from North America into French Guiana (BPAN-GF/SR-I) and Suriname (BPAN-GF/SR-II) at around the middle 1980s and from South America into French Guiana (BPAN-GF-I) at around the early 1990s. Despite the historical ties and intense human mobility between French Guiana/mainland France and Suriname/Netherlands (Cordova Alcaraz, 2012), our analyses only support a few sporadic disseminations of BPANDEMIC strains between these regions. This is consistent with very restricted HIV transmissions between Surinamese and Dutch individuals living in the Netherlands (Kramer et al., 2011) and with the extremely low prevalence of BCAR strains in mainland France and the Netherlands (Cabello et al., 2016). Similarly, no intense BPANDEMIC fluxes were detected between French Guiana and Northern Brazil despite the intense human mobility and the favorable social conditions for the spread of HIV in the border region between Amapá (Northern Brazil) and French Guiana (Bourdier, 2005; Soares et al., 2011; Parriault et al., 2015; Collomb and Fouck, 2016).

Although the high population mobility promote a frequent HIV flux between French Guiana and Suriname, our results support some level of geographic subdivision for some major subtype B lineages. We found that lineages BCAR-SA-I and BPAN-GF-I comprise a much larger proportion of sequences from French Guiana than from Suriname, have their origin traced to French Guiana and mostly comprise Guianese subjects followed-up at the capital city, Cayenne. Lineages BCAR-GF/SR-I and BPAN-GF/SR-II, by contrast, were much more prevalent in Suriname than in French Guiana, had their origin traced to Suriname and mostly comprise subjects followed-up at Saint Laurent du Maroni, a French Guianese city located at the border with Suriname that attend a large number of patients from that country (Nacher et al., 2010; Jaries et al., 2017). We also detected a larger proportion of non-clustered BCAR and BPANDEMIC infections in French Guiana relative to Suriname, perhaps reflecting the greater influence of migrations and/or the larger number of sequences analyzed from French Guiana.

The study of the epidemiological characteristics of HIV-infected subjects from French Guiana revealed that BCAR and BPANDEMIC viruses have been disseminated between both MSM and heterosexual individuals. The MSM group has a much greater proportion of BPANDEMIC viruses (71%) than the heterosexual one (34%), but the role of MSM individuals in local spread of BPANDEMIC viruses greatly varied across transmission chains. While an important fraction of subjects infected with lineages BPAN-GF/SR-II (14%) and BPAN-GF-I (27%) were MSM; no MSM individuals were detected within the largest local BPAN-GF/SR-I transmission network. Overall, a large proportion of HIV-1 infections among heterosexuals (57%) and MSM (50%) in French Guiana can be ascribed to the seven major subtype B transmission chains here detected. More importantly, the proportion of individuals within these large cluster networks increased from 40% among those with HIV diagnosis between 1990 and 2005 to 62% among those diagnosed between 2006 and 2012. These data clearly support that large transmission clusters are a major driving force sustaining the recent dissemination of BCAR and BPANDEMIC epidemics in French Guiana. These results also emphasize that early detection and treatment as well as Pre Exposure Prophylaxis targeting people being part of large transmission chains should have a significant impact on reducing the spread of HIV-1 in French Guiana.

The analysis of clinical characteristics of individuals from French Guiana revealed a significant trend for higher RNA viral loads among BPANDEMIC-infected relative to BCAR-infected subjects, despite no significant differences in clinical condition or CD4+ T cell counts between groups. Previous studies suggested that viral genetic factors contribute to the heritability and variation of viral load set point (Bonhoeffer et al., 2015; Bertels et al., 2018) and may also modulate viral replication (Ronsard et al., 2017a,b). Whether differences in viral load here observed between subjects reflect selective advantages for BPANDEMIC strains over BCAR ones cannot be answered by the present study. Future in vitro studies comparing the replication dynamics of BCAR and BPANDEMIC strains and studies of carefully controlled retrospective cohorts could further explore this possibility. Characterization of full-length viral genomes should also be done in future studies to detect potential intra-subtype BCAR/BPANDEMIC recombinant lineages.

Although major lineages BPAN-GF/SR-I, BCAR-SA-I, and BCAR-GF/SR-I showed significant differences regarding city of residence, country of origin and RNA viral load, they exhibited roughly comparable mean epidemic growth rates (0.30–0.46 years-1). Transactional sex and concurrent sexual partnerships were pointed as important drivers of the HIV epidemic in French Guiana (Nacher et al., 2010) and most subjects (>90%) infected by major Guianese/Surinamese lineages were heterosexuals. Interestingly, the epidemic growth rates here obtained were similar to those estimated for BCAR and BPANDEMIC lineages spreading in countries from the Caribbean and Central America with generalized heterosexual epidemics (0.35–0.45 years-1) (Cabello et al., 2014; Mendoza et al., 2014); but lower than those estimated for BPANDEMIC lineages mainly transmitted among MSM networks (0.75–1.55 years-1) (Hue et al., 2005; Zehender et al., 2010; Chen et al., 2011; Delatorre and Bello, 2013; Worobey et al., 2016). This supports that the characteristics of the existing transmission network is a major driving force of the epidemic potential of different HIV-1 subtype B lineages.

In summary, this study highlights that HIV epidemics in French Guiana and Suriname are highly intermixed and that about 60% of HIV-1 subtype B infections in those countries resulted from the expansion of multiple BCAR and BPANDEMIC viral strains probably introduced between the middle 1970s and the early 1990s. Major BCAR and BPANDEMIC local lineages have independently spread among males and females of different age and risk groups from both countries and substantially contribute to the ongoing epidemic. Some associations between the infecting BCAR/BPANDEMIC lineage and epidemiological (geographic location and country of birth) and clinical (RNA viral load) variables were detected among individuals sampled in French Guiana, but no major differences in the epidemic potential of major BCAR and BPANDEMIC lineages were observed.
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FIGURE S1 | Lineage assignment of HIV-1 subtype B pol sequences from French Guiana and Suriname. (A,C) ML phylogenetic trees of HIV-1 subtype B pol PR/RT sequences (∼1,000 nt) from French Guiana (n = 271) and Suriname (n = 90) together with representative sequences of the BPANDEMIC (US = 165 and France = 135) and the BCAR (Caribbean = 200) lineages. Branches are colored according to the geographic origin of each sequence as indicated at the legend (bottom right). Asterisks point to highly supported (SH-aLRT > 0.90) key nodes of subtype B and the BPANDEMIC lineage. Trees were rooted using HIV-1 subtype D reference sequences. The branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site. (B,D) Estimated proportion of BCAR and BPANDEMIC lineages among HIV-1 subtype B infected individuals from French Guiana and Suriname according to the ML analyses. ND, not determined.

FIGURE S2 | Analysis of HIV-1 subtype B pol sequences with no lineage assignment. Similarity plots generated using SimPlot are shown on the left. Plots displays the percent genetic similarity (y axis) of each subtype B query sequence from French Guiana/Suriname to the reference BCAR (blue line), BPANDEMIC (red line), and subtype D (black line) strains along the pol gene fragment (x axis; nucleotides 2,253–3,275 of reference strain HXB2). The analysis was performed with a window size of 250 nucleotides (nt) and a step size of 10 nt. Dashed vertical lines delimitate the pol gene fragments were most query sequences displayed highest similarity to BCAR references (fragment I), near equal similarity to both BCAR and BPANDEMIC references (fragment II), and highest similarity to BPANDEMIC references (fragment III). The GenBank accession number of each sequence is indicated in the upper left. NJ phylogenetic trees of subtype B query sequences from French Guiana/Suriname combined with BCAR (blue circles), BPANDEMIC (red circles), and subtype D (black circles) strains at pol fragments I and III are shown on the left. The subtype/lineage assignment of each query sequence at each fragment is indicated in the upper middle. Subtype D sequences were used as outgroups and the branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site. Low bootstrap support values were obtained for both subtype B (<70%) and BPANDEMIC (<30%) monophyletic groups in all phylogenetic trees.

FIGURE S3 | Map summarizing viral migration events of major HIV-1 BCAR lineages circulating in French Guiana and Suriname. Arrows between locations represent branches in the Bayesian phylogenetic tree along, which location’s transitions occur. Map was created with Quantum GIS (QGIS) software from templates obtained from d-maps.com (Caribbean: http://d-maps.com/pays.php?num_pay=118&lang=es; South America: http://d-maps.com/carte.php?num_car=28522&lang=en).

TABLE S1 | HIV-1 subtype B pol (PR/RT) reference sequences of BPANDEMIC and BCAR clades used for subtype B clade assignment.

TABLE S2 | HIV-1 subtype B pol (PR/RT) reference sequences of BPANDEMIC and BCAR clades used for identification of Guianese/Surinamese subtype B clades.

TABLE S3 | HIV-1 BCAR pol (PR/RT) sequences used for Bayesian phylogeographic analysis.

TABLE S4 | HIV-1 BPANDEMIC pol (PR/RT) sequences used for Bayesian phylogeographic analysis.

TABLE S5 | Clade assignment of HIV-1 subtype B subtype pol sequences from French Guiana and Suriname.

TABLE S6 | Phylogenetic clustering of HIV-1 BCAR and BPANDEMIC pol sequences from French Guiana and Suriname.

TABLE S7 | Prevalence of major HIV-1 BCAR lineages circulating in French Guiana and Suriname.

TABLE S8 | Prevalence of major HIV-1 BPANDEMIC lineages circulating in French Guiana and Suriname.

TABLE S9 | Best fit demographic models for major HIV-1 subtype B lineages circulating in French Guiana and Suriname.

TABLE S10 | Epidemiological information of subjects from French Guiana infected by major HIV-1 BCAR and BPANDEMIC lineages.



FOOTNOTES

1 www.ncbi.nlm.nih.gov/BLAST

2 http://www.avenirhealth.org/software-spectrum.php
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Background: Global surveillance of viral sequence diversity is needed to keep pace with the constant evolution of HIV. Recent next generation sequencing (NGS) methods have realized the goal of sequencing circulating virus directly from patient specimens. Yet, a simple, universal approach that maximizes sensitivity and sequencing capacity remains elusive. Here we present a novel HIV enrichment strategy to yield near complete genomes from low viral load specimens.

Methodology: A non-redundant biotin-labeled probe set (HIV-xGen; n = 652) was synthesized to tile all HIV-1 (groups M, N, O, and P) and HIV-2 (A and B) strains. Illumina Nextera barcoded libraries of either gene-specific or randomly primed cDNA derived from infected plasma were hybridized to probes in a single pool and unbound sequences were washed away. Captured viral cDNA was amplified by Illumina adaptor primers, sequenced on a MiSeq, and NGS reads were demultiplexed for alignment with CLC Bio software.

Results: HIV-xGen probes selectively captured and amplified reads spanning the entirety of the HIV phylogenetic tree. HIV sequences clearly present in unenriched libraries of specimens but previously not observed due to high host background levels, insufficient sequencing depth or the extent of multiplexing, were now enriched by >1,000-fold. Thus, xGen selection not only substantially increased the depth of existing sequence, but also extended overall genome coverage by an average of 40%. We characterized 50 new, diverse HIV strains from clinical specimens and demonstrated a viral load cutoff of approximately log 3.5 copies/ml for full length coverage. Genome coverage was <20% for 5/10 samples with viral loads <log 3.5 copies/ml and >90% for 35/40 samples with higher viral loads.

Conclusions: Characterization of >20 complete genomes at a time is now possible from a single probe hybridization and MiSeq run. With the versatility to capture all HIV strains and the sensitivity to detect low titer specimens, HIV-xGen will serve as an important tool for monitoring HIV sequence diversity.

Keywords: next-generation sequencing, HIV, HIV diversity, target enrichment, xGen, virus surveillance


INTRODUCTION

As the HIV epidemic continues, surveillance of HIV diversity is essential to monitor the emergence of new subtypes and the presence of new strains (Hemelaar, 2013). Knowing which subtypes or recombinants historically predominate in a geographic region and whether the identity and proportion of new infections reflect a static or changing landscape will help inform appropriate interventions. For example, in Europe where the majority were once subtype B, 50% of new infections are non-B or recombinants (Semaille et al., 2007). The number of non-B infections in the US has also been on the rise (Pyne et al., 2013; Oster et al., 2017). Of equal concern is knowing whether mutations have arisen in current strains that could lead to misdiagnosis of HIV status, under-quantification of patients on antiretroviral therapy, or inadequate screening of the blood supply (Brennan et al., 2006).

Next generation sequencing (NGS) has been applied to the fight against HIV in several capacities, including monitoring for drug resistance, cell tropism determination, superinfection studies, network analysis and transmission patterns, and intra-patient quasi-species detection (Bimber et al., 2010; Archer et al., 2012; Redd et al., 2012; Swenson et al., 2012; Giallonardo et al., 2014). These typically involve high-throughput amplicon sequencing of defined sub-genomic regions such as pol or env. By contrast, metagenomic approaches using random priming permit an assessment of the full extent of sequence diversity in strains and can be applied to surveillance. Complete genomes of HIV and co-infecting viruses can be obtained directly from patient specimens, provided viral loads are high enough (Luk et al., 2015; Yamaguchi et al., 2017). To increase sensitivity, the HIV-SMART method utilizes reverse primers in conserved sequences of HIV fused to a tag to facilitate combined virus-specific priming and amplification (Berg et al., 2016; Rodgers et al., 2017a). In an alternate HIV-specific approach, individual long fragments (e.g., >2 kb) amplified with HIV primer pairs can be converted to NGS libraries to achieve detection limits nearing that of PCR, although the process is more labor intensive (Gall et al., 2012). What remains elusive is a simple, universal NGS approach for surveillance that balances sensitivity and cost, allowing numerous specimens of any titer and from any HIV group to be sequenced simultaneously while also maximizing NGS capacity and minimizing the use of resources.

To increase the sensitivity of microbial metagenomics from patient specimens, numerous pre-treatment approaches have been applied to reduce host background, including nuclease pre-treatment, rRNA depletion, filtration, centrifugation, etc. (Hall et al., 2014; Conceição-Neto et al., 2015). An alternate means of enriching for viral reads after NGS library preparation has shown great promise. Briese, et al synthesized nearly 2 million biotin-labeled probes to cover all coding regions of vertebrate viruses, hybridized them to conventional high throughput sequencing libraries containing spiked in viral nucleic acid, and amplified sequences captured on streptavidin beads. The VirCapSeq-VERT method yielded a 100–10,000-fold increase in viral reads from patient specimens (Briese et al., 2015). An analogous approach tailored specifically for hepatitis C virus (HCV) has been equally successful, tiling all seven genotypes with just 1,100 probes (Bonsall et al., 2015). HIV probes tiling only subtype B showed in principle that genomes of integrated provirus can be selectively amplified from host DNA (Miyazato et al., 2016). As with HCV, HIV-1 and HIV-2 exhibit substantial diversity and therefore probes inclusive of all subtypes and groups are needed for surveillance. Here we developed a comprehensive probe set to accommodate the full spectrum of HIV strains encountered. We demonstrate that the HIV-xGen method is highly effective, particularly for low titer patient specimens, moving the field closer toward a universal, sensitive, high volume NGS solution.



MATERIALS AND METHODS


Specimens

Specimens were collected by the Abbott Global Surveillance Program through collaborations in Cameroon, Uganda, South Africa, Senegal, and Thailand. All specimens were de-identified and obtained according to local regulations in each country at the time of collection between 1998 and 2016, including local IRB approval when required. Specimens were identified as HIV-1 positive by rapid diagnostic tests done in source countries before sequence analysis and testing at Abbott Laboratories (Swanson et al., 2000; Brennan et al., 2008; Rodgers et al., 2017b). De-identified specimens from the Democratic Republic of Congo were obtained in 1987 as part of Project SIDA by the US National Institute of Allergy and Infectious Diseases (Cohen, 1997).



Specimen Pretreatment and Extraction

Plasma specimens were pre-treated with Ultra-pure benzonase (Sigma, St. Louis MO) for 3 h at 37°C and extracted on the m2000sp (Abbott Laboratories, Des Plaines IL) with the RNA protocol (500 μl input/70 μl elute) as described (Berg et al., 2016).



HIV Viral Loads

Viral loads were determined by the HIV-1 RealTime (Abbott Laboratories, Des Plaines IL) assay as described (Berg et al., 2016).



cDNA Synthesis and Nextera XT Library Production

Viral RNA was concentrated to 10 μl with RNA Clean and Concentrator-5 spin columns (Zymo Research, CA) as described (Rodgers et al., 2017a). For gene-specific reverse transcription, cDNA was generated with HIV-SMART essentially as described (Berg et al., 2016; Rodgers et al., 2017a). Minor modifications described here were made to primer concentrations, cDNA input and PCR cycling conditions to reduce loss and boost sensitivity. The pool of six HIV-SMART primers used was 300 nM final for each (formerly 1 μM), the entire 10 μl of SMART cDNA (without dilution) was used as input for SMART amplification, and 18 rounds (formerly 35) of PCR were performed. HIV-SMART libraries were then purified with 1.4X vol of AMP-pure beads, eluted in 12 μl of EB buffer, and 5 μl (undiluted) was used as template for Nextera XT reactions. For reverse transcription by random primers, metagenomic libraries were prepared by using Superscript III (SSRTIII) 1st Strand reagents (Life Technologies) followed by 2nd strand synthesis with Sequenase V2.0 T7 DNA pol (Affymetrix). Double stranded cDNA was recovered with DNA clean and concentrator spin columns (Zymo Research) and eluted in 7 μl. HIV-SMART and SSRTIII libraries were tagmented by Nextera XT and amplified for 16 and 24 cycles, respectively, with Set A indices lacking 5′ biotin tags (see below), according to manufacturer instructions (Illumina, Carlsbad CA). Nextera libraries were purified with Agencourt AMPpure XP beads (Beckman Coulter), visualized on a BioAnalyzer TapeStation (Agilent), and quantified on a Qubit instrument (Life Technologies) with dsDNA broad range reagents (Molecular Diagnostics).



Design of HIV xGen Probe Set

For HIV-1 group M, approximately 10 complete reference sequences from each subtype (A-K, plus CRF02) and representing a diversity of countries of origin were selected from the Los Alamos National Lab 2015 alignment. HIV-xGen probes (n = 82) were first designed against the consensus sequence derived from this reduced alignment. All degenerate base codes (e.g., R, Y) were replaced with specific, majority base call designations to permit probe synthesis. Next, the consensus was compared to individual subtypes by scanning each sequence in 100 bp windows to identify regions with <80% identity. Where diversity exceeded this cutoff and substitutions were found to be common across several subtypes, additional probes (n = 101) tiling 122–366 bp segments were designed to ensure complete capture of these regions. In order to adequately tile stretches with >10% diversity (e.g., env), probes were either designed against the entire individual sequence or to those sequences flanking the variable region. Consensus sequences were similarly obtained to design probe sets for HIV-1 groups N (N = 78), O (N = 83) and P (N = 83), and HIV-2 groups A (N = 87) and B (N = 86), each supplemented with additional probes (N = 11, 31, 6, 3, and 0, respectively) covering regions of increased diversity.



Synthesis of HIV xGen Probes, Nextera Barcoding Primers, and Blocking Oligos

120 nt probes encoding the sense strand of HIV with 1 nt overlap and modified with a 5′ biotin tag were synthesized at Integrated DNA Technologies (IDT, Coralville IA). Mini-pools made at 3 pmol/probe were resuspended in 15 μl of TE to a storage concentration of 0.2 pmol/probe/μl.

Custom DNA Ultramers (4 nmol) of Nextera XT Set A indices (N701-N715 and S502-S511) lacking a biotin label and containing two 3′ phosphothioate modifications were synthesized at IDT and working stocks were each diluted to 5 μM. Blocking oligos complementary to Nextera Set A i5 and i7 index primers (e.g., P5/P7 adaptors_8 nt barcodes_R1/R2 sequencing primers) were also synthesized at IDT at a 1 μl/reaction working concentration.



xGen Hybridization, Washes and Library Amplification

The enrichment for HIV reads was performed essentially as described in the Hybridization capture of DNA libraries using xGen® Lockdown® probes and reagents protocol from IDT. Individually barcoded Nextera libraries (n = 6–26) were pooled to have a minimum 500 ng of cDNA and then combined with 5 μg of Cot-1 DNA carrier and 1 μl of each blocking oligo. Samples were dried for >15 min in a SpeedVac set at 45°C. Pelleted material was resuspended in 8.5 μl of 2X hybridization buffer, 2.7 μl of Hybridization Buffer Enhancer, and 1.8 μl of nuclease-free water. After a 10 min denaturation at 95°C, 4 μl of a working probe stock (100 attomoles/probe/μl) was added and mixed to bring the final volume to 17 μl. Hybridizations were incubated for 4 h at 65°C. M-270 Streptavidin beads (100 μl per capture) were equilibrated in Bead Wash buffer, pelleted by magnet, and mixed with hybridizations for another 45-min incubation at 65°C, vortexing every 12 min to ensure beads remained in solution. Washes were performed as recommended and beads were resuspended in 20 μl of nuclease-free water for an initial 12 cycles of amplification with the KAPA PCR mix. Agencourt AMPpure beads (1.5X volume/75 μl) were added to PCR reactions and captured/washed material was eluted in 20 μl. A repeat KAPA amplification of 10 cycles followed by AMP-Pure clean-up was performed and libraries were visualized on an Agilent 2200 TapeStation and quantified with a Qubit fluorometer using the dsDNA high-sensitivity kit.



NGS Analysis

Analysis was performed as described (Berg et al., 2016; Rodgers et al., 2017a). Barcodes were parsed on the MiSeq instrument and filtered for Q-scores above 30. Fastq files were imported into CLC Genomics Workbench 9.0 software (CLC bio/Qiagen, Aarhus Denmark, version 9.0) where reads below 70 nt were discarded and the SMART adaptor was removed separately from both strands. When no preliminary Sanger sequence was available, raw data was simultaneously mapped to multiple HIV reference sequences to determine the subtype/group with the greatest identity. The following alignment settings were applied: match = 1, mismatch = 2, insertion = 3, deletion = 3, length fraction = 0.7, and similarity fraction = 0.8. An iterative approach was used to derived the final sequence, whereby the initial consensus served as the reference to refine the consensus in a second round of alignment. The raw NGS data (see below) was realigned to the final consensus sequence to generate NGS run statistics found in Tables 1, 2.



Table 1. NGS data for samples sequenced ± enrichment with HIV xGen.
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Table 2. NGS data for samples sequenced only by HIV xGen.
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Removal of Contaminating Sequences

To detect possible contaminating reads originating from a different set of barcodes, raw data from one sample was individually mapped to the consensus sequences of samples sequenced in the same run, requiring a similarity fraction of 0.99 (e.g., ≥99% identical). Mapped reads were removed from the fasta file. Unmapped reads (e.g., unique to the sample of interest) were collected and realigned to an appropriate reference to generate a consensus.



Sequence Gap Closure

RT-PCR and Sanger (population) sequencing were performed as described to fill gaps in NGS sequence data (Rodgers et al., 2017a). Primer pairs used and their sequences are listed in the Supplemental Information. Complete genomes were obtained for 144-26, 363-24, PBS1342, AB260, and 814-43 by combining Sanger with NGS data. Additional sequence covering gaps was obtained for 9505343, 129-26, 961-09, 577-27, 112-11, and 8128965.



Phylogenetic Analysis

Alignments, neighbor-joining trees, and recombination analysis by SIMPLOT were all performed as described (Berg et al., 2016).



Nucleotide Sequence Accession Numbers

Open reading frames for all 28 full and 3 near complete genomes were verified and annotated using SeqBuilder (DNASTAR Lasergene v11.2) and submitted to GenBank as project 2135293 under the following accessions: PBS888 (MH705133), PBS1191 (MH705134), PBS1342 (MH705135), 459-16 (MH705136), 5056135 (MH705137), 8128965 (MH705138), 9505343 (MH705139), 814-43 (MH705140), 363-24 (MH705141), 770-8 (MH705142), 42-877 (MH705143), A1699 (MH705144), 144-26 (MH705145), 112-11 (MH705146), AB260 (MH705147), 296 (MH705148), O-1225-51 (MH705149), 20-02 (MH705150), 70641 (MH705151), PBS5635 (MH705152), PBS6126 (MH705153), 2049 (MH705154), P406 (MH705155), P3844 (MH705156), P4039 (MH705157), 2106 (MH705158), PBS0724 (MH705159), PBS1189 (MH705160), 50 (MH705161), 87-2580 (MH705162), PBS1195 (MH705163). Raw data depleted of human sequences can be found in the SRA database under BioProject ID: PJRNA486839.




RESULTS


HIV-xGen Target Enrichment Strategy

To enable full genome characterization of all HIV strains, we designed xGen probes to selectively capture and amplify viral sequences from cDNA libraries. Individual alignments were compiled for HIV-1 group M (subtypes A-K and circulating recombinant form [CRF] 02), groups N, O and P, as well as HIV-2 groups A and B. A minimum 80% identity has been shown to be required for effective xGen probe hybridization of viral sequences (Bonsall et al., 2015). Therefore, to eliminate redundancy and the synthesis of a prohibitively expensive number of probes, a consensus sequence from each group was generated from which an initial set of 120 nt single-stranded DNA probes tiling the genome at 1X coverage was derived. Alignments were then scanned in 100 nt windows to identify regions of strong nucleotide conservation and those of considerable heterogeneity. The minimum number of probes were selected to tile the former (e.g., >80% identity in pol), whereas those for heterogeneous regions (e.g., <80% identity in env) found in individual subtypes and strains were added as needed. Using this approach, only 183 probes were required for HIV-1 group M, compared to several thousand that would have been needed if probes were designed against the entire genomic sequence of individual strains. A total of 651 probes covered all HIV-1 and HIV-2 strains (Figure 1).
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FIGURE 1. HIV-xGen strategy. 651 probes were selected to tile all HIV-1 and HIV-2 strains present in the phylogenetic tree at 1X coverage. Reverse transcription and second strand synthesis were performed by random priming with Superscript/Sequenase or by the HIV-SMART method. Nextera XT was used to convert cDNA to barcoded Illumina libraries consisting of both HIV (red inserts) and background (black) reads. Pooled libraries were hybridized to xGen probes (green) with 5′-biotin tags (gold) for a single capture and selected by magnetic bead separation. Multiplexed libraries were amplified by universal KAPA primers, sequenced on a MiSeq, and reads were parsed by barcode.



cDNA from HIV-infected plasma can be synthesized by either random (Superscript RTIII; SSRTIII) or virus sequence-specific priming (HIV-SMART; Figure 1), followed by topoisomerase-mediated fragmentation, adaptor tagging and amplification with Nextera XT (Berg et al., 2015, 2016). Previously, despite a 17–20-fold increase in sensitivity over metagenomic (random primed) libraries, together with additional optimization of the HIV-SMART protocol described here in section Materials and Methods to now consistently obtain full genomes from ≥log4 copies/ml samples, both library approaches on their own still yield a minority of viral sequences (1–5%; red inserts in Figure 1) relative to host and reagent background (black inserts in Figure 1; Luk et al., 2015; Berg et al., 2016). Using the probes described above, we explored whether target capture of HIV reads from these conventional libraries could boost NGS sensitivity for viral sequences present in low abundance (Figure 1).

Since xGen probes are modified with a 5′-biotin tag, Nextera XT adaptors lacking biotin needed to be synthesized to avoid streptavidin-mediated capture of all input sequences. Individually barcoded libraries were pooled together for a single capture, hybridized to HIV xGen probes on magnetic streptavidin beads, and washed to eliminate background (non-HIV) sequences. After PCR amplification, we note that the size range of resulting xGen libraries was often noticeably larger than their unenriched precursors (350–500 vs. 200–300 nt; data not shown). MiSeq runs were performed on an HIV-xGen super-library that typically multiplexed 6–26 samples, all with unique dual barcodes to permit parsing of data (Figure 1).



Diverse Sequences Are Captured and Enriched in HIV-xGen Libraries

To establish that the expected range of diversity was indeed captured by this method and determine whether the yield of viral reads increased, HIV xGen was applied to a variety of HIV-1 and HIV-2 strains. We began with high-titer specimens or virus isolates we previously sequenced to assess the fidelity of probes and exclude the possibility that gaps in xGen-generated coverage were a result of reads missing from the Nextera starting material. Also, by remaking libraries and arriving at the same consensus, we could demonstrate that HIV-xGen was not introducing artifacts or sequence bias. For HIV-1 group M, a high titer subtype C strain from South Africa (8119636; log 5.62 copies/ml) previously sequenced by HIV-SMART was remade this time by random priming (SSRTIII) and once again yielded 98% coverage (Berg et al., 2016). Following a post-Nextera HIV-xGen selection, 100% coverage was obtained, implying that sufficiently complementary sequences were present among the probes (Figure 2; Table 1). Notably, whereas only 2.69% of metagenomics reads mapped to HIV, this improved dramatically to 98.23% with HIV-xGen selection. The resulting SSIII-derived HIV-xGen consensus sequence was 99.99% identical to the HIV-SMART sequence. We continued to evaluate the probe set for the ability to capture HIV-1 groups O and N and HIV-2A sequences from virus isolate-generated libraries. Complete coverage was previously obtained in each case, with HIV-SMART libraries comprised of 3.8% (LA34; group O) and 10.0% (LA28; group N) HIV reads and randomly primed Ovation Single Cell libraries with 1.33% (LA38; HIV-2A) HIV reads (Berg et al., 2016; Yamaguchi et al., 2017). Here, cDNA libraries of each isolate were remade by random priming in this study and once again, 100% coverage was achieved for all three strains with a post-Nextera HIV-xGen enrichment, confirming that probes adequately covering these diverse groups were present and functional. The percentage of HIV reads once again increased to 97.23% for LA34 (group O), 99.39% for LA28 (group N) and 96.89% for LA38 (HIV-2A; Figure 2A). Likewise, the consensus sequences derived from HIV-xGen were 100%, 99.99%, and 100% identical to prior sequences.
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FIGURE 2. Diverse sequences are captured and enriched in HIV-xGen libraries. (A) Coverage plots of SSRTIII libraries enriched by HIV-xGen that were sequenced previously: HIV-1 group M subtype C (8119636), group O (LA34), group N (LA28), and HIV-2A (LA38). (B) Coverage plots of new HIV-1 strains libraries generated by HIV-SMART and followed by enrichment with HIV-xGen: HIV-1 group M subtype F2 (A1699), CRF06 (9505343), URF (770-8), and group O (AB260).



The HIV-xGen method was then applied to additional clinical samples from Cameroon and Senegal with either viral loads ≥log5 copies/ml or those with unknown titers, this time with HIV-SMART libraries as the starting cDNA. For HIV-1 group M, a subtype F2, a CRF06, and a unique recombinant (URF) were sequenced and 100%, 91%, and 100% coverage was obtained for each, respectively (Figure 2B; Table 2). An HIV-1 group O strain (O-AB260) also yielded 99% coverage. The percentages of HIV reads in the total ranged from 86 to 99%. Thus, a diverse set of high titer specimens were fully sequenced by HIV-xGen selection regardless of which cDNA synthesis method was deployed.



HIV-xGen Dramatically Increases Sensitivity for Low Titer Specimens

The value of HIV-xGen will reside in its ability to fully sequence low titer specimens while multiplexing to the same or greater extent. Representative results from strains with viral loads of log 4.59 copies/ml (PBS1342; URF), log 3.86 copies/ml (PBS1191; subtype G) and log 3.47 copies/ml (PBS888; subtype A) demonstrate the dramatic improvements in coverage with enrichment compared to without (Figure 3A). For HIV SMART, genome coverage increases from 86, 51, and 56% without xGen to 95%, 100%, and 100% with xGen, respectively. Similarly, genome coverage with Superscript (SSRTIII) changes from 99, 45, and 54% without xGen to 97, 96, and 96% with xGen, respectively. Here again, HIV-xGen libraries were comprised almost entirely (90–99%) of HIV sequence regardless of the cDNA synthesis method chosen (SMART or SSRTIII) and resulting consensus sequences were 99.51, 99.04, and 99.76% identical, respectively.
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FIGURE 3. A HIV-xGen dramatically increases sensitivity for low titer specimens. (A) Coverage plots are shown for HIV-SMART libraries (top panels) without (orange) and with (blue) HIV-xGen as well as Superscript libraries without (orange) and with (blue) HIV-xGen. PBS1342 is a URF, PBS1191 is subtype G and PBS888 is subtype A. (B) Coverage plots for strains with titers ranging from log 2.7–3.6 copies/ml including a subtype F2 (112-11), a subtype D (129-26), a CRF01 (10047105267) and an HIV-2 strain (136-16) of unknown viral load. (C) Plot of viral load vs. genome coverage for all new strains sequenced with a known titer. Red dashed line = log 3.4 copies/ml; orange dots = no enrichment; blue dots = xGen enrichment.



Thirteen additional samples from the Democratic Republic of Congo, ranging in titers of log 3.58 to 5.78 copies/ml, were sequenced here by the HIV-SMART ± xGen method (Table 1). These specimens together with the examples above reveal a median 1,147x (range 24.7–56, 509x) boost in HIV read yield upon xGen enrichment. For high titer specimens, percent genome coverage is largely unaffected (see below Figure 3C), although the depth of coverage is substantially increased as the same reads are re-sequenced. However, specimens <log 4.5 copies/ml saw both a significant increase in depth and overall genome coverage, indicating that additional HIV reads are present in libraries which have not been sequenced without enrichment (Table 1, Figure 3C). In a few instances, fewer than 10 reads were initially mapped, which following xGen selection, resulted in 97–100% coverage (subtype K, P3844; subtype A1, PBS0724). The average increase in percent genome coverage for xGen-enriched compared to unenriched samples was 40.5%. Indeed, all samples >log 3.5 copies/ml had ≥79% coverage, with the majority (72%) of these having >95% genome coverage. Once again, strain consensus sequences were virtually identical independent of xGen, as well as when PCR duplicate reads were removed during mapping (Supplemental Table S2A). Similarly, the total number of minor variants (MV; 10–50%) detected was consistent between methods. However, while PCR duplicate removal had minimal effect on the extent to which the exact same MVs were detected (70–100% overlap), this overlap was reduced when comparing (-)xGen to (+)xGen datasets (28–84% overlap; Supplemental Table S2B).

We next explored strains with viral loads ranging from log 2.6–3.6 copies/ml, continuing with the HIV-SMART + HIV xGen approach (Table 2). Coverage plots for xGen-enriched libraries in Figure 3B illustrate that while full genomes are not possible with this method in this titer range, the partial coverage obtained for some can still be substantial (e.g., 40–80%). Once again, sequences from different geographies were successfully captured, including a subtype F2 (112-11, Cameroon), D (129-26; Cameroon), and CRF01 (10047105267; Thailand). As testament to the method sensitivity, an HIV-2 strain (136-16; Cameroon), which typically replicates at low titers, was extracted from diluted patient plasma and attained 75% genome coverage (Figure 3B). The average percent genome sequenced for those with ≤log 3 copies/ml is 26 ± 18%. For two samples at log 3.24 and 3.26 copies/ml, zero HIV reads were obtained. It is noteworthy that input for cDNA synthesis in this range is <200 copies of virus and that for many of these samples, simply obtaining a product by RT-PCR was also a challenge.

To summarize the results for all samples attempted in which a titer was known, genome coverage was plotted against viral load. Most samples >log 3.5 copies/ml achieved near-complete coverage and those below this threshold yielded a partial genome (Figure 3C). Different colors (±xGen) for the same samples (identical viral loads) illustrate the significant jumps in coverage following enrichment. There were several strains for which low sample volume precluded viral load testing, particularly for HIV-1 group O and rare circulating recombinants (Table 2). For more than half of these we succeeded in obtaining >90% of the genome.



HIV xGen Facilitates Classification and Characterization of Diverse HIV Strains

A total of 50 new strains originating from the Democratic Republic of Congo, Cameroon, Thailand, South Africa, Senegal, and Uganda were sequenced by HIV-xGen. Phylogenetic classification of 28 complete or near-complete (>90%) genomes determined in this study are shown using a 6,252 nt gap-stripped alignment (Figure 4A). Many of the major subtypes and CRFs are represented here, as well as four group O strains, illustrating the breadth of viral diversity captured by this method. Phylogenetic classifications of partial genome sequences with 75–90% (Supplemental Figure S1) and <75% (Supplemental Figure S2) coverage are found in the Supplemental Information.


[image: image]

FIGURE 4. HIV-xGen enables full genome characterization of rare and diverse strains. (A) Neighbor joining phylogenetic tree of 28 new full genomes (red) generated from a 6,252 nt gap-stripped alignment. Specimens sequenced in this study are shown in red. (B) Boot-scanning analysis of unique recombinant forms 770-80 and 814-43.



Strains branching basal to Group M subtype nodes were investigated further by Simplot and boot-scanning to reveal evidence of recombination. For each initial Simplot analysis preceding the final bootscan shown, appropriate references were included to verify that the strain in question was more similar to the recombinant sequence than to the pure reference sequence of the same subtype (e.g., A, G, etc.). Sub-genomic RT-PCR of env immunodominant region (IDR) originally categorized 770-8 as a CRF13. While NGS confirmed the classification of this portion of the sequence, we were able to determine with the full genome that it was actually a unique recombinant form consisting of CRF02, CRF37 and CRF13 sequences. Similarly, full genome characterization of 814-43 demonstrated it was not simply a CRF06, but rather a URF consisting of CRF06 and CRF02 sequence (Figure 4B). Plotting consensus base call percentages at each position ruled out dual or super-infections, since aside from the occasional minor variant, values approached 100% throughout the genome. No continuous stretches of lower consensus base call percentages were observed, indicating only one major recombinant species was present (data not shown).




DISCUSSION

HIV-xGen is a universal, robust, and cost-effective back-end to any cDNA method deployed for next generation sequencing of HIV-1 and HIV-2. Previously, with benzonase-treated extractions and either our optimized gene-specific (HIV-SMART) or standard random priming approaches for cDNA synthesis, we were still challenged by sensitivity. While we obtained much greater coverage for samples with titers between log 4 and log 5 copies/ml, genomes were still incomplete (Berg et al., 2016; Rodgers et al., 2017a). Now, with HIV-xGen, we can routinely obtain full genomes at a lower limit of log 3.5 copies/ml, whereas previously without enrichment, samples in the log 3.5–4.5 range would only yield 20–50% coverage. Thus, it was clear that these HIV reads were actually present in libraries, but we were not sequencing to a sufficient read depth to observe them. Below this log 3.5 threshold, the ability to adequately sequence samples is likely a limitation of cDNA synthesis, and not xGen; it cannot capture and amplify material that was never reverse transcribed. With specimens each having inherent differences in host background, detection is not linear in this range. Some may obtain >50% coverage whereas others of similar titer recover no sequence at all. Overall, our results are consistent with what others have reported for probe-mediated positive selection of viral sequences (Bonsall et al., 2015; Briese et al., 2015). Simply sequencing deeper, on a higher throughput instrument (e.g., HiSeq vs. MiSeq), or multiplexing less could certainly provide improved detection and coverage of low titer samples, but the overall read proportions would likely remain the same. Now with xGen, far more samples can be processed and sequenced at once as a greater percentage of reads are viral, saving time and resources. Throughput and NGS capacity are further increased by virtually eliminating the sequencing of host background.

As with HIV-SMART, the objective with HIV-xGen was to fully characterize strains for the purpose of surveillance. With the sensitivity we now demonstrate, the number of specimens previously deemed too challenging to sequence by NGS due to low titer has markedly declined. As a greater proportion of patients are on therapy and able to suppress viral loads, it is imperative that our methods can adequately characterize low titer specimens. While we only attempted to multiplex a maximum of 26 samples at a time, the high percentage of HIV reads from the total per barcode suggests many more libraries (e.g., an entire 96-well plate) could be pooled without detriment. Considering the depth of coverage now possible, assessing levels of minor variants and quasi-species in samples could be an attractive application for HIV-xGen. For example, detection of minor variants at clinically relevant levels (e.g., >10%) to predict the emergence of drug resistance and treatment failure should be readily achievable with this method (Li and Kuritzkes, 2013; Obermeier et al., 2014; Noguera-Julian et al., 2017). However, primer IDs controlling for starting cDNA populations and potential PCR bias were not used in this study and the original proportions of minor variants after Nextera amplification might be expected to drift further after additional rounds of HIV-xGen amplification (Jabara et al., 2011; Boltz et al., 2016). Indeed, we showed that while consensus sequences do not change with enrichment or inclusion of duplicate reads, minor variant populations are affected by xGen (Supplemental Table S2). Nevertheless, our primary goal was to not limit interrogation to sub-genomic regions via amplicon sequencing, but rather to better comprehend the complete extent of diversity in entire genomes found in different geographic regions at different times. As an example, our prior surveillance efforts in Cameroon have consistently observed a predominance of CRF02, CRF06, CRF13, and CRF37 (Rodgers et al., 2017b). Now it appears that the URFs we are detecting in this region are recombinants and contain genome segments that do not phylogenetically cluster with homologous sequences derived from any of the classified HIV-1M (Figure 4).

With the batching of samples during hybridization and amplification steps, the inability to control for the resulting proportion of reads/barcode is one shortcoming of the method. Generally, the resulting read numbers were a reflection of the starting viral loads. Thus, we recommend, if possible, that samples be grouped by titer to avoid an imbalance. Nevertheless, given the potential for one or more samples to predominate in a run relative to the others in the pool, cross-contamination of reads between barcodes on the MiSeq was of concern (Lee et al., 2016). Therefore, raw data from each sample was mapped to each individual HIV xGen-derived consensus sequence of other samples in the same run to identify regions of perfect identity which might indicate the incorrect binning of reads. Fortunately, this was infrequently observed, with most errant reads derived from high read depth samples, and particularly in those samples where a barcode may have been shared. Thus, we further recommend that unique dual barcode pairs be chosen for each library in a pool. Here, reads clearly originating from another sample were removed from the dataset and the mapping was repeated to derive an accurate consensus. In most cases, we had prior Sanger data to compare the NGS consensus sequences against to verify that the final sequence obtained was correct.

Another shortcoming of the method is that the full scope of HIV diversity cannot be known, therefore probes comprehensive of all sequences cannot be designed, and yet this is an argument in favor of continued surveillance. As an example in Figure 3A, PBS1342 exhibits a gap in the env region using either cDNA synthesis approach. The HIV-SMART reverse primer binding site is considerably downstream of the gap and fails to explain the absence of sequence, irrespective of enrichment. In contrast, randomly primed libraries did sequence successfully across this region, for which only a small portion (nt 7,196–7,455) was not recovered by xGen. Comparison of the 120 nt probes spanning this region to the PBS1342 consensus sequence revealed an overall lower identity (78–85%), but presumably the concentration of mismatches and indels we observed were the major factor. In the first probe, 14 of the total 18 mismatches were focused in the 3′ 50 nucleotides, the middle probe had two insertions (6, 3 nt), one deletion (3 nt), and 13 mismatches all situated in the 5′ 53 nucleotides, and in the third there were 19 mismatches over a stretch of 33 nucleotides, preceded by two insertions (6, 27 nt) and a deletion (15 nt). Adequate coverage of envelope will likely remain a challenge, particularly as we explore geographies with high sequence diversity such as the DRC, yet the tolerance for mismatches displayed throughout the genomes of numerous strains from HIV-1 and HIV-2 groups speaks to the robustness of the method.

It is essential that diagnostic tests keep pace with HIV and other rapidly mutating viruses by proactively seeking out strains in circulation that may escape detection with current assays (Brennan et al., 2006). The ability to fully characterize multiple samples simultaneously without regard for subtype, group, or titer opens up greater opportunities for future surveillance. At the same time, using HIV-xGen to retrospectively examine archived specimens and understand the origins of the HIV epidemics is an equally compelling application (Rodgers et al., 2017a). Metagenomic NGS combined with selective viral sequencing promise a new era in diagnostic virology (Barzon et al., 2011; Quiñones-Mateu et al., 2014; Kumar et al., 2017). As sensitivity and throughput increases with methods like HIV-xGen, we are one step closer to realizing this potential.
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Identifying the source and dynamics of persistent HIV-1 at single-cell resolution during cART is crucial for the design of strategies to eliminate the latent HIV-1 reservoir. An assay to measure latent HIV-1 that can distinguish inducible from defective proviruses with high precision is essential to evaluate the efficacy of HIV-1 cure efforts but is presently lacking. The primary aim of this study was therefore to identify transcription and translation competent latently infected cells through detection of biomolecules that are dependent on transcriptional activation of the provirus. We investigated the applicability of two commercially available assays; PrimeFlowTM RNA Assay (RNAflow) and RNAscope® ISH (RNAscope) for evaluation of the efficacy of latency reversal agents (LRAs) to reactivate the HIV-1 latent reservoir. The J-Lat cell model (clones 6.3, 9.3, and 10.6) and four LRAs was used to evaluate the sensitivity, specificity, and lower detection limit of the RNAflow and RNAscope assays for the detection and description of the translation-competent HIV-1 reservoir. We also checked for HIV-1 subtype specificity of the RNAscope assay using patient-derived subtype A1, B, C, and CRF01_AE recombinant plasmids following transfection in 293T cells and the applicability of the method in patient-derived peripheral blood mononuclear cells (PBMCs). The lower detection limit of RNAflow was 575 HIV-1 infected cells/million and 45 cells/million for RNAscope. The RNAscope probes, designed for HIV-1B, also detected other subtypes (A1, B, C, and CRF01_AE). RNAscope was applicable for the detection of HIV-1 in patient-derived PBMCs following LRA activation. In conclusion, our study showed that RNAscope can be used to quantify the number of directly observed individual cells expressing HIV-1 mRNA following LRA activation. Therefore, it can be a useful tool for characterization of translation-competent HIV-1 in latently infected cell at single-cell resolution in the fields of HIV-1 pathogenesis and viral persistence.

Keywords: RNAscope, RNAflow, HIV-1 latency, latency-reversing agents, single-cell characterization


INTRODUCTION

From a clinical perspective, three read-outs in HIV-cure research can be considered: latency reversal, reservoir reduction and viral remission after cessation of combinational antiretroviral therapy (cART) (Churchill et al., 2016). Understanding the size of the reservoir and how best to target it, is a stepping-stone for HIV-cure research. Identifying the source and dynamics of persistent HIV-1 at single-cell resolution during cART is crucial for understanding the barriers for a functional HIV cure. A primary challenge in HIV-cure research is development of robust assays that can quantify the true reservoir of integrated, replication-competent provirus within the host cellular DNA and strategies that can eliminate or control this persistent viral reservoir.

An assay to measure HIV-1 latency that can distinguish inducible from defective proviruses with high precision is essential for evaluation of efficacy of eradication efforts but is presently lacking. Quantitative HIV-1 DNA PCR assays measure all proviruses, of which the vast majority are defective (Ho et al., 2013), thereby overestimating the size of the latent replication-competent reservoir. The quantitative viral outgrowth assay (Q-VOA), termed as the “golden-standard”, measures induced proviruses (Karlsson et al., 2001; Laird et al., 2013); however, it underestimates the size of the reservoir as it is unable to detect intact non-induced provirus (Eriksson et al., 2013). The technique TILDA (Tat/rev Induced Limiting Dilution Assay) measures the frequency of cells with inducible, multiply-spliced HIV-1 RNA that is absent in latently infected cells but can be induced upon viral reactivation (Procopio et al., 2015). However, large discrepancies are found between these assays that results in a significant hurdle for clinical trials that aim to measure the efficacy of HIV-1 eradication strategies (Bruner et al., 2015).

Recent studies have shown that the RNA-flow fluorescent in situ hybridization (FISH) technique can be useful to measure the translation or transcription-competent reservoir with high sensitivity and specificity (Baxter et al., 2017; Grau-Exposito et al., 2017). The method can also provide relevant information when studying HIV pathogenesis, persistence, and reactivation. Further, a more recent study using the branched DNA in situ hybridization technology combined with multiplex immunofluorescent cell-based detection of DNA, RNA, and Protein (MICDDRP) targeting both HIV-1 RNA, integrated provirus and viral proteins indicated that the method can be applied at single-cell resolution (Puray-Chavez et al., 2017).

In this study, we investigated the applicability of two commercially available assays, PrimeFlowTM RNA Assay (herein RNAflow) and RNAscope® ISH technique (herein RNAscope) for evaluation of the efficacy of latency reversal agents (LRAs) to induce the HIV-1 latent reservoir. For this purpose, the J-Lat cell model and low input of patients’ peripheral blood mononuclear cells (PBMCs) were used, respectively. We also checked the HIV-1 subtype specificity of the assays. Our study indicated that due to the loss of a large number of cells in RNAflow, the RNAscope technique perform better than RNAflow. In addition, RNAscope had a lower detection limit while scanning 1 × 106 cells, independent on the patient-derived HIV-1 subtype (HIV-1A1, HIV-1B, HIV-1C, 01_AE).



MATERIALS AND METHODS

Optimization of Latency-Reversing Agents (LRAs) to Achieve Maximal Reactivation of HIV-1 Latency

To optimize the reversal capacity of different LRAs, three J-Lat cell models of HIV latency (J-Lat Full Length Clones 6.3, 9.2, 10.6, NIH AIDS Reagent Program, United States) were used (Jordan et al., 2003). These cells are modified to contain integrated GFP replacing nef within the proviral genome. The parental cell line, Jurkat was used as negative control (Weiss et al., 1984). Cells were cultured in RPMI medium (10% fetal bovine serum (FBS, Gibco, Life Technologies, United States), 0.2% Penicillin-Streptomycin (Penstep, Gibco, Life Technologies, United States) and 0.2% PlasmocinTM prophylactic (InvivoGen, United States) and stimulated using individual and combinations of LRAs. The LRAs were tested in each cell model at final concentration of the Protein kinase C (PKC) agonists 12-deoxyphorbol-13-acetate (Prostratin, 6 μM, Sigma-Aldrich, MO, United States); human TNFα (hTNFα; 10 ng/mL, Thermo Fisher, United States); Calcium ionophore (Ionomycin, 1.25 μM, Sigma-Aldrich, MO, United States) and Suberoylanilide hydroxamic acid (SAHA, 6.25 μM, Sigma-Aldrich, United States), known to inhibit Histone deacetylase (HDACi). The exposure time of LRAs was standardized to 48 h. Reactivation of latent provirus and cell viability were monitored using GFP expression and viability dye (LIVE/DEADTM Fixable Aqua Dead Cell Stain Kit, Thermo Fisher, United States) using flow cytometry (BD FACSVerseTM, United States).

Surface Modified Slides and Coverslips

To prevent de-attachment of cells from coverslips during RNAscope, we used different surface modified slides, e.g., H-12-Collagen, H12-PDL, GG-12-Laminin, GG-12-Fibronectin, GG-12-Gelatin (Neuvitro Corporation, Vancouver, United States) and poly-L-lysin coverslips (Corning, United States). The poly-L-lysin coverslips provided better attachment and fluorescence signal during imaging and were therefore used for RNAscope.

HIV-1 mRNA Detection Using RNAflow

Cells were exposed for 48 hrs using LRAs followed by PrimeFlowTM (PrimeFlow RNA assay, Affymetrix/eBioscience, United States) detection of HIV-1 mRNA by flow cytometry, according to the manufacturer’s protocol. Forty probe pairs were used, 20 targeting gag and 20 targeting pol. Samples were collected in tubes followed by fixation and permeabilization. Probes were diluted and hybridized to the target mRNA for 2 h at 40°C. Samples were washed to remove excess probes, and signal amplification was achieved by sequential incubations with the pre-amplification and amplification mix (1.5 h at 40°C each). Amplified mRNA was labeled with Alexa Fluor 647-tagged probes (1 h at 40°C). Samples were acquired on a FACSVerse (BD Bioscience, United States) and analysis performed using FlowJo (Treestar, V10, United States). Un-activated/healthy control samples were used as gating control. Normalized positive cell per million (NPM) were calculated by the formula: NPM = (RNAflow+ cells/DAPI+ cells) × 106. All the experiments were performed at least two technical replicates with three biological replicates.

HIV-1 mRNA Detection Using RNAscope

RNAscope® (RNAscope® Fluorescent Multiplexed reagent kit, Advanced Cell Diagnostics, United States) was used as per the manufacturer’s protocol and adjusted for dual detection of mRNA and protein while retaining maximal amount of cells/coverslip. The probe set, V-HIV1-clade B-C3 (Advanced Cell Diagnostics, United States), consisted of 20 dual probes targeting different segments within the gag-pol region. During all preparation stages, coverslips were handled gently using forceps with no high velocities upon the coverslips as it greatly affected the attachment of cells. After activation, cells were washed two times 5 min using PBS at 1500 rpm prior attachment of 500,000 cells in 100 μL on Bio-coat pre-coated poly-L-lysin coverslips (Corning, United States) 30 min at 37°C. Un-attached cells were removed using PBS prior fixation using Formalin Solution, neutral buffered 10%, (NBF, Sigma-Aldrich, United States) for 20 min at RT and washed two times 5 min PBS. Pre-treatment for storage was performed by de-hydration using EtOH, 50, 70, and 100% for 2 min at room temperature subsequently for storage in 100% EtOH at -20°C for up to 1 month. Storage beyond 1 month decreases the signal. For re-hydration, the opposite concentration decrease of EtOH was performed with a final 10 min equilibrium in PBS. Cells were permeabilized using 0.1% PBS Triton-x for 10 min at RT prior washing and storing coverslips in PBS, 1 min. Coverslips were attached on Superfrost glass slides (Thermo Fisher, United States) using nail polish, and a hydrophobic barrier created using ImmedgeTM Hydrophobic Barrier Pen (Vector Laboratory, United States). Probe hybridization was achieved by incubation of 35 μL mRNA target probes for 2 h at 40°C using a HyBez oven. The signal was amplified by subsequent incubation of Amp-1, Amp-2, Amp-3 and Amp4 (Alexa Fluor 647-tagged probe), one drop each for 30, 15, 30, and 15 min respectively at 40°C using a HyBez oven. Each incubation step was followed by two times 2 min wash using RNAscope washing buffer in slide holders with agitation (50 rpm). Glass slides were always applied into slide holder containing washing buffer, cells upward using forceps. Nucleic acids were stained using manufacturers supplied 4′,6′-diamino-2-phenylindole (DAPI, Advanced Cell Diagnostics, United States) for 30 s and washed two times PBS, if not followed by subsequent protein staining, as described below, prior nucleic acid stain. The coverslips were mounted on SuperfrostTM Plus Adhesion Slides (Thermo Fisher, MA) using Prolong Gold Antifade Mountant (Thermo Fisher, United States). Unless otherwise stated, big field images of the whole coverslip were taken with a Nikon inverted confocal microscope equipped with ×20/0.75 objective and high-speed camera (Andor Zyla 4.2+, Belfast, Northern Ireland) utilizing the tiling function. The excitation/emission bandpass wavelengths used to detect DAPI, GFP/FITC and Alexa 647 were set to 405/425–480, 488/503–555 and 647/655–705 nm, respectively. Using the latest NIS Element Software with the function for object identification and automatic counting, HIVmRNA+/GFP+ cells were identified. Normalized positive cell per million (NPM) were calculated by the formula: NPM = (RNA+ cells /GFP+ cells/ DAPI+ cells)×106. Super-resolution images were captured using a Nikon Single point scanning confocal microscope with ×40/0.95 and × 60/1.4 oil objective.

Immunofluorescence Staining for HIV-1 p24

Staining for HIV p24 protein was performed after RNAscope and before staining for nucleic acids. Cells were blocked using 1% bovine serum albumin (BSA) in 0.1% PBST (Tween20) or 5% milk in 0.1% PBST at RT for 30 min followed by antibody (Ab) labeling using FITC tagged anti-p24 antibody (10 μg/ml, Biolegend, United States) or Ms anti-HIV-1 p24 Ab (1 μg/mL, Abcam, United Kingdom) at RT for 1 h/over-night at 4°C respectively. FITC stained samples were washed twice in PBST at RT for 10 min with agitation. For secondary Ab labeling samples were washed twice in PBST at RT for 5 min on agitation prior labeling with anti-Ms IgG H&L Alexa 488 (Abcam, United Kingdom).

Specificity of RNAflow and RNAscope

Reactivated J-Lat 10.6 cells were mixed with parental Jurkat cells in 10-fold dilutions from 10 to 0.001% with the addition of 20%. Samples were then analyzed using RNAflow or RNAscope. The percentage of J-Lat 10.6 cells, determined by dilution scale, were used for prediction of NPM for each sample in the dilution series. Detected values were compared to the predicted values to determine the linearity and Limit of Detection (LOD) of the assay. LOD was calculated with the corresponding linear equation and y = meanblank + 3SDblank. All the experiments were performed at least three technical replicates with three biological replicates.

Specificity of RNAflow and RNAscope were tested using three controls; negative control (J.Lat 10.6Activated-/Probe+), technical negative control (J.Lat 10.6Activated+/Probe-) and positive control (J.Lat 10.6Activated+/Probe+).

RNAscope to Detect Diverse HIV-1 Subtypes RNA

To evaluate the specificity of RNAscope to HIV-1 group M subtypes, specific clones (A1, B, C, 01_AE and 02_AG) were isolated from stored plasma samples of randomly chosen adult patients at Karolinska University Hospital, Stockholm, Sweden, and used for transfection of HEK 293T cells. The pNL4-3 plasmid was used as a positive control (NIH AIDS reagent program, United States). The subtypes were confirmed to be pure (HIV-1A1, HIV-1B, and HIV-1C) or circulating recombinant form (01_AE and 02_AG) by near full-length genome sequencing (Aralaguppe et al., 2016).

Cloning of Patient-Derived HIV-1 Gag-Pol

Viral RNA was extracted from 140 μL plasma using QIAmp Viral RNA Mini Kit (Qiagen, Germany). For a generation of the complementary strand, superscript III RT enzyme (Invitrogen, United States) was used with the gene-specific primer 6231R, as described by our group (Grossmann et al., 2015). The high-fidelity KAPA HiFiHotStart Ready Mix (KAPA Biosystem, United States) was used for two rounds of PCR. The first-round primers were 0682F and 6231R. Second-round primers 0702F-BssHII (GCGCGCCTAGAAGGAGAGAGAGATGGGTGCGAG) and 5798R-SalI (GTCGACCTCTCATTGCCACTGTCTTCTGCTC) contained the restrictions sites BssHII and SalI (New England Biolabs, United States) respectively that were subsequently used for cloning in the pNL4-3Δgag-pol plasmid and validated by sequencing as described recently (Neogi et al., 2018).

Transfection With Clones From HIV-1 Subtypes

Patient-derived clones were transfected in HEK 293T cells in a 1:3 dilution of DNA: Fugene (Promega, United States) using 1 μg DNA for 24 h. All transfection reagents were mixed in Opti-MEMTM (Gibco, Life Technologies, Carlsbad, United States) to a proportion of 1:10 of total media volume of RPMI. After 24 h post-transfection, media was removed and cells washed twice in PBS prior fixation using 10% NBF for 20 min at RT. Subsequently, RNAscope was performed and IF using primary and secondary antibody staining. Images were acquired using single point scanning confocal microscopy.

PBMCs Isolation and Detection

As a proof-of-concept, EDTA-blood samples were obtained from treatment naïve HIV-1 infected patients with viremia (n = 2) as well as HIV-1 negative individuals (n = 2). Patient 1 (PT#01) was infected with CRF01_AE and had a plasma viremia of 1970000 copies/mL while patient 2 (PT#02) was infected with HIV-1C with a plasma viremia of 69700 copies/mL. PBMCs were isolated by using Ficoll-Paque Plus reagent (GE Healthcare Life Sciences, Piscataway, NJ) according to the manufacturer’s protocol. Cells were frozen in 10% dimethyl sulfoxide (DMSO)–90% FBS after isolation. Upon preparation, donor PBMCs were allowed to recover 24 hrs in RPMI (10% FBS, 0.2% Penstrep and 20 units IL-2 (1 μg/mL, PeproTech). After recovery, LRA activation was conducted prior RNAscope procedure, including IF staining using FITC tagged Ab, as described above, to determine the NPM value. The experiments were performed two technical replicates with two biological replicates.

Ethical Considerations

The study was approved by regional ethics committees of Stockholm (2013/1944–31/4). All participants gave informed consent, and patients identity was anonymized and delinked before analysis.



RESULTS

There are currently no reliable markers for a precise detection and quantification of latently infected cells ex vivo nor in vitro. Studies aiming at quantifying the proportion of transcription and translation competent latently infected cells through biomolecule detection are dependent on transcriptional activation of the provirus. We explored the capacity of mRNA detection in situ to detect HIV-1 transcripts by flow cytometry (RNAflow) and microscopy (RNAscope) to evaluate the sensitivity and specificity of each detection system following latency reversal using LRAs (Figure 1).
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FIGURE 1. Study designing and experimental plan: Schematic representation of experimental plan for RNAflow and RNAscope.



LRAs Optimization

In our study, the optimal combination of LRAs for reactivation of latent HIV-1 was Prostatin (6 μM) and hTNFα (10 ng/mL), as measured by GFP expression, and cell viability (Figure 2). In J-Lat6.3 and J-Lat9.2, hTNFα + Prostatin (20 and 38.2% respectively) hade a significant increase in activation (p < 0.05) compared to hTNFα/SAHA (0.6 and 3.5% respectively), hTNFα/Ionomycin (1.5 and 6.2% respectively), Prostatin/SAHA (6.18 and 13.3% respectively) and Prostatin/Ionomycin (10.3 and 21% respectively) while in J-Lat10.6 hTNFα + Prostatin (88%) hade a more significant increase in activation than hTNFα/SAHA (51%) and hTNFα/Ionomycin (66.7%). This combination LRA (cLRA) was therefore used for all experiments.
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FIGURE 2. Optimization of latency reversing reagents (LRAs). Three J-Lat cell models 6.3, 9.2, and 10.6 were used to screen for optimal LRA combinations. The doses used were: hTNFα: 10 ng/ml, Prostratin: 6 μM, Ionomycin: 1.25 μM, SAHA: 6.25 μM as a single agent or in combinations. Percentage of GFP positive cells and viability were measured. J-Lat 10.6 showed maximum activation and was further used for RNA detection using the RNAflow and RNAscope. The LRA combinations hTNF-α and prostatin showed maximum activation in all three-cell model and further used as cLRAs.



Optimization of RNAscope Workflow to Improve Cell Recovery Rate

Extensive washing steps tend to affect the overall output of both RNAflow and RNAscope. For RNAflow we observed ∼70–82% of cell loss while performing all assays in the low-binding Eppendorf tube, while RNAscope procedure contributed to a ∼70–78% loss of cells on coverslips following the centrifugation in the CytoSpin centrifuge (Thermo Fisher, United States). To improve cell coverage, we aimed at optimizing the coating strategy of coverslips to gain sufficient electrostatic interactions between cell membrane (negatively charged ions) and coverslips (positively charged ions) using Poly-L-lysine, without changing the 3D morphology. Poly-L-Lysine pre-treatment positively affected the cell coverage shown by an increase in the attachment of activated J-Lat 10.6 cells, as measured by GFP (Supplementary Figure 1A). The optimization induced an increase in cell retention from 22.4 to 85.9%, from the input number of cells after the complete RNAscope procedure (Supplementary Figure 1B). Poly-L-Lysine is a strong coating agent that mediates an increase in positively charged sites available for binding on the coated surface thereby retaining cells during multiple washing steps.

Specificity and Limit of Detection (LOD) of RNAflow in Latently Infected Cells

The quantified proportion of activated HIVmRNA+/GFP+ cells using PrimeFlowTM was 77% of total cells compared to 0.043 and 0.14% detection in the negative and technical controls, respectively. HIVmRNA-/GFP- cells were detected at a rate of 21.9, 99.6, and 30.2% in J-Lat 10.6Activation+/Probe+, J-Lat 10.6Activation-/Probe+ and J-Lat 10.6Activation+/Probe-, respectively (Figure 3A). The LOD of the PrimeFlow assay was determined to be 575 normalized cell numbers/million (NPM) (Figure 3B). One of the major disadvantages of using RNAflow is the high cell loss during the preparational stages. We intended to analyze 1 × 106 cells. Following RNAflow, we were able to acquire 1 × 105 to 2 × 105 cells with an input of 1 × 106 cells due to cell loss. The protocol required more than 15-fold centrifugation steps with a reduction in cell numbers for each wash. Thus, as latently infected cells can be <100 cells in one million the starting material would have to be extremely large to facilitate any reliable data. Due to the limitations in accessibility of patient material and low sensitivity, PrimeFlowTM was not an advantageous option for this application.
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FIGURE 3. Gating strategy and determination of the lower detection limit of RNAflow. Reactivated J-Lat 10.6 cells were spiked into parent Jurkat cells in 10-fold dilutions from 10% to 0.001% with the addition of 20% population. (A) The gating strategy for RNA positive cells (lower right panel), GFP and RNA positive cells (upper right panel) and GFP positive cells (upper left panel). Specificity of RNAflow were tested using three controls; negative control (J.Lat 10.6Activated-/Probe+), technical negative control (J.Lat 10.6Activated+/Probe-) and positive control (J.Lat 10.6Activated+/Probe+). (B) Detected values were compared to the predicted values to determine the linearity and Limit of Detection (LOD) of the assay which was calculated using the corresponding linear equation (y = meanblank + 3SDblank).



Specificity and Limit of Detection (LOD) of RNAscope in Latently Infected Cells

Detection of rare cells by microscopy have been made available by RNAscope due to its high sensitivity and specificity as probes and reagents are optimized to yield a low background. Here HIVmRNA+/GFP+ could easily be identified after stimulation with LRAs using confocal microscopy (Figure 4A). Co-localization of the protein and mRNA signals showed a coherent detection in J-Lat 10.6Activation+/Probe+ after latency reversal whereas little or no signal was detected in J-Lat 10.6Activation-/Probe+ and J-Lat 10.6Activation+/Probe-. Using dilution series of activated J-Lat 10.6 cells in the parental Jurkat cell line, LOD was measured by automatic cell counting and analysis for dual recognition of HIVmRNA+/GFP+. LOD for RNAscope was significantly reduced to 45 NPM compared to RNAflow (Figure 4B). The NIS element software allowed for automated wide-field analysis and quantification of the proportion of cells with on-going viral replication, thereby determined as reactivation of latency (Supplementary Figure 2). Automated detection removed any bias incorporated due to human errors and thus contributed to a highly, unbiased detection system as all mRNA signal are related to cells that have an active transcription of GFP, and total number of cells based on detected nuclei following DAPI staining.
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FIGURE 4. Automated counting strategy and the lower detection limit of RNAscope (A) Detection of rare cells by microscopy following RNAscope HIVmRNA+/GFP+, HIVmRNA+ and HIVGFP+ cells were detected after LRA stimulation using confocal microscopy with a series (as mentioned in Figure 3) of activated J-Lat 10.6 cells in the parental Jurkat cell line (B) LOD was measured by automatic cell counting and analysis for dual recognition of HIVmRNA+/GFP+ using the same formula mentioned in Figure 3. Automated counting detected all mRNA signal related to cells that have an active transcription of GFP, and correlates it to the proportion of all detected nuclei (DAPI).



RNAscope to Detect Diverse HIV-1 Subtypes

Within the HIV-1 genome, the gag-pol region is known to be structurally, and evolutionary semiconserved (Li et al., 2015). HIV-1 has a high mutational rate, and thereby large variations occur on a genetic level between the subtypes. The original probe set was designed for HIV-1B subtype. To investigate if these probes could detect viral mRNA from various HIV-1 subtypes, HEK 293T cells were transfected with pNL4-3gag-pol clones of HIV-1A1, HIV-1B, HIV-1C, and 01_AE isolated from patients. The HIVRNA+ detection was complemented with immunofluorescence (IF) detection of the viral protein p24. This protein is translated early on during HIV-1 replication thereby making it a good validating marker for activation of latency. HIVRNA+/p24+ dual detection allowed for combinational validation of each cell harboring translation-competent virus. The probes were capable of detecting all subtypes using a standardized transfection for 24 h (Figure 5). Thus, these probes target a region that is semiconserved within the HIV-1 genome, indicating the capability of utilizing this method to quantify the proportion of latently infected cells in patient material independent on subtype.
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FIGURE 5. Subtype specificity of RNAscope using patients derived chimeric viruses of HIV-1 subtypes. Chimeric viruses having HIV-1A1, B, C and CRF 01_AE gag-pol recombinant plasmids were transfected in 293T cells. HIV-1 mRNA and p24 Gag protein was detected 24 h post-transfection by RNAscope and antibody staining.



Detection of Translation-Competent Latently Infected Cells ex vivo Using RNAscope

In vitro models never wholly convey the inherent complexity of a biological system. Therefore, we aimed at evaluating HIV-1 reactivation from latency in clinical samples ex vivo using PBMCs from two therapy-naïve individuals. In the absence of latency reversal 319 and 54 cells/million PBMCs were HIVmRNA+/p24+ in Patient#1 and Patient#2, respectively, after normalizing the background with an HIV-negative control using RNAscope (Figure 6A). After LRAs stimulation, the number of detectable HIVmRNA+/p24+ cells increased to 710 and 184 in Patient#1 and Patient#2, respectively, indicating a reactivation of latent virus within the PBMC (Figure 6A). The HIVmRNA+ cells were found more frequently than dual (HIVmRNA+/p24+) positive cells but in a lower frequency than HIVp24+. In one patient-sample HIVp24+ cells were detected in a more substantial amount than HIVmRNA+ cells, but a higher standard deviation was found compared to HIVmRNA+ cells. As individual patients are known to have different proportions of latently infected cells, detectable HIV mRNA varied to a high degree between our two patients. A high percentage of viral mRNA could be caused by a large number of latently infected cells in therapy naïve individuals or by a high efficacy of the LRAs promoting ongoing viral replication. By wide-filed analysis, all HIVmRNA+/p24+ positive cells could be detected as single cells exhibiting viral mRNA correlating with anti-p24 detection (Figure 6B) indicating the applicability of the method at single-cell level. The capacity for detecting HIVmRNA+/p24+ cells in clinical samples indicates a translational potential of this method from in vitro to ex vivo applications.
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FIGURE 6. Counting of translation-competent cells in patients derived PBMC by RNAscope. (A) Ex vivo detection of HIV-1 mRNA and p24 protein in clinical samples using PBMCs from two therapy-naïve individuals with and without cLRA activation. After cLRAs stimulation, detectable HIVmRNA+/p24+ cells increased to 710 and 184 in Patient#1, Patient#2 indicating a reactivation of latent virus within the clinical samples. Patient 1 was infected with CRF01_AE viruses and had plasma viremia 1970000 copies/mL while patient 2 was infected with HIV-1C viruses with plasma viremia 69700 copies/mL. p < 0.05 are marked with ‘∗’ and consider significant. (B) Wide-field analysis, all HIVmRNA+/p24+ positive cells could be detected as single cells exhibiting viral mRNA correlating with anti-p24 detection indicating the applicability of the method at single-cell level.





DISCUSSION

In this study, the RNAflow and RNAscope techniques were evaluated using LRAs to induce the HIV-1 latent reservoir in a small volume of input cells. Our modified RNAscope performed better that RNAflow due to a limited cells loss and a lower detection limit of 45 cells/million cells. Although the probes for RNAscope were developed for HIV-1B, they enabled the detection of several other patient-derived HIV-1 subtypes (HIV-1A1, HIV-1B, HIV-1C, 01_AE). The method can also allow single cell characterization of HIV-1 RNA and protein simultaneously.

The fluorescence in situ hybridization-flow cytometry technique have been reported to be sensitive and specific in determining HIV-1 mRNA and protein after latency reactivation at the single-cell level. (Martrus et al., 2016; Baxter et al., 2017; Grau-Exposito et al., 2017). Earlier, the RNAflow studies have reported to use 1 x 106 cells (Martrus et al., 2016). However the 18 washing steps needed contributed to a substantial loss of cells (∼70–82%), which is in line with previous studies which observed nearly a 70% cell loss (Baxter et al., 2017; Grau-Exposito et al., 2017). Therefore, final cells for analysis ended up to be around 2 × 105 to 3 × 105 from 1 × 106 cells as starting material. This large proportion of cell loss is an important factor for the compromised lower detection limit for RNAflow which makes it in the present form of limited value to study the reservoir ex vivo. In contrast, we managed to get a higher sensitivity for the RNAScope. A recent study showed simultaneous detection of multiple viral nucleic acid intermediates and proteins using RNAscope at a single-cell resolution (Puray-Chavez et al., 2017). Here we evaluated the same protocol but with surface modification of the coverslips for non-adherent J-Lat cells and PBMCs which reduced the cell loss to less than 20%. Therefore we were able to scan nearly 8 × 105 in the assay which contributed to a lower detection limit of 45 cells/million cells, 10-fold lower than RNAflow.

Among the several challenges of HIV-1 cure research, high-throughput drug screenings are essential to identify new promising LRAs efficiently. Also, the effect of combinations of LRAs or compounds that target multiple pathways controlling latency can be explored to identify the viral re-activation process (Rasmussen and Lewin, 2016). However, studies on ex vivo latency reversal, of LRAs targeting different cellular pathways, have given contradicting results. Often LRAs reactivate HIV-1 nonuniformly across different cells models (Spina et al., 2013) and frequently two drugs in combination increase the viral reactivation. E.g., a combination of PMA and Ionomycin increased the viral reactivation ex vivo when compared to PMA or Ionomycin alone (Spina et al., 2013; Baxter et al., 2017; Grau-Exposito et al., 2017). However, in our study we excluded PMA since it has been shown that PMA induction of HIV-1 replication can be Tat-independent (Luznik et al., 1995) and false results can be obtained when using PMC (Spina et al., 2013). An earlier study indicated that PKC agonists reactivated latent HIV-1 uniformly across different cell models (Spina et al., 2013). Our data showed that the PKC agonstists hTNF-α and prostatin gave slightly better reactivation in all three cell lines. The combination was also able to reactivate the viral reservoir in patients PBMCs.

Another challenge in HIV-1 molecular assays is the genetic variation of the subtypes. Both RNAflow and RNAscope probe sets were developed for subtype B. To the best of our knowledge, earlier studies have not commented on the subtype specificities of these assays (Martrus et al., 2016; Baxter et al., 2017; Grau-Exposito et al., 2017; Puray-Chavez et al., 2017). We tested the RNAscope HIV-1B probe sets for patient-derived HIV-1A1, HIV-1B, HIV-1C, and 01_AE subtypes and were able to detect the viral mRNA for all the subtypes.

Our study has limitations that merit comments. First, RNAscope can detect as low as 45 cells/million, but the standard deviation near the lower detection limit is also high in the patient samples tested. However, more sensitivity can be achieved by scanning a large number of cells. Since the number of remaining latently HIV-1 infected cells are low after long-term successful cART (Joos et al., 2008), it is important to further improve the lower LOD. Second, though the RNAscope probe can detect all of our subtypes, we did not test for all subtypes circulating globally. Finally, the assay can identify transcription and translation competent provirus but may not indeed represent the replication-competent latent HIV-1 reservoir as we do not measure infectious virus. However, this assay can be combined with TZM-bl cell-based assay as described (Sanyal et al., 2017).

In summary, our study showed that RNAscope could be used to quantify the number of directly observed individual cells expressing HIV-1 mRNA following cLRA. However, method needs improvement in lower detection limit to be applicable for the reservoir quantification on patients with suppressive therapy. Therefore, it can be a useful tool for characterization of translation-competent HIV-1 latently infected cells at single-cell resolution in the fields of HIV-1 pathogenesis and viral persistence. This method can also be adapted for single-cell transcriptomics and proteomics studies.
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The HIV epidemic in San Mateo County is sustained by multiple overlapping risk groups and is an important hub for HIV transmission in northern California. Limited access to care has led historically to delayed clinical presentation, higher rates of opportunistic infections, and an increased prevalence of antiretroviral drug resistance. The virologic and clinical consequences of treatment within these multiple ethnic and behavioral groups are poorly understood, highlighting the need for efficient surveillance strategies that are able to elucidate transmission networks and drug resistance patterns. We obtained sequence data from a group of 316 HIV-positive individuals in the San Mateo AIDS Program over a 14-year period and integrated epidemiologic, phylogenetic, and network approaches to characterize transmission clusters, risk factors and drug resistance. Drug resistance mutations were identified using the Stanford HIV Drug Resistance Database. A maximum likelihood tree was inferred in RAxML and subjected to clustering analysis in Cluster Picker. Network analysis using pairwise genetic distances was performed in HIV-TRACE. Participants were primarily male (60%), white Hispanics and non-Hispanics (32%) and African American (20.6%). The most frequent behavior risk factor was male-male sex (33.5%), followed by heterosexual (23.4%) and injection drug use (9.5%). Nearly all sequences were subtype B (96%) with subtypes A, C, and CRF01_AE also observed. Sequences from 65% of participants had at least one drug resistance mutation. Clustered transmissions included a higher number of women when compared to non-clustered individuals and were more likely to include heterosexual or people who inject drugs (PWID). Detailed analysis of the largest network (N = 47) suggested that PWID played a central role in overall transmission of HIV-1 as well as bridging men who have sex with men (MSM) transmission with heterosexual/PWID among primarily African American men. Combined phylogenetic and network analysis of HIV sequence data identified several overlapping risk factors in the epidemic, including MSM, heterosexual and PWID transmission with a disproportionate impact on African Americans and a high prevalence of drug resistance.
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INTRODUCTION

Molecular epidemiologic analyses of the HIV-1 epidemics in Africa (Dalai et al., 2009; Gray et al., 2009; Mir et al., 2016), Asia (Neogi et al., 2012; Pang et al., 2012), and North America (Smith et al., 2010; Mehta et al., 2015) have provided evidence for distinct epidemic dynamics and patterns of transmission within defined communities. While the southern African and Asian epidemics are thought to be sustained by sexual-social factors, high-risk people who inject drugs (PWID), and commercial sex work (CSW) (Thorne et al., 2010; Baral et al., 2012; de Oliveira et al., 2017), male-male sex has remained the primary mode of transmission in the United States, accounting for approximately 70% of new infections (Centers for Disease Control and Prevention, 2015). In the past 10 years, the HIV epidemic in California has shifted from a primarily white MSM (men who have sex with men) population to include a diverse range of overlapping risk groups, where heterosexual women comprise the fastest growing demographic for new infections and an increasing fraction of new diagnoses occur among diverse racial and ethnic groups (California Department of Public Health, 2015). Hispanic monolingual men and women now predominate among new HIV-1 cases in several California counties followed by African Americans and Asian/Pacific Islanders (Magis-Rodríguez et al., 2009).

The HIV epidemic in San Mateo County (California) encompasses approximately 1,613 diagnosed cases with 0.2% adult prevalence1. The epidemic is sustained by multiple ethnic, migratory, and behavioral networks, including MSM, migrant populations from Asia and Latin America, and PWID, each having distinct patterns of HIV acquisition and transmission (San Mateo County Department of Public Health, 2017). Within these communities, access to care, including antiretroviral treatment (ART) has historically been constrained by financial, cultural, and linguistic barriers. HIV-positive immigrants (78.7% Hispanic) attending the publicly-funded San Mateo County AIDS Program have substantially delayed clinical presentation, marked by lower baseline CD4+ cell counts, greater prevalence of opportunistic infections, and higher hospitalization rates as compared with United States-born individuals (Levy et al., 2006). Moreover, population-based surveys in San Mateo have recently identified multiple risk behaviors associated with immigrant status, including unprotected sex, unstable and overlapping sexual partnerships, CSW contacts, and PWID (Levy et al., 2005). The implications of prolonged, undiagnosed HIV infection, viremia, delayed treatment, and expanded risk behavior for community transmission networks remain largely uncharacterized.

In California, a high prevalence of drug resistance among untreated, newly diagnosed patients has highlighted widespread community-level transmission and cross-border introduction of multi-drug resistant HIV associated with an expansion in migratory and risk behaviors (Panichsillapakit et al., 2016). In recent years a focus on addressing health disparities in California has increased access to treatment and care for historically marginalized populations. However, data are limited regarding the virologic and clinical outcomes of treatment in these communities. These observations underscore the need for broad and systematic surveillance of HIV transmission networks and drug resistance in the context of comprehensive health service delivery systems, particularly among populations who present late and where ART treatment access is constrained.

Defining the patterns of HIV transmission and resistance within communities is important for regional prevention and treatment programs to develop effective, integrated testing and treatment strategies to reduce transmission and to identify and appropriately treat newly-infected individuals. This study combines phylogenetic inference, network analysis and molecular virology/epidemiology to characterize HIV viral transmission and ARV drug resistance in a northern California community epidemic over a 14-year period.



MATERIALS AND METHODS

Study Population

The study population included 316 HIV-positive adults receiving care as part of the publicly funded San Mateo County AIDS Program who underwent clinically indicated genotypic antiretroviral resistance testing (GART) from 1996 to 2010. The population included both acutely- and chronically-infected, as well as treatment naïve and multi-drug experienced individuals. Demographic (age, gender, race/ethnicity), epidemiologic (date of diagnosis, mode of transmission, social/risk behavior, partner information, location data), and clinical information (history of ART usage, HIV clinical stage, HIV viral load, CD4+ cell count, co-infections) were de-identified and extracted from electronic and written medical records at San Mateo Medical Center. Mode of HIV transmission was extracted from medical records as determined by the physician at the time of patient intake. Transmission categories included (1) MSM; (2) PWID; (3) MSM + PWID; and (4) heterosexual/other (including participants reporting infection through contaminated blood products). Missing values were treated as a separate category for all demographic variables analyzed in this study.

The use of anonymized, de-identified clinical/demographic and sequence data was reviewed and approved under an exempt protocol by the Institutional Review Boards of Stanford University, the University of California, Berkeley, and Mills-Peninsula Health Services on behalf of San Mateo Medical Center. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Sequence Data and Alignment

Genotypic resistance assays were performed as part of standard clinical care by the Stanford Hospital Clinical Virology Laboratory. A total of 637 HIV-1 pol gene sequences were obtained from 316 patients tested over the study period. Sequences were generated by dideoxynucleotide sequencing of population (consensus) amplicons from HIV-1 pol. Sequences were aligned and manually edited using the ClustalW algorithm as implemented in BioEdit (Hall, 1999). For individuals who had multiple sequences, the earliest available sequence was retained for transmission/clustering analyses as well as for the screening of drug resistance mutations.

Additionally, a reference sequence dataset was compiled using BLAST+ (Camacho et al., 2009). For each study sequence, the 50 most similar reference sequences from BLAST were selected, resulting in a reference alignment of 1,405 sequences after removal of duplicates.

Subtype Classification and Drug Resistance Analysis

HIV-1 subtype and evidence for inter-subtype recombination were assessed using the REGA Subtyping Tool v3.0 (de Oliveira et al., 2005; Alcantara et al., 2009). The HIVseq algorithm was used to interpret genotypic resistance and to identify known ART drug resistance mutations (DRMs) according to the most recent International AIDS Society (IAS) mutation list (Wensing et al., 2017). Both methods were implemented in the Stanford HIV Drug Resistance Database (Gifford et al., 2009).

Phylogenetic and Clustering Analysis

A maximum likelihood (ML) phylogenetic tree was constructed in RAxML (Stamatakis, 2014) using the general time reversible model of nucleotide substitution (Tavaré, 1986), an estimated proportion of invariant sites and a gamma correction for among-site rate variation. Statistical support for internal nodes was obtained via bootstrapping with 1000 replicates. Alternatively, branch supports were also calculated via transfer bootstrap expectation (TBE) in BOOSTER (Lemoine et al., 2018) using all 1000 replicates generated in RAxML. TBE provides optimized support for deep branches in large phylogenetic trees when compared to the classical bootstrap criterion, allowing for the identification of large putative clusters. Trees were visualized using FigTree v1.4.3 (Rambaut, 2009).

In order to assess potential bias from DRMs, comparative phylogenetic trees were constructed in PhyML (Guindon et al., 2005) from a separate sequence dataset including only samples from San Mateo. All IAS codons associated with major antiretroviral drug resistance (Wensing et al., 2017) were excluded from one of these alignments. Reliability of the obtained topologies was estimated with 1000 bootstrap replicates. Notably, inclusion or removal of DRMs did not appreciably alter tree structure.

Transmission clusters were identified with the program Cluster Picker (Ragonnet-Cronin et al., 2013) using a minimum branch support of 90 (bootstrap or BTE) and an intra-cluster genetic distance threshold of 4 percent or 8 percent. Clusters including more than 5 individuals were separately evaluated in TempEst to investigate their temporal signal. When a molecular clock assumption was validated, these clusters were submitted for Bayesian phylogenetic reconstruction using BEAST v1.8.4 (Rambaut et al., 2016; Suchard et al., 2018). In addition to a phylogenetic approach, HIV-TRACE was used to reconstruct a putative genetic transmission network with a pairwise genetic distance of 2%, which is in the 1 – 2% range derived from several comparative studies of epidemiologically-linked partners and studies of within-host evolutionary rates (Wertheim et al., 2014). HIV-TRACE performs agglomerative hierarchical clustering connecting sequences only if their pairwise distance does not exceed the assigned threshold. As an analog to phylogenetic bootstrap, i.e., to assess network sensitivity to sampling error, we repeated network inference on 100 bootstrap replicates created from the original alignment with goalign2. Medical records were independently reviewed to identify epidemiologic linkages among study participants irrespective of the phylogenetic/network linkages. Univariate and multivariate statistical analyses of risk factors associated with clustering were performed in the statistical package R (R Core Team, 2013).



RESULTS

Patient Demographics

Between 1996 and 2010, 637 HIV sequences were obtained from 316 people living with HIV/AIDS (PLWHA) receiving ART in the San Mateo County AIDS Program. Table 1 summarizes baseline demographic characteristics of the participants. The study population was comprised primarily of white Hispanics and non-Hispanics (32.0%) and African Americans (20.6%). Around 60% of participants were male, with ages ranging from 19 to 67 years old. The most frequent recorded mode of HIV transmission was MSM (33.5%), followed by heterosexual (23.4%), PWID (9.5%), and combined MSM/PWID (8.5%). Three participants reported infection through contaminated blood products.

TABLE 1. Demographic and epidemiological data for 316 HIV-positive adults receiving antiretroviral treatment in San Mateo County, California.
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Transmission Clustering

Of the 316 genotypes, nearly all sequences were subtype B (95.9%, Figure 1). Six sequences (1.9%) were subtype C, four individuals (1.3%) were infected with the circulating recombinant form CRF01_AE, and three sequences (0.9%) were subtype A.
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FIGURE 1. Maximum likelihood HIV-1 pol transmission clusters in San Mateo County, California. Colored semi-circles indicate HIV subtypes. Black branches represent sequences obtained from 316 HIV-positive adults receiving antiretroviral treatment as part of the publicly funded San Mateo County AIDS Program. Gray branches denote reference sequences. Clades highlighted in blue indicate transmission clusters identified in Cluster Picker (TBE ≥ 90 and genetic distance threshold of 8%). Asterisks indicate transmission pairs mutually identified as transmission links in Cluster Picker and HIV-TRACE. The scale bar at the bottom represents the number of substitutions per site along branches in the tree topology.



Sequences from San Mateo were combined with 1,405 reference sequences identified as the most similar sequences from GenBank. Cluster Picker identified 8 and 9 phylogenetic clusters (TBE bootstrap > 90%) at intra-cluster genetic thresholds of 4 and 8%, respectively. At the 4% intra cluster genetic distance threshold, the phylogenetic tree included seven transmission pairs and one putative cluster of three individuals. At an 8% cut-off, eight transmission pairs and one large single cluster (n = 50) were identified. No significant correlation between sampling date and evolutionary rate was found for this large cluster in TempEst (slope: -0.0013, R2: 0.093443), which implies that phylodynamic characterization would not be indicated. Nevertheless, sequences were submitted to a Bayesian analysis and after 4 × 108 million steps, runs did not converge (ESS > 13) and precluded further estimates. Network analysis with HIV-TRACE detected seven transmission pairs and a single putative transmission network of 47 individuals (Figure 2). Five of the seven transmission pairs were also identified in the Cluster Picker analysis (Supplementary Table S1).

Cluster Picker and HIV-TRACE identified clusters having a similar demographic composition (Table 1). In a univariate analyses, clustered individuals included a higher proportion of women when compared to non-clustered patients (p < 0.001). In addition, clusters were more likely to include heterosexual or PWID (p < 0.001) mode of transmission and African Americans (p < 0.01). Notably, individuals reporting MSM mode of transmission were less likely to be in clusters (p < 0.001). No association was seen between clustering and age or presence of DRMs (PI, NRTI or NNRTI).
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FIGURE 2. Inferred genetic network structure of a major cluster (N = 47 individuals) in the San Mateo HIV-1 subtype B epidemic identified by HIV-TRACE using a genetic distance threshold of 2%. Shape codes gender, colors denote the reported mode of transmission for each individual and line width represents the bootstrap confidence for linkage. ∗are indicating African-American individuals. MSM, men who have sex with men; PWID, people who inject drugs, injection drug users.



Further analysis of the large network identified by HIV-TRACE suggested that PWID and MSM played a central role in the transmission of HIV-1 in this putative transmission network. Based on bootstrap support the network is divided into two different sub-clusters (Figure 2): (i) the larger subgroup includes 27 PWID or heterosexual individuals that are linked with a high, well-supported degree of connectedness (2.7 links per person supported by a bootstrap > 70%) and has a overall genetic diversity of 0.022 [bootstrap procedure standard error (SE): 0.002062], (ii) a second cluster bridging to the first by two weakly supported links (63 and 65% bootstraps) is comprised mainly of MSM individuals (n = 9) followed by heterosexual (n = 5) and unknown risk group individuals (n = 6) and has an intra-genetic diversity of 0.027 (SE: 0.002315). The genetic distance between sub-groups was 0.033 (SE: 0.003280).

Drug Resistance

Of 305 participants with available drug resistance data, 65% had at least one DRM. The most frequent nucleoside reverse transcriptase inhibitor (NRTI) resistance mutations were M184V (49.5%), T215Y (26.9%), and M41L (20.3%). The most frequent non-nucleoside reverse transcriptase inhibitor (NNRTI) mutations were K103N (15.4%), G190E (3%), and K101E (2.6%). The most frequent protease inhibitor (PI) mutations were at positions 46 (8.9%), 54 (7.2%) and 82 (26%). Factors associated with drug resistance included: male gender; chronic HIV infection; diagnosis with HIV and genotyping performed during an earlier (as opposed to more recent) time period; lower viral load (3.9 vs. 4.4 log10 copies/mL, p = 0.006); and NRTI or NNRTI treatment. After multivariate adjustment, factors independently associated with drug resistance of any class included being male, genotyping during an earlier time period, lower viral load, and exposure to NNRTIs.



DISCUSSION

Phylogenetic analyses have been widely used to define and characterize transmission links among HIV-infected individuals (Baral et al., 2012; Wertheim et al., 2014; Rambaut et al., 2016; de Oliveira et al., 2017; Kostaki et al., 2018). San Mateo County has a unique and heterogeneous population of individuals living with HIV/AIDS with distinct ethnic, racial and language communities overlapping the traditional behavioral risk-groups of MSM, heterosexual and PWID. Relative to county demographics, African American individuals are over-represented and Asian Americans underrepresented among patients presenting for evaluation and treatment in the San Mateo AIDS Program (San Mateo County Sexually Transmitted Disease and HIV-AIDS Surveillance Annual Report, 2015).

Combined phylogenetic and network analyses among HIV-positive adults from San Mateo County have identified a striking role of intra-community transmission dynamics among African Americans and highlight the importance of epidemiological bridging between risk groups in the local epidemic. As expected, we found some differences in the number and composition of clusters detected using two different methods (Rose et al., 2017), which may be attributed to different underlying methodologies. HIV-TRACE uses pairwise genetic distances between isolates to build putative transmission networks, while Cluster Picker relies on the intra-cluster genetic distance within putative clusters in a phylogenetic tree in conjunction with branch support. By using a minimum branch support of 90% (TBE) and an intra-cluster genetic distance threshold of 8%, we identified nine supported clusters in Cluster Picker. In contrast, with a maximum pairwise genetic distance of 2%, the transmission network approach in HIV-TRACE detected eight clusters (Supplementary Table S1). Transmission pairs had a concordance of 67% between the two methods. Interestingly, both methods identified one large cluster of linked individuals (Figures 1, 2). In addition, the clusters commonly identified had similar demographic composition.

Network analysis of the large 47-person cluster using HIV-TRACE suggests the existence of a highly-connected linked chain of transmission comprising individuals of diverse demographic backgrounds. This network included two sub-clusters with different primary modes of HIV transmission (Figure 2). Twenty-seven individuals were substantially interconnected in a heterosexual and/or PWID transmission chain mainly involving African American individuals. Connected to this cluster is a less-intricate network primarily composed of white MSM. The linkage between the two sub-clusters included two males (PWID and heterosexual) and an individual of unknown gender but highly connected to MSM. In such a scenario, some individuals may provide a bridge between the MSM and heterosexual epidemics mostly likely through PWID. Alternatively, this may reflect the well-documented epidemiological phenomena of bisexual black males who do not identify as gay and do not disclose high-risk MSM behavior to their female partners, but subsequently contribute disproportionately to heterosexual HIV transmission (Millett et al., 2005; Bond et al., 2009). The fact that the inter-genetic distance between sub-clusters is higher than that within groups may explain the weak association (63 and 65% bootstraps) between the two sub-clusters and may potentially reflect the result of a remote transmission link.

Risk factors associated with transmission clustering include heterosexual or PWID transmission modes, female gender and African descent. MSM was not associated with clustering in this sample. These results are consistent with epidemiologic observations in San Mateo County in San Mateo County where a diverse range of overlapping risk groups, particularly heterosexual women, is identified among new infections (Levy et al., 2006). A previous study of 96 large United States metropolitan areas demonstrated higher AIDS incidence and mortality among heterosexuals in areas with a higher population prevalence of HIV-positive PWID as well as decreased presence of needle-exchange or drug-use treatment programs (Friedman et al., 2014). These findings corroborate our results and suggest that the burden of HIV/AIDS among heterosexuals in more recent years may have been shaped by bridging from HIV-infected PWID to heterosexuals and possibly, though to a lesser degree, from HIV-positive MSM to heterosexuals. These results highlight that efforts to mitigate transmission among PWID, including HIV counseling and testing or drug use treatment, can directly impact transmission to other key populations (World Health Organization, 2012; Friedman et al., 2014). Despite the predominance of Hispanic monolingual men and women among new HIV-cases in California (Levy et al., 2005), no clusters in this study had a significant representation of Spanish-speaking individuals. However, a substantial number of individuals included in clusters were diagnosed before 1999, suggesting that our sampling and methods identified remote transmission links that may not necessarily reflect current epidemic dynamics.

This study has some limitations and potential biases. The demographic composition of patients in the San Mateo AIDS Program differs substantially from the overall population in San Mateo County; notably, Black or African Americans accounted for 20.6% of the study population while comprising only 3% of the county population annually, and Asians accounted for only 4.1% of the study population while annually they comprise 24–29% of the county demographic. Patients attending the San Mateo AIDS Program also have lower average income than the county median (Levy et al., 2006), highlighting the health inequalities underlying transmission of HIV and other sexually transmitted infections.

Finally, the sampling frame defined within San Mateo County is restrictive. Several study subjects had previously moved from neighboring areas to San Mateo to access treatment, whereas others indicated they were infected or diagnosed in other US states or outside the United States. In comparable community-based studies comprised of predominantly MSM, large transmission clusters have been identified (Smith et al., 2010; Mehta et al., 2015). The lack of large clustering in the present study despite nearly 33% MSM participants suggests the existence of uncaptured, overlapping transmission networks in other geographic locations. For example, the lack of clustering among monolingual White Hispanics may reflect transitory migration and infection with HIV strains that originated along the Mexico-California border, or, alternatively, a bias toward selecting older strains that were circulating earlier in the epidemic, as immigrant status has been independently associated with delayed presentation, diagnosis and care (Sanchez et al., 2004; Levy et al., 2005, 2006; Dennis et al., 2015). Finally, there was incomplete availability of epidemiological and clinical data largely due to destruction or remote storage of archived medical records, limiting the statistical power of clustering and drug resistance analyses.



CONCLUSION

As HIV genotypic data become routinely available for molecular epidemiologic analyses, initial treatment options and public health approaches to ART implementation can be optimized to avoid early virologic failure particularly in the setting of resource limitations. The high frequency of drug resistance (65.5%) identified in this population most likely reflects a substantial burden of long-standing HIV disease with heavy ART exposure (89.2%). This highlights the importance of genotypic testing to determine the most effective ARV regimen for newly-diagnosed individuals. Our finding of over 4% non-subtype B HIV in the San Mateo AIDS Program (largely among immigrants and transitory individuals), including subtypes A, C, and recombinant CRF01_AE, provides evidence for the introduction of HIV variants other than subtype B into the community. Integration of phylogenetic and network methodologies to identify putative transmission links detected a large cluster with demographic and risk group composition reflecting the HIV epidemic in San Mateo County. Female gender, African-descent and heterosexual intercourse or PWID seem to be key features of these transmission networks. Despite aggressive epidemiologic surveillance, HIV awareness campaigns, and behavior change programs, the rate of new HIV infections has increased or remained constant in many United States communities. High-resolution molecular epidemiologic analyses are useful means of identifying sources of viral diversity and excess transmission risk and, when integrated with broad surveillance, can contribute to strategies to reduce new HIV infections.
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We aimed to characterize HIV-1 molecular epidemiology and transmission clusters among heterosexual (HET) and men who have sex with men (MSM) individuals, as well as transmitted drug resistance mutations (TDRM) in Central-Western Brazil. This cross-sectional survey was conducted among 190 antiretroviral naïve HIV-1 infected individuals. Proviral DNA was extracted, and nested PCR amplified partial polymerase gene (PR/RT). After sequencing, subtypes were assigned, and the sequences were analyzed for the occurrence of possible transmission networks. Calibrated Population Resistance (CPR) tool from Stanford HIV Database was used to investigate the presence of TDRM. Among 150 individuals whose samples were successfully sequenced, the most prevalent HIV-1 subtype was B, followed by recombinant forms. The occurrence of twenty transmission clusters composed by at least two sequences was verified, suggesting the existence of transmission clusters among individuals from the same or distinct sexual orientations. Intermediate level of TDRM (12%) was found in the study population, and almost half of the subjects with TDRM had more than one resistance mutation. No correlations between sexual orientation and the presence of TDRM, HIV-1 subtypes/recombinants forms were verified. Taken together, the necessity of the continuous monitoring of the TDRM to verify the importance of pre-genotyping and to delineate future strategies in primary antiretroviral therapy. Likewise, the knowledge of the HIV-1 transmission networks in Brazil would allow the implementation of effective HIV-1 prevention strategies in local settings.
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INTRODUCTION

In Latin America, it is estimated that 1.8 million people are living with human immunodeficiency virus (HIV) and/or acquired immunodeficiency syndrome (AIDS). Despite 100,000 new HIV infections having been diagnosed in 2017, the HIV incidence decreased 13.7% between 2000 and 2017 (UNAIDS, 2018). In Brazil, HIV prevalence among the general population is below 0.6% and it is estimated that AIDS cases among Brazilians reached 882,810 by June 2017 (Brasil, 2017). HIV prevalence is higher in key populations at risk, for example 17.5% in men who have sex with men (MSM) (Kerr et al., 2018). The detection rate of AIDS has been falling steadily in Brazil in recent years. However, the Central Western region showed little change in its detection rate in the last 10 years, reaching 16.7 cases per 100 thousand inhabitants in 2016 (Brasil, 2017).

Universal access to combined antiretroviral therapy (cART) in Brazil was crucial in order to increase survival and decrease AIDS-related hospitalizations in HIV-1 infected individuals (Souza Junior et al., 2011). Although, the development of drug resistance mutations is a significant obstacle to maintaining HIV-1 replication suppression and can lead to viral load increase and consequently transmission of viruses with drug resistance mutations. Therefore, transmitted drug resistance mutations (TDRM) have become an important challenge, since they have been described for all drugs used in the clinical management of HIV and as incidence and prevalence vary by region this highlights the importance of its monitoring. The prevalence of TDRM could vary according to the study population, methods and lists of resistance mutations used to calculate these rates (Booth and Geretti, 2007).

Brazil has an extensive border, covering about 15,000 km, exhibiting great socioeconomic and cultural diversity across regions. Concerning HIV-1 subtypes, subtype B is the most prevalent, followed by F1, and BF1 recombinants in most Brazilian regions (De Sa Filho et al., 2005; Pedroso et al., 2007; Machado et al., 2009; Guimarães et al., 2015), except for the Southern region, where subtype C is highly prevalent (Silva et al., 2010; de Medeiros et al., 2011; Gräf et al., 2011). However, even in the same geographic region, the HIV-1 distribution could be heterogeneous (Gräf and Pinto, 2013). In border areas, intense drug trafficking and prostitution occur; both situations may affect local epidemic dynamics. Taking these geographical and epidemiological characteristics together into consideration, the study of HIV-1 genetic diversity and transmission networks as well as drug resistance mutations in this region is relevant.



MATERIALS AND METHODS

Subjects and Study Design

We conducted a cross-sectional survey among antiretroviral naïve HIV-infected individuals recruited in Campo Grande, the capital of Mato Grosso do Sul (MS) State, from 2011 to 2014. One hundred and seventy-two individuals were enrolled at Reference Centers for Parasitic and Infectious Diseases (Freitas et al., 2014), and thirty-two were MSM recruited in a cross-sectional study (Fernandes et al., 2015). Inclusion criteria were: (a) having confirmed diagnosis for HIV-1; (b) being over 18 years old; (c) being antiretroviral naïve; (d) having signed the informed consent form in earlier surveys, which predicted storage of samples and their utilization in future research; and (e) having sample stored in sufficient quantity to perform the analyses proposed. Following these criteria, 190 individuals were selected for the subsequent analysis. This study was carried out in accordance with the recommendations of the Ethical Committee on Human Research of the Federal University of Mato Grosso do Sul, that is in accordance with the Declaration of Helsinki. The protocol was approved by under protocol number 1151451, CAAE 46185915.8.0000.0021.

Amplification of HIV-1 PR/RT Region

DNA was extracted from 200 μL of each whole blood sample by using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The partial polymerase (pol) gene including protease/reverse transcriptase (PR/RT) region was amplified by nested polymerase chain reaction (PCR) using combinations of primers described elsewhere (Delatorre et al., 2017). The amplified products were analyzed by electrophoresis using agarose gels (1%). Amplicons were purified using the Illustra GFX® PCR DNA and Gel Band Purification Kit (GE Healthcare, United Kingdom), following the manufacturer’s recommendations. The purified DNA was sequenced using Big Dye Terminator Cycle Sequencing Ready Reaction kit v.3.1 (Applied Biosystems, CA, United States) and processed with an automated ABI 3130xl sequencer (Applied Biosystems), using Sanger’s method.

Sequence Analysis

The sequences were edited in DNASTAR software and then aligned with reference sequences from Los Alamos HIV Sequence Database1 using the Clustal W program implemented in MEGA 6.0 software (Tamura et al., 2013). All sequences are available in GenBank (accession number MF545192-MF545340). The final PR/RT alignment covered a fragment of 1261 bp, corresponding to nucleotides 2254 to 3514 relative to the HXB2 genome.

Maximum Likelihood (ML) phylogenetic was constructed with the PhyML 3.0 program using an online web server (Guindon et al., 2010). The Smart Model Selection recommended the GTR+I+G nucleotide substitution model to be used in the ML (Lefort et al., 2017). The heuristic tree search was performed using the SPR branch-swapping algorithm, and the branch support was calculated with the approximate likelihood-ratio (aLRT) SH-like test (Anisimova and Gascuel, 2006). Recombinant profiles were inferred by bootscan analyses with a sliding window of 300 bp, steps of 10 bp and Kimura-2 parameters model using SimPlot 3.5.1 software (Lole et al., 1999).

Those sequences that clustered together with high aLRT support (>0.90) in the ML tree were analyzed for the occurrence of possible transmission clusters. Therefore, such sequences were submitted to analysis using nucleotide Basic Local Alignment Search Tool (BLASTn) (Altschul et al., 1990) to recover reference sequences with high similarity (>95%). These sequences retrieved were added to three new alignments from pure subtypes (B, D, and F1), and a new ML tree was obtained to verify the maintenance of the transmission clusters according to their subtypes. For subtypes D and F1 analyses we included all available Brazilian reference sequences, however, duplicate sequences were removed. For subtype B, at least ten representative sequences from each Brazilian State and all sequences from Mato Grosso do Sul state available at the Los Alamos HIV Sequence Database were included. Before performing the phylogenetic analyses to confirm the transmission clusters, drug-resistance mutations positions were stripped from each alignment, resulting in a fragment of 891 bp from nucleotides 2262 to 3251 relative to HXB2 genome. Our final cluster classification was defined based on aLRT (>90) in the phylogenetic analyses (Figures 2, 3), and low mean pairwise genetic distances (≤4.5) of clustered sequences have been employed.

Genotypic Analysis of HIV-1 Drug Resistance

To investigate the presence of TDRM, the sequences were submitted to Stanford HIV Database for Transmitted DRM [TDRM/Calibrated Population Resistance Tool (CPR Tool)] Version 6.0 (Gifford et al., 2009), which uses the mutation list according to Bennett et al. (2009).

Statistical Analysis

Statistical analyses were conducted using the SPSS 17.0 statistical analysis software package (SPSS Inc., Chicago, IL, United States). Median, standard deviation (SD), range and frequencies (%) were used to describe patients’ characteristics. The frequency of TDRMs was also calculated, and the chi-square or Fisher exact test was employed when appropriate. A p value of < 0.05 was defined as statistically significant.



RESULTS

Out of 190 antiretroviral naïve patients who had samples available for DNA extraction, 172 were PR/RT amplified (90.5%), and from them 150 (87.2%) were successfully sequenced. From those 150 studied subjects, 62.0% were male, with an average age of 36 years, ranging from 18 to 70 years. More than half of participants were white (53.3%), heterosexual (64.0%), and reported less than 12 years of schooling (80.7%), and irregular condom use (54%). Only 6.7% of them were sex workers. Sociodemographic and behavioral characteristics are listed in Table 1. No statistically significant correlation was detected between the variables presented in Table 1 and HIV-1 subtypes.

TABLE 1. Sociodemographic and behavioral characteristics of 150 cART-naïve subjects according to the HIV-1 most frequent subtypes, Central Brazil.
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Phylogenetical analyses revealed that 101 sequences (67.3%) were classified as subtype B, 15 (10%) as F1, 12 (8%) as C, two (1.3%) as subtype D and 20 (13.3%) possible recombinants (Figures 1, 2A). The phylogenetic and bootscan analysis of these twenty sequences revealed that four (2.7%) were CRF28_29BF, three (2.0%) were CRF31_BC, one (0.7%) was CRF60_BC, and 12 (8.0%) were unique recombinant forms (URF) (Figure 2B).
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FIGURE 1. Map of Brazil indicating Brazilian regions and MS State, from which HIV-1 sequences were obtained. The pie chart shows HIV-1 subtypes distribution based on pol sequences included in this study.
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FIGURE 2. ML phylogenetic tree of 150 HIV-1 PR/RT sequences from Mato Grosso do Sul, Central-West Brazil. The analyzed PR/RT alignment covered a fragment of 1261 bp, corresponding to nucleotides 2254 to 3514 relative to HXB2 genome. Reference sequences retrieved from GenBank are not labeled. ALRT values are represented only if greater > 0.90. Possible HIV-1 transmission clusters were indicated by numbers. HET = sample obtained from heterosexual individual; HSH = sample obtained from men who have sex with men. (A) Pure HIV-1 subtypes and (B) Recombinant sequences.



TDRM to at least one class of antiretroviral drug was found in 18 sequences (12%), and the drug resistance mutation to nucleoside reverse transcriptase inhibitor (NRTI) was the most common (12/150; 8%), followed by non-nucleoside reverse transcriptase inhibitor (NNRTI) (7/150; 4.7%) and PI resistance (3/150; 2%) (Table 2). Of these, twelve (8%) were singleton mutations and six (4.0%) multiple. K103N was the most frequent resistance mutation observed (5/150; 3.3%) followed by V75M (4/150; 2.7%). There was no statistical difference between sexual orientation and the prevalence of TDRM and HIV-1 subtypes distribution.

TABLE 2. Characteristics of the 18 cART-naïve subjects with TDRM.
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Twenty-four possible transmission clusters, including 57 individuals were identified according to the adopted criteria (aLRT > 90 in ML analysis). The clusters involved from two to five individuals and seventeen of them belong to HIV-1 subtype B, one to subtype D, three to sub-subtype F1 (Figure 2A) and three were recombinant forms being 2 BF1 and 1 BD (Figure 2B). The inclusion of a huge number of reference sequences enabled reinvestigation by ML of the transmission clusters, in combination with the criteria of presenting high aLRT support and low mean genetic distance, allowed us to depict twenty previously identified possible transmission clusters from pure HIV-1 subtypes B, D, and F1. The possible transmission clusters 1c, 3, 10, and 21 were not confirmed. Some of the originally detected clusters remained with the same configuration (2,8,11,13,16, and 18); meanwhile, some of them presented a new shape. In the Cluster numbers (1, 4, 5, 9, 15, 17, 19, and 20) some Brazilian reference sequences clustered together to ours. We also verified that some sequences were excluded from the original possible clusters (1, 3, 6, 9, 10, 12, and 14). The possible clusters 1 and 6 give rise to two new transmission clusters (1a,b and 6a,b). The original possible clusters (Figures 2A,B) and the confirmed transmission clusters (Figures 3, 4) were summarized in Table 3. Since the clusters BD (22) and BF1 (23 and 24) were unique recombinant forms, we did not perform an additional ML phylogenetic tree.
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FIGURE 3. ML phylogenetic tree highlighting HIV-1 subtype B transmission clusters. The confirmed HIV-1 transmission clusters were highlighted in green and numbered according to the previous grouping from Figure 1. All clusters present aLRT ≥ 0.90 and low mean pairwise genetic distances (≤4.5). The analysis involved 520 HIV-1 B PR/RT sequences (102 sequences from the present study, 331 Brazilian reference sequences, 82 non-Brazilian reference sequences, and 5 HIV-1 Subtype C sequences as outgroup). The analyzed fragment corresponds to 891 bp (2262 to 3251 nt relative to HXB2 genome) and drug-resistance mutations positions were stripped.
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FIGURE 4. ML phylogenetic tree showing the transmission clusters among HIV-1 subtypes of D and F1 sequences. The confirmed HIV-1 transmission clusters were highlighted in green and numbered according to the previous grouping from Figure 1. All clusters present aLRT ≥ 0.90 and low mean pairwise genetic distances (≤4.5). The sub-subtype F1 analysis involved 493 PR/RT sequences (15 sequences from the present study, 467 Brazilian reference sequences, 6 non-Brazilian reference sequences, and 5 HIV-1 Subtype C sequences as outgroup). From subtype D analysis, 94 sequences were used as follows: 2 detected in the present study, 17 HIV-1 Brazilian reference sequences, 72 non-Brazilian reference sequences and HIV-1 Subtype C sequences as outgroup).



TABLE 3. Cluster confirmation of cART-naïve HIV-1 sequences according to aLRT and genetic distance.
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All subtype B sequences were classified as pandemic B. Among subtype B confirmed clusters, twelve (12/17; 70.6%) had more than two sequences, and five (5/17; 29.4%) were composed of two sequences. Five clusters comprised MSM samples of this study with or without other Brazilian sequences (clusters 1a, 1b, 5, 6a, and 14), four with HET samples (clusters 2, 7, 16, and 17), six, mixed HET, and MSM sequences (clusters 4, 8, 11, 12, 13, and 15). Two clusters (6b and 9) were formed by one sequence from our study and two other Brazilian sequences from MS state, retrieved from Genbank (Table 3).

Individuals from ten clusters of subtype B were positive for lifetime syphilis and/or Hepatitis B and C infections. Four (4/17; 23.5%) contained sequences with TDRM, and two of them (clusters 1b and 4) were composed by MSM sharing the same TDRM. Cluster 1b included two MSM who had a history of Treponema pallidum infection and K103N mutation, and one of them reported being a sex worker and bisexual. Cluster 4 grouped two sequences from MSM (HSH187 and HSH595), one from a male HET, and sequences BRMS58 and BRMS14_10, both from males (da Silveira et al., 2012), all of them had the V75M substitution, associated with resistance to NRTI inhibitors.

Samples belonging to non-B subtypes were grouped into three clusters (Figure 4). Two of them (19 and 20), belonging to F1 subtype, contained more than two samples. The cluster 19 contained five sequences from MSM, three of which reported the use of illicit drugs and two were positive for syphilis (anti-T. pallidum). Additionally, cluster 19 also grouped a sequence from São Paulo (Brígido et al., 2011). The two samples characterized as subtype D clustered together (cluster 18).



DISCUSSION

This phylogenetic study combined detailed clinical and epidemiological data, providing valuable data for surveillance, which allowed the monitoring of HIV-1 variants, TDRM, and associations between sociodemographic characteristics and behavioral sexual groups. It is noteworthy that the study subjects were antiretroviral naïve, and therefore, they were not in virologic suppression at the time of sample collection. This fact, associated with unprotected sexual practices, a multiplicity of sexual partners and a history of sexually transmitted infections (STIs), may be crucial for the maintenance of high HIV transmission rates.

In this study, HIV-1 B subtype was identified in 67.3% of the isolates, followed by recombinant forms, subtypes F1, C, and D. This distribution reflects that found in most Brazilian regions (da Silveira et al., 2012; de Moraes Soares et al., 2014). The frequency of 13.3% (95% CI: 7.9 to 18.8%) of recombinant forms found in this study was similar to that found in previous studies conducted in Central Brazil (16.3% and 14.5%) (Stefani et al., 2007; da Silveira et al., 2012). The absence of the Caribbean non-pandemic subtype B (BCAR) differs from the previous study by Divino et al. (2016), where a frequency of 5.5% from BCAR were detected in Mato Grosso do Sul. Previous studies conducted in a southern region of Brazil identified differences in the distribution of subtypes according to sex and exposure category (De Sa Filho et al., 2005; Dias et al., 2009). The present study is the first conducted in MS addressing this issue, and the lack of association herein can be justified by the high frequency of bisexual behavior (33.9%) reported by homosexual individuals from our cohort, suggesting that the differential transmission of subtypes according to the exposure category is not restricted to the MSM.

In the present study, an intermediate prevalence (12.0%) of TDRM was found, according to the WHO classification (Bennett et al., 2009), which is higher than that found in Northern Brazil (1.0%) (dos Anjos Silva et al., 2016) and is consistent with those found in previous Brazilian studies using similar sequencing technologies (6.8% to 17.2%) (Brindeiro et al., 2003; De Sa Filho et al., 2005; Cardoso et al., 2009; Sprinz et al., 2009; Alencar et al., 2013; Pessôa et al., 2015; Arruda et al., 2018). Recently, among crack cocaine users in Central Brazil, a high prevalence of TDRM was found (58.3%). It is worth noting that only 12 HIV-positive individuals were investigated (Da Silva França et al., 2018).

Recently, one study using massive parallel sequences of Brazilian blood donors found an overall prevalence of TDRM in PR and RT regions of the HIV-1 pol gene of 44.5% (Pessôa and Sanabani, 2017). Insufficient data to evaluate the time of HIV-1 infection and conventional sequencing usage may have caused an underestimation of TDRM prevalence (Palmer et al., 2005; Jain et al., 2011; Mohamed et al., 2014). Besides, it has been reported that significant inequalities in access to treatment persists in Brazil, resulting in different impacts on mortality in some groups, such as non-white individuals, or those with poor formal education (Lima et al., 2018).

It is remarkable that 4.0% of virus isolates obtained in this study had multiple mutations that may further influence the response to treatment. K103N, the most frequent resistance mutation observed, is commonly related to decreased susceptibility to efavirenz and nevirapine and the V75M mutation was associated with lamivudine and/or stavudine use (NNRTI). Some studies point out that genotyping tests before initiation of cART for all patients could be cost-effective in Brazil (Sanabani et al., 2011; Luz et al., 2015). However, these tests are still available only to specific populations, such as serodiscordant partners and HIV infected pregnant women.

Although HIV prevalence among MSM increased beyond expectations in Brazil, no difference between TDRM prevalence in homosexuals and heterosexuals was observed in this study. This result may reflect trends of feminization and the increase in heterosexual transmissions observed in Brazil (Brasil, 2017). In contrast, (Bermúdez-Aza et al., 2011) found higher TDRM prevalence in MSM (21.4%) recruited in Brazil by respondent-driven sampling, a particular sampling technique for hard-to-reach populations. As a result, transmission networks of resistance variants may have been selected among these MSM, thus reflecting this prevalence. Due to the higher prevalence of HIV infection in MSM (Kerr et al., 2018) and transgender women in Brazil (Grinsztejn et al., 2017), pre-exposure prophylaxis is recommended by the Brazilian Ministry of Health, who have made efforts to implement it and suggest it may be cost-effective (Luz et al., 2018).

Transmission clusters are frequently defined by low genetic distance (1.0%-4.5%) within cluster sequences and high support phylogenetic clusters (Lewis et al., 2008; Bezemer et al., 2010), herein employing both resources we were able to determine nineteen transmission clusters. However, more recently, transmission network approaches have also been used to this purpose, such as HIV clustering (Wertheim et al., 2014), Cluster picker and Cluster Matcher (Ragonnet-Cronin et al., 2013).

Seventeen transmission clusters were confirmed among subtype B isolates, some of them grouped patients with co-infections. Further evidence suggests that unprotected sexual intercourse and the presence of STIs that cause ulcerative lesions such as syphilis play important roles as cofactors in HIV transmission (Lynn and Lightman, 2004; Karp et al., 2009). This emphasizes the importance of prevention and treatment interventions.

Preventive actions regarding HIV-1 transmission are needed to disrupt the network and to reduce the spread of TDRM, since 29.4% of the clusters (5/17) contained samples with TDRM. Two of these groups were sharing the same substitution, showing the possibility of transmission of resistance between these individuals. Therefore, since 2013 the Brazilian Health Ministry recommendation, following the WHO recommendation, established that all HIV infected individuals should start the treatment to accomplish viral suppression, this being an effective way to reduce the HIV transmission (Brasil, 2013).

Clusters containing sequences from individuals with different sexual behaviors, including homosexual and bisexual contacts, were found in HIV-1 B (clusters 4, 8,11,12, 13, and 15) and D subtypes (cluster 18). Thus, factors such as being a sex worker, having multiple sexual partners, inconsistent condom use, and bisexual behavior may increase exposure to resistant HIV-1 isolates, both in heterosexual and homosexual networks.

The detection of clusters containing Brazilian samples from previous studies in Central-Western and Southeastern Brazil (Brígido et al., 2011; Cardoso et al., 2011; da Silveira et al., 2012) can be explained by the high mobility of the population, reinforcing the possibility of the spreading of infection despite great geographic distances, thus influencing local dynamics of diseases. Therefore, transmission networks and potential links with the different exposure categories should be further investigated in Brazil.

The study has some limitations. We interviewed all individuals face-to-face; consequently, risk behaviors may have been under-reported, leading to potential underestimation of associations with these variables and TDRM prevalence. Moreover, due to the study design, sample composition may not be representative of Campo Grande-MS epidemic and the absence of time of HIV-1 infection or diagnosis can portray an older epidemic. Even using a very limited number (1.4% from the total number of AIDS cases in Mato Grosso do Sul) of HIV-1 sequences from Mato Grosso do Sul, we were able to detect transmission clusters. However, we could not obtain detailed epidemiological information about the sequences from other Brazilian studies that were in some clusters. On the other hand, these findings enhance the understanding of the HIV-1 genetic characteristics, transmitted drug resistance, and transmission networks, as the research comprises not only individuals with epidemiological features in common but also the spread of strains between homosexuals and heterosexuals.

We highlight the urgent need for increased transmission monitoring of antiretroviral-resistant isolates, aiming for the selection of more effective therapeutic regimens, viral suppression, and hence the interruption of HIV-1 transmission networks. Improved understandings of risks, including potential linkages between sexual exposures among MSM, may contribute to designing preventive interventions and for improving HIV surveillance regarding TDRM in the largest country in Latin America.
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The aim of early combined antiretroviral therapy (cART) of HIV is to limit the seeding of the viral reservoir during the initial phase of infection and, consequently, decrease intrahost viral diversity. Here, we assessed the effect of early cART on size and complexity of the proviral reservoir. Peripheral blood mononuclear cell (PBMC) and plasma samples were obtained from ten HIV-infected Brazilian individuals diagnosed at the acute phase of infection, before (PREART) and 12 months (M12ART) after suppressive cART. HIV proviral reservoir size was determined by quantitative real-time PCR; intrahost viral diversity of the env C2-V3 region was assessed by single genome amplification or next-generation sequencing in PBMC and plasma, respectively. Mean nucleotide diversity (π) and normalized Shannon entropy (HSN) were used to infer the complexity of the viral population. Compared to PREART, M12ART saw an immunological recovery with a gain of ∼200 CD4+ T cells (P = 0.008) and a normalization of the CD4/CD8 ratio [1.0 (IQR: 0.88–1.18), P = 0.016], as well as a significant decrease in HIV-1 RNA (∼4 log, P = 0.004) and DNA (∼1 log, P = 0.002) levels. The median time to achieve viral suppression was 3 months (IQR: 2.8–5.8 months). The high intermixing between sequences from both visits suggests that the HIV-1 DNA reservoir remained remarkably stable under cART. After 1 year of cART, there was a minor reduction in proviral π (PreART = 0.20 vs. M12ART = 0.10; P = 0.156) but a significant decrease in HSN (PreART = 0.41 vs. M12ART = 0.25; P = 0.019). We found no correlation between π or HSN at PreART and the rate of HIV DNA decay, T CD4+ counts, or CD4/CD8 ratio at M12ART. Based on a small cohort of Brazilian infected individuals under early cART and analyses of the env region, 1 year of follow-up suggested a reservoir size reduction, allowed a significant decrease of HIV-1 complexity, and achieved immunological restoration regardless of the initial HIV-1 plasma viral load, CD4+ T cell counts, or HIV-1 subtype. However, further studies in the Brazilian setting aiming a longer follow-up and larger cohort are required in this field.
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INTRODUCTION

Combined antiretroviral therapy (cART) suppresses HIV-1 replication and reduces morbidity and mortality, but does not eradicate HIV-1 infection, as a low but persistent level of HIV-1 can still be detected in plasma and cell reservoirs (Chun et al., 1997; Kiselinova et al., 2015; Ghosn et al., 2018). Latent infected resting memory CD4+ T lymphocytes are the best known HIV-1 reservoir, which is established already during early infection. This reservoir includes cells with an integrated copy of the HIV-1 genome that is not expressed while the cells remain in a resting state (Chun et al., 2002; Douek et al., 2002) and is maintained mainly by the cells’ clonal expansion (Chomont et al., 2009, 2011; von Stockenstrom et al., 2015). However, it has been suggested that persistent virus replication may be an important contributor to its maintenance (Buzón et al., 2010; Yukl et al., 2010), particularly in lymphoid tissue sanctuary sites (Lorenzo-Redondo et al., 2016). Elimination/reduction of this latent reservoir represents a great hope for curing HIV-1 infection. As the reservoir is established during the acute phase of infection, early cART has been proposed as a means to restrict reservoir size and genetic complexity (Lori et al., 1999; Strain et al., 2005; Chomont et al., 2009; Josefsson et al., 2013).

HIV-1 sequence diversity is limited by the “genetic bottleneck effect” during sexual transmission, which selects viruses with the highest overall fitness (Carlson et al., 2014) but results in a more homogeneous viral population. However, in cohorts of men who have sex with men (MSM), the selection for fitter variants appears less stringent, resulting in infection being established by multiple founding viruses (Gottlieb et al., 2008; Li et al., 2010). Accordingly, the complexity of sequence diversity during early HIV-1 infection may affect the efficacy of cART in decreasing the reservoir, mainly due to immune and therapeutic escape mutations. Another potential escape route is through viral recombinants (Abrahams et al., 2009; Kearney et al., 2009; Bar et al., 2010; Li et al., 2010; Batorsky et al., 2011; Novitsky et al., 2011). Therefore, investigating the diversity of viral variants during primary infection may help evaluate viral evolution and predict clinical outcomes.

Residual replication has been proposed as a mechanism that maintains the HIV-1 reservoir during cART. Failure to block the viral replication cycle, enables renewed cellular infections and continuous replenishment of the HIV-1 DNA reservoir (Josefsson et al., 2013). Individuals who initiated cART during early infection, may present low viral diversity in peripheral blood mononuclear cell (PBMC) and plasma reservoirs after years on suppressive therapy, and the slight sign of viral replication indicates that the reservoir was maintained by homeostatic cell proliferation (Josefsson et al., 2013). A recent study demonstrated a faster decline in HIV DNA levels in early cART-treated patients with homogeneous viral populations after 6 months of therapy (Wang et al., 2017).

Understanding the dynamics of long-lived cellular HIV-1 reservoirs in individuals treated during primary infection, can direct the choice of long-term treatment regimens to achieve post-treatment control of HIV-1 in Brazil. Here, we investigated the effect of early cART during the initial Fiebig stages of HIV-1 acute infection on the size, diversity, and complexity of HIV-1 total DNA in the PBMC reservoir by examining HIV-1 populations prior and 1 year after cART initiation.



MATERIALS AND METHODS

Subject Characteristics

A cohort of Brazilian individuals presenting recent HIV-1 infection has been followed-up since August 2013 at the Instituto Nacional de Infectologia Evandro Chagas (INI-FIOCRUZ). These individuals initiated cART immediately after diagnosis and have been described elsewhere (Ferreira et al., 2017). For the present study, we selected only individuals, who started cART during the acute phase (Fiebig II–V) (Fiebig et al., 2003) of HIV-1 infection (n = 10). Participants were recruited between December 2014 and October 2015, and had at least 1 year of successful cART after that. PBMC and plasma samples were obtained at the baseline visit (PREART) and 12 months after cART onset (M12ART), and were stored until use. The processing of all HIV samples was performed in accordance with institutional standard biosecurity and safety procedures at biosafety level 2. The study was approved by the INI Ethical Review Board (approval number 36859614.8.0000.5262), and all subjects gave written informed consent in accordance with the Declaration of Helsinki.

CD4+ and CD8+ T Cell Counts and HIV-1 RNA Quantification

Peripheral blood CD4+ and CD8+ T cell counts were determined by flow cytometry using the MultiTest TruCount-Kit and MultiSet software on a FACSCalibur flow cytometer (BD Biosciences, United States). HIV-1 RNA in plasma was measured by the Abbot Real-Time HIV-1 Assay, whose lower limit of detection was 40 copies/mL (Abbott Laboratories, Germany).

HIV-1 Total DNA Measurement in PBMCs

Total cellular DNA was extracted from cryopreserved PBMCs (1 × 107 cells) obtained at PREART and M12ART using the QIAamp DNA Mini Kit (Qiagen, Germany). Cell-associated HIV-1 DNA was quantified using the Generic HIV® DNA Cell Kit (Biocentric, France), following the manufacturer’s instructions. The assay’s lower limit of detection was 40 HIV DNA copies/106 cells.

HIV-1 DNA Single Genome Amplification (SGA)

Proviral DNA was extracted from PBMCs using the QIAamp DNA Blood Mini Kit (Qiagen, United States) according to the manufacturer’s instructions. HIV-1 quasispecies was obtained by SGA of a 552-bp fragment from the C2-V3 env region through nested PCR using Platinum Taq DNA polymerase (Invitrogen, United States) as described elsewhere (Delwart et al., 1993). Considering a Poisson distribution, at a dilution in which approximately 30% of amplicons are positive, a single amplifiable molecule is present about 80% of the time (Palmer et al., 2005). The PCR products were purified using the Illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, United Kingdom). Sequences were obtained using the ABI BigDye Terminator v.3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems, United States) on an ABI 3130 Genetic Analyzer (Applied Biosystems). Sequences were assembled and edited using SeqMan 7.0 software (DNASTAR Inc., United States). APOBEC3G/F-mediated hypermutations were revealed by Hypermut software (Rose and Korber, 2000) and sequences showing ambiguous bases were excluded.

HIV-1 env RNA Haplotypes Reconstruction From NGS Data

Viral RNA from plasma samples collected at PREART (baseline) was extracted using the QIAamp Viral RNA Mini Kit (Qiagen, Germany). The cDNA was obtained by reverse-transcribed PCR using the SuperScriptTM III Reverse Transcriptase (Invitrogen, United States) and was then subjected to nested PCR for amplification of the env gene as described above. The resulting amplicons were made into a library using the Nextera® XT DNA Library Prep Kit with unique barcodes from the Nextera® XT Index Kit (Illumina, United States), following the manufacturer’s instructions. DNA sequencing was performed on a MiSeq instrument using MiSeq Reagent Nano Kit, v2 (500 cycles; Illumina, United States). Demultiplexed reads were trimmed to remove adaptors, low-quality bases (Q <25), and short reads (<100 bp), and then mapped against single-genome amplification consensus sequences from each patient using Geneious software v.9.1.8 (Kearse et al., 2012) with high mapping quality (MAQ ≥30). Alignment regions with at least 500× coverage were used for haplotype reconstruction with QuasiRecomb 1.2 (Marz et al., 2014), employing the flag “-conservative” to increase specificity. Only haplotypes with frequencies ≥1% were used for further analysis.

HIV-1 Subtyping

Sequences were aligned with HIV-1 reference sequences from the Los Alamos database1 using ClustalW in MEGA 6 and were manually edited. The final env alignment covered positions 6,840–7,372 relative to the HXB2 genome. Maximum-likelihood (ML) phylogenetic trees were reconstructed with PhyML 3.0 (Guindon et al., 2010) using the most appropriate nucleotide substitution model selected with jModeltest v. 3.7 (Darriba et al., 2012). The approximate likelihood-ratio test (aLRT) was used to estimate the confidence of branching on the tree.

Analyses of Viral Diversity

Complexity of the intrahost viral population was assessed through two diversity measures. The mean nucleotide diversity (π), an abundance-based functional index representing the average number of nucleotide differences between any two representatives of the population, was calculated in MEGA7 (Kumar et al., 2016). The normalized Shannon entropy (HSN), an abundance-based index that measures viral population diversity based on haplotype frequencies, was calculated in the R package vegan (Oksanen et al., 2017), after sample rarefaction to correct for bias in sample size (Gregori et al., 2016).

Phenotypic Prediction of Co-receptor Usage

The quasispecies viral tropism was predicted based on the V3 amino acid sequence through the Geno2pheno algorithm (available at http://coreceptor.geno2pheno.org). The false positive rate cut-off was 10% for DNA, whereas RNA sequences were classified as CCR5 or non-CCR5-using viruses as described previously (Lengauer et al., 2007; Hayashida et al., 2017).

Statistical Analyses

All statistical analyses were performed in GraphPad Prism v6 (GraphPad Software, United States). Variables between groups (unpaired) or from the same group from different visits (paired) were compared using the Mann–Whitney U-test or Wilcoxon test, respectively. Association between variables was evaluated using the Spearman’s rank correlation. Linear regression was used to calculate the rate of HIV-1 DNA variation between visits in each subject. P-values <0.05 were considered statistically significant.

Sequence Availability

SGA env sequences have been submitted to GenBank under accession numbers MH765045–MH765329. NGS data have been deposited to the NCBI BioProject database under accession number PRJNA487221.



RESULTS

Clinical, Epidemiological, and Immunological Characteristics of Early-Treated Individuals

The study included ten HIV-1-infected Brazilian individuals diagnosed during the acute phase of infection, with a median age at diagnosis of 28 years [interquartile range (IQR): 26–42 years]. All participants were MSM and started cART immediately after HIV-1 diagnosis. The cART regimen varied among participants, however, all included two co-formulated nucleoside reverse transcriptase inhibitors (lamivudine plus tenofovir) in combination with a non-nucleoside reverse transcriptase inhibitor (efavirenz, n = 5), a protease inhibitor (fosamprenavir/atazanavir, n = 2 each), or an integrase inhibitor (raltegravir, n = 1).

Prior to cART initiation (PreART visit), median CD4+ and CD8+ T cell counts of all individuals were 634 and 1473 cells/mm3 (IQR: 420–886 for CD4+ and 526–1840 for CD8+ cells), respectively, and the CD4/CD8 ratio was 0.52 (IQR: 0.42–0.83). After 12 months on cART (M12ART), we observed a significant immunological recovery, with median CD4+ counts of 836 cells/mm3 (IQR: 719–1122) (Figures 1A, 2). This meant an average increase of ∼200 CD4+ T cells (P = 0.008) and a significant rise in the CD4/CD8 ratio [median of 1.0 (IQR: 0.88–1.18), P = 0.016] (Figures 1B, 2).
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FIGURE 1. Immunological and virological measurements before and after cART initiation. CD4+ T cell counts (A), CD4+/CD8+ ratios (B), HIV-1 proviral load in PBMCs (C), and HIV-1 viral load in plasma (D) were measured at PreART and M12ART visits (pink circles and blue squares, respectively). P-values <0.05 were considered statistically significant.
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FIGURE 2. Clinical follow-up of the ten early-treated individuals. T cell counts (cells/μL; CD4+, blue circles; CD8+, red squares) and plasma RNA viral loads (log copies/mL, green triangles) values over time after cART onset (months) are shown on the left and right Y-axis, respectively. The individuals’ identifications are indicated at the top of each graph.



The immunological improvement observed 12 months after cART initiation was accompanied by a significant decrease in the median levels of HIV-1 total DNA in PBMCs and HIV-1 RNA in plasma (Figures 1C,D). The plasma HIV-1 viral load decreased drastically (∼4 log) between PREART and M12ART visits (from 5.86 to <1.6 log copies/mL, P = 0.004), whereas HIV-1 DNA in the PBMC compartment displayed a modest yet significant reduction (∼1 log, from 3.04 to 2.18 log copies/106 PBMC, P = 0.002). The median time to achieve viral suppression (<1.6 log HIV RNA copies/mL) after the onset of cART was approximately 3 months (IQR: 2.8–5.8 months), and only one individual (IVA41) exhibited a minor viral rebound (2.66 log HIV RNA copies/mL) within the 12 months of follow-up (Figure 2). It should be noted, however, that sustained viral loads were recovered after that (data not shown).

Sequence Analysis

To understand the effect of early cART initiation on HIV-reservoir diversity and complexity, we analyzed the intrahost viral population by SGA of the HIV-1 env gene before and after cART. Similar quantities of SGA HIV-1 proviral sequences were obtained from both visits’ samples: 15 (IQR: 15–16) in PreART and 14.5 (IQR: 11–16) in M12ART (P = 0.14). Additionally, we used NGS to evaluate HIV diversity in the individuals’ plasma samples at the PreART visit. The median coverage per sample was 8,182 (IQR: 4,755–10,904) reads per base (Supplementary Figure S1), and after assembly between one to eight HIV-1 env haplotypes were reconstructed per sample.

All sequences obtained from proviral DNA and plasma RNA branched together in highly supported monophyletic clusters (aLRT = 1) by subject (Figure 3A); suggesting that in all subjects infection resulted from a single or limited number of closely related viral variants. It is noteworthy that in four subjects (IVA32, IVA21, IVA17, and IVA37), the HIV-1 RNA sequences were the closest to the common ancestor of the subjects’ HIV-1-infecting lineage and outside the main cluster comprising the proviral variants. In the remaining subjects, the HIV-1 RNA sequences were intermixed with proviral DNA sequences. HIV-1 subtype B was the most frequent variant detected (n = 6), followed by subtypes F1 and C (n = 2 in each). R5-tropic viruses dominated the intrahost HIV-1 population in plasma and PBMCs at both visits, with only two individuals (IVA21 and IVA40) presenting a low frequency (6%) of X4-tropic viral clones in PBMCs at PreART (Table 1 and Figure 3A). APOBEC3G/F-induced hypermutations were identified at PreART in proviral sequences from only three individuals (IVA09, IVA36, and IVA40), with frequencies of 6–12%.
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FIGURE 3. Impact of early cART initiation on intrahost HIV-1 population diversity. (A) ML phylogenetic tree of the env sequences from PreART and M12ART visits. Tips’ shapes represent the viral compartment (proviral DNA, circles; plasma RNA, triangles) and are color-coded according to the visit (PreART, pink; M12ART, purple). The branches’ colors agree with the subtype assignment as indicated in the legend. Clusters from each individual are indicated by shaded gray boxes. Branch supports (aLRT-SH) are indicated at key nodes. Tips shapes marked with an “H” indicate the presence of APOBEC3G-mediated G to A hypermutations and X4 labels highlight X4-tropic sequences. Horizontal branch lengths are proportional to the bar at the bottom indicating nucleotide substitutions per site. (B) Mean nucleotide diversity (π) and normalized Shannon entropy (HSN) indices were calculated from the proviral env sequences obtained at PreART and M12ART visits. Thick and thin lines represent the median and interquartile ranges, respectively. P-values <0.05 were considered statistically significant.



TABLE 1. Virological characteristics of HIV-1 early-infected individuals.
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To address the influence of early cART on reservoir complexity, we measured the average pairwise nucleotide differences of the viral population (π) and the uniformity of the haplotype distribution (HSN) of viral DNA and RNA from each visit. Hypermutated sequences were excluded from these analyses. All individuals exhibited low π values (<1.5%) despite the Fiebig stage at cART initiation. We observed a minor decline in median proviral π after 1 year of cART (PreART = 0.20, IQR: 0.10–0.58 vs. M12ART = 0.10, IQR: 0.20–0.33; P = 0.156) (Figure 3B). There was, however, a strong positive correlation between proviral and plasma π values before cART onset (r = 0.77; P = 0.0157, Supplementary Figure S2), which was not observed at M12ART nor when comparing π values from HIV DNA between visits. The overall median HSN estimated for the HIV-1 proviral population decreased significantly between PreART and M12ART visits (0.41, IQR: 0.28–0.56 vs. 0.25, IQR: 0.14–0.30; P = 0.019) (Figure 3B). However, no correlation was found when comparing the HSN values calculated from different compartments or visits.

In spite of relatively low π values at PreART, the values varied among participants (range: 0.1–1.5%). A comparison revealed no significant correlation between π or HSN at PreART with immunological and virological parameters, such as rate of HIV DNA decay, T CD4+ cell change, or the CD4/CD8 ratio, at M12ART (Figure 4).
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FIGURE 4. Correlations between proviral HIV-1 diversity indices and immunological and virological measurements. Mean nucleotide diversity (π) of the proviral population at PreART was compared with HIV decay in PBMCs (A), T CD4+ cell change (B), and CD4+/CD8+ ratio in M12ART (C). Normalized Shannon entropy (HSN) of the proviral population at PreART was compared with HIV decay in PBMCs (D), T CD4+ cell change (E), and CD4+/CD8+ ratio in M12ART (F). P-values <0.05 were considered statistically significant.





DISCUSSION

A latent HIV-1 reservoir in resting memory CD4+ T cells is recognized as the major barrier to HIV-1 eradication, as its establishment and long-term persistence enables renewed viremia after treatment failure or interruption (Richman et al., 2009). Early cART has been proposed as a means for achieving long-term control of viral replication upon cART interruption, by delaying the viral rebound and potentially inducing a post-treatment controller status (Archin et al., 2012; Avettand-Fènoel et al., 2016). Here, we analyzed ten acutely HIV-infected patients starting cART during the early Fiebig stages, before and 1 year after treatment, to investigate the effect of early therapy on the size and complexity of HIV-1 total DNA in the PBMC reservoir.

Benefits of early cART include a reduction in residual viral replication, a restraint of viral diversity and reservoir development, and accelerated immune restoration (Yerly et al., 2000; Ngo-Giang-Huong et al., 2001; Delwart et al., 2002; Hecht et al., 2006). We observed significant immunological restoration in all subjects 1 year after cART onset during acute HIV infection, with increases of both CD4+ T cell counts and the CD4/CD8 ratio (∼1.0), in agreement with previous results (Hoenigl et al., 2016). The rise of the CD4/CD8 ratio was previously linked with reduced levels of HIV DNA in peripheral blood cells (Chun et al., 2002), mainly if cART was established during primary HIV-1 infection (Hocqueloux et al., 2013). Thus, initiating cART during the acute phase of HIV infection offers an opportunity to reduce HIV reservoirs and achieve optimal immune reconstitution. Nevertheless, a recent study (Colby et al., 2018) has demonstrated that a CD4/CD8 ratio <1 is associated with a rapid viral rebound following treatment interruption, in spite of early cART initiation and sustained undetectable viral load along treatment follow-up. The immunological recovery was accompanied here by a reduction in both HIV RNA and DNA levels. The median viral load decay time to undetectable levels was about 3 months after cART start, similar to previous studies (Pilcher et al., 2004; Hoenigl et al., 2016), indicating that a rapid and efficient virologic suppression was achieved in this cohort. The median HIV-1 DNA load of our subjects at baseline visit was ∼3 log copies/106 PBMCs, similar to the one described in the ANRS PRIMO cohort (Schiffer et al., 2004). After 1 year of suppressive cART, HIV-1 DNA levels in PBMCs were reduced to ∼2 log copies/106 PBMCs, reaching similar levels as those of HIV-1-infected patients, who had started intensive and standard cART during primary HIV-1 infection (Hocqueloux et al., 2013; Chéret et al., 2015).

A reduction of the HIV-1 latent reservoir may help HIV-1-infected patients reach at least a transient drug-free remission of their disease (Hocqueloux et al., 2013; Sáez-Cirión et al., 2013). Lower levels of HIV DNA in PBMCs at antiretroviral treatment interruption have been associated with a longer time to treatment resumption (Piketty et al., 2010). Despite the reduction in HIV-1 total DNA in the PBMC reservoir observed in our study, the values were still higher (median 2.18 log copies/106 PBMCs) than in post-treatment controllers (PTC) from the VISCONTI cohort (median 1.71 log copies/106 PBMCs), for whom long-term viral control was maintained after treatment interruption (Sáez-Cirión et al., 2013). The PTC’s median time to plasma viral load becoming undetectable was similar to the one calculated in this study; however, median cART duration was much longer (36.5 months in PTC vs. 12 months in this study). Moreover, a study conducted in Thailand showed that total HIV DNA mean values in PBMCs from early-treated acutely HIV-infected individuals decreased over time achieving very low levels after 3 years of cART (Ananworanich et al., 2016). Thus, with longer follow-up of the patients included in this study, total HIV DNA may reduce even further in the PBMC reservoir.

Here, analysis of HIV env sequences from plasma and PBMCs revealed very high population intermixing between the clones obtained before and after cART onset, indicating that the HIV-1 DNA reservoir remained remarkably stable. This result agrees with the findings of Josefsson et al. (2013), whereby viral populations in both pre-therapy plasma and cells isolated after suppressive cART initiated during early/acute infection were nearly monomorphic. The absence of genetic changes indicates that maintenance of the HIV reservoir during suppressive cART, as observed in this study, was the result of homeostatic cell proliferation rather than of ongoing viral replication. This is consistent with the results of other studies analyzing HIV reservoir sequences but from longer time intervals than those reported here (Chomont et al., 2009; Kearney et al., 2014; von Stockenstrom et al., 2015; Brodin et al., 2016; Van Zyl et al., 2017). However, the absence of divergence in the PBMC HIV DNA reservoir does not exclude the possibility that ongoing residual replication could be occurring in sanctuary sites, especially in lymphoid tissue (Lorenzo-Redondo et al., 2016). A more robust sampling scheme, assessing distinct compartments and over a longer time frame should be performed to increase the chances of identifying putatively evolving viruses.

Recent studies have demonstrated that patients, who were treated early during primary HIV-1 infection, had low viral diversity in both plasma or cells isolated after years on therapy (Josefsson et al., 2013; Kearney et al., 2014). Even though diversity values were low at the baseline visit, we detected a slight decline in HIV DNA diversity in PBMCs and a significant decline in proviral population complexity after 12 months on cART. As we found no evidence of ongoing viral replication, the reduction in intrahost proviral complexity following cART may be explained by the clearance of HIV-infected cells, probably long-lived T cells (Palmer et al., 2008), and coincided with a reduction in HIV DNA levels. Interestingly, the diversity indices exhibited by these subjects after 1 year of suppressive cART, were similar to those found in a subgroup of rare individuals capable of naturally controlling HIV-1 replication and maintaining it at low levels (named elite controllers). The diversity indices exhibited by elite controllers are associated with the presence of a putative more efficient mechanism to control HIV-1 replication and disease progression (de Azevedo et al., 2017). A previous study found an association between HIV genetic diversity during the early phase of infection and a faster HIV DNA decline following cART (Wang et al., 2017). In contrast, we did not find any significant correlation between immunological recovery or virologic control achieved after 1 year of suppressive cART and HIV diversity before cART initiation.

We detected three HIV-1 env subtypes (B, C, and F1) among the ten patients included in this study. This subtype distribution is in accordance with the molecular epidemiology found in Brazil (Bello et al., 2011). The different HIV-1 clades seem not to have influenced cART outcomes observed in the different subjects. However, it is noteworthy that IVA05 and IVA38, both infected with HIV-1 subtype C strains, presented the highest values of viral diversity and complexity in both PBMC and plasma compartments. This finding agrees with a previous study showing that subtype C displays higher median diversity than subtype B (Rieder et al., 2011). Additionally, the majority of HIV-1 variants were R5-tropic during the entire follow-up period. The only exceptions were two subjects infected with HIV-1 subtype B, who exhibited a low frequency of X4-tropic clones even at the very beginning of HIV-1 infection, in agreement with previous studies (Sheppard et al., 2002; Raymond et al., 2010; Chalmet et al., 2012).

Despite the intensification of offering rapid tests for HIV detection inside and outside the health services, covering key populations at risk, and the ongoing follow-up of cohorts of serodiscordant couples conducted by our institution (INI-FIOCRUZ), the identification of individuals in the early primary infection phases, according to the Fiebig classification, and their follow-up are still hard tasks, as well as, the obtaining of high quality cryopreserved PMBC samples from long term storage to perform the laboratory analyses. Consequently, most of the studies addressing this group, considering the complex strategies for characterizing the early stages of HIV-acute infection, management of early cART starting and the clinical follow-up at specific time points limits the scope, mainly in developing countries where resources to closely following clinical cohorts are more restricted. Thus, the effects of early treatment initiation on the viral evolution, size and distribution of the viral reservoir are still poorly explored and need to be better characterized and, although having a relatively small number of individuals included in our study, we still justified conducting the present analyzes. As of our knowledge, this is the first Brazilian study discussing the viral evolution and reservoir size overtime in a cohort of HIV infected individuals starting cART in the early Fiebig stages of HIV primary infection. Further studies with larger cohorts and longer follow-up periods should be performed to identify better predictive markers for individuals, who might reach the PTC status after cART interruption. Assessment of HIV DNA level and diversity in different T cell subsets and/or compartments would substantially improve our understanding of the effect early cART has in these subjects and would likely add to the growing body of evidence indicating the contribution of each cell population to maintaining the HIV reservoir (Buzon et al., 2014).

In summary, we demonstrate that based on this small cohort and analyses of only the envelope region, 1 year of suppressive cART initiated in the early stages of HIV infection suggested a reduction of the size and complexity of HIV-1 total DNA in the PBMC reservoir, as well as achieve immunological restoration. Immunological recovery and virologic suppression were not associated with proviral diversity before cART onset. The early initiation of cART in HIV-acutely infected individuals in current Brazilian setting may favor strategies to achieve post-treatment control of HIV and, ultimately, a functional cure by restricting the pool of variants and allowing a more focused targeting with therapeutic vaccines or other immune approaches. However, further studies are required to determine the follow-up time necessary to achieve the lowest viral endpoints for clinical management.
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Intersubtype recombinants classified as circulating recombinant forms (CRFs) or unique recombinant forms (URFs) have been shown to play an important role in the complex and dynamic Brazilian HIV/AIDS epidemic. Previous pol region studies (2003–2013) in 828 patients from six states from Central Western, Northern and Northeastern Brazil reported variable rates of BF1, F1CB, BC, and CF1 mosaics. In this study HIV-1 subtype diversity BF1, F1CB, BC, and CF1 recombinants in pol were analyzed. Full/near-full/partial genome sequences were generated from F1CB and BF1 recombinants. Genomic DNA extracted from whole blood was used in nested-PCR to amplify four overlapping fragments encompassing the full HIV-1 genome. Phylogenetic trees were generated using the neighbor-joining/NJ method (MEGA 6.0). The time of the most recent common ancestor (TMRCA) of F1CB and BF1 clades was estimated using a Bayesian Markov Chain Monte Carlo approach (BEAST v1.8; BEAGLE). Bootscanning was used for recombination analyses (Simplot v3.5.1); separate NJ phylogenetic analysis of fragments confirmed subtypes. The phylogenetic analyses of protease/reverse-transcriptase sequences in 828 patients revealed 76% subtype B (n = 629), 6.4% subtype C (n = 53), 4.2% subtype F1 (n = 35), 13.4% intersubtype recombinants: 10.5% BF1 (n = 87), 2.3% BC (n = 19), 0.4% F1CB (n = 3), and 0.2% CF1 (n = 2). Two full and one partial BF1C genomes allowed the characterization of the CRF81_cpx that has 9 breakpoints dividing the genome into 10 subregions. Basic Local Alignment Search Tool searches (Los Alamos HIV Sequence Database) identified six other sequences with the same recombination profile in pol, five from Brazil, and one from Italy. The estimated median TMRCA of CRF81_cpx was 1999 (1992–2003). CRF60_BC-like sequences, originally described in Italy, were also found. Two full and one near full-length BF1 genomes led to the characterization of the new CRF99_BF1 that has six recombination breakpoints dividing the genome into seven subregions. Two new URFs BF1, with six recombination breakpoints and seven subregions were also characterized. The description of the first Brazilian BF1C CRF81_cpx and of the new CRF99_BF1 corroborate the important role of CRFs in the HIV/AIDS epidemic throughout Brazil. Our data also highlight the value of HIV-1 full-genome sequence studies in order to fully reveal the complexity of the epidemic in a huge country as Brazil.
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INTRODUCTION

Recombination of HIV-1 group M subtypes is considered a driving force for its genetic diversity worldwide (Worobey and Holmes, 1999). Brazil is a vast country with remarkable socio-economic and geographic differences where a very complex and dynamic HIV/AIDS epidemic has been reported. HIV-1 subtype B predominates in all geographic regions, except in Southern region where subtype C is a major variant (Soares et al., 2005; Gräf and Pinto, 2013; Delatorre et al., 2017). The distribution of F1 subtype has also significant regional variances ranging from low prevalence, in most regions, to high frequency in Pernambuco state, Northeastern Brazil (Cavalcanti et al., 2012; Gaspareto et al., 2012; Silveira et al., 2012; Lima et al., 2016a). The cocirculation of distinct HIV-1 subtypes is known to increase the chances of coinfection and of the generation of BF1, F1CB, BC, and CF1 intersubtype recombinant viruses (Jetzt et al., 2000; Faria et al., 2014). In the last decade, different circulating recombinant forms (CRFs) and unique recombinant forms (URFs) have been described including BC recombinants especially in the Southern and BF1 recombinants in different Brazilian regions (Guimarães et al., 2008, 2010; Passaes et al., 2009; Ferreira et al., 2011; da Silveira et al., 2012; Pessôa et al., 2014b, 2016; Moura et al., 2015a,b; Gräf et al., 2016; Lima et al., 2016b; Reis et al., 2017).

Previous studies from our group in the HIV-1 pol region reported variable rates of intersubtype recombinant BF1, F1CB, BC, and CF1 viruses among over 800 patients living in six Brazilian States located in the Central Western, Northern, and Northeastern Brazilian regions (Cardoso et al., 2009, 2010, 2011; Cardoso and Stefani, 2009; Carvalho et al., 2011; Ferreira et al., 2011; Alcântara et al., 2012; da Silveira et al., 2012; da Costa et al., 2013; Moura et al., 2015a,b; Lima et al., 2016b). Recently near full and full-length genomes revealed a noteworthy diversity of BF1 recombinants among these patients and allowed the identification of the CRF90_BF1 and of several URFs BF1 (Reis et al., 2017). In this study, we summarize HIV-1 molecular data in pol among this large group of patients from six Brazilian states. Additionally, we describe the frequency and profile of intersubtype recombinants. Full and near-full length genome sequences of F1CB and BF1 intersubtype mosaics allowed the characterization of two new CRFs identified in Central Western Brazil and partial genomes characterized two new URFs BF1.



MATERIALS AND METHODS

Study Samples

Our study population included 828 HIV-1 infected individuals recruited in Central Western (Goiás, Mato Grosso, and Mato Grosso do Sul states), Northern (Tocantins state), and Northeastern (Maranhão and Piauí states) Brazilian regions from 2003 to 2013. Patients belonged to the following groups: recently diagnosed antiretroviral/ARV-naïve (701/828; 84.7%), therapeutic failure of ARV treatment (127/828; 15.3%), inmates (27/828; 3.3%), and pregnant women (278/828; 33.6%). These studies were approved by the local Institutional Ethics Committee and all participants signed an informed consent form before blood collection (Goiás: protocols #073/05, #003/2008, #163/2010, at CEPMHA/HC/UFG; Mato Grosso: protocol #435/07 at Universidade Federal do Mato Grosso/UFMT; Mato Grosso do Sul: protocol #1143 at Universidade Federal do Mato Grosso do Sul/UFMS; Piauí: protocol #022/2011 at Universidade Estadual do Piauí/UESPI; Maranhão: protocol #16/2011 at Hospital de Doenças Tropicais Dr Natan Portela).

POL Gene Sequencing

Plasma RNA extraction, reverse transcription into complementary DNA (cDNA), amplification by nested polymerase chain reaction, sequencing of the protease (PR) and reverse transcriptase (RT) regions in the pol gene and phylogenetic analyses were previously described (Cardoso et al., 2009, 2010, 2011; Cardoso and Stefani, 2009; Carvalho et al., 2011; Ferreira et al., 2011; Alcântara et al., 2012; da Silveira et al., 2012; da Costa et al., 2013; Moura et al., 2015a,b; Lima et al., 2016b).

Full-Length, Near-Full-Length, and Partial HIV-1 Genomes

Genomic DNA was extracted from whole blood samples (QIAamp® DNA Blood Mini Kit/QIAGEN, Qiagen, Hilden, Germany). The double-stranded proviral HIV-1 DNA was amplified by nested-PCR employing Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, United States) into four overlapping fragments [(#1 (408–2594), #2 (2253–4830), #3 (4653–7811), and #4 (6954–9625) relative position to HXB2 genome] using HIV-1 specific primers as described in Reis et al. (2017). The amplified DNA fragments were purified (kit QIAquick® PCR Purification Kit/QIAGEN, Qiagen, Hilden, Germany) and sequenced (Big Dye Terminator Sequencing Kit v. 3.1, Applied Biosystems, Foster City, CA, United States; ABI Prism 3100 Genetic Analyzer, Applied Biosystems, Foster City, CA, United States).

Phylogenetic and Recombination Analyses

Sequences from this study were aligned using Clustal X 2.0 implemented in BioEdit 7.2.0 program (Thompson et al., 1994). Reference sequences of HIV-1 group M subtypes (B, C, and F1) were obtained from the Los Alamos HIV Database (http://hiv.lanl.gov, last accessed December 2018). Phylogenetic trees were generated using the neighbor-joining (NJ) method (Nei and Kumar, 2002) under the Kimura two-parameter model (Kimura, 1980) using MEGA 6.0 software (Tamura et al., 2013). Bootstrap values (BP, 1000 replicates) above 80% were considered significant. Recombination analyses were performed in all viral isolates using the bootscanning method implemented in Simplot v3.5.1 software (Lole et al., 1999) with the following parameters: 300 nucleotide (nt) window, 20 nt increments, NJ method under Kimura’s two-parameter correction with 100 bootstrap replicates. Informative site analyses were used to characterize the recombination breakpoints, for this purpose, consensus sequences from Brazilian HIV-1 subtypes B, C, and F1 were generated in the DAMBE program (Xia and Xie, 2001). The fragments of our study sequences assigned to specific HIV-1 subtypes were confirmed by separate NJ phylogenetic analysis as described above.

Representative samples from the HIV-1 BF1 and F1CB Brazilian clusters herein identified were submitted to a Basic Local Alignment Search Tool (BLAST) analysis in order to recover other sequences with high similarity (>95%) and probably with similar recombination profiles. The BLAST analysis was performed using sequences obtained from the Los Alamos HIV Sequence Database (http://hiv.lanl.gov, last accessed December 2018).

Evolutionary Analyses of F1CB and BF1 Recombinants

The time of the most recent common ancestor (TMRCA) of HIV-1 F1CB and BF1 clades was estimated using a Bayesian Markov Chain Monte Carlo (MCMC) approach implemented in BEAST v1.8 (Drummond et al., 2002; Drummond and Rambaut, 2007) with BEAGLE to improve run-time (Suchard and Rambaut, 2009). Analyses were performed using the GTR+I+G nucleotide substitution model selected by the jModeltest program (Posada, 2008), a flexible Bayesian Skyline coalescent tree prior that does not require strong prior assumptions of demographic history (Drummond et al., 2002) and a relaxed uncorrelated lognormal molecular clock model (Drummond et al., 2006) with an informative uniform prior interval (1.5–2.5 × 10-3 nucleotide substitutions per site per year) as the estimated coefficient of rate variation (mean = 0.30; 95% highest probability density/HPD values: 0.0004–0.65) indicated a significant variation of substitution rate among branches. One MCMC chain was run for 1 × 107 generations. Convergence and uncertainty of parameter estimates were assessed by calculating the effective sample size (ESS) and the 95% HPD, respectively, using Tracer v1.6 (Rambaut and Drummond, 2007). The maximum clade credibility (MCC) tree was summarized with TreeAnnotator v1.8 and visualized with FigTree v1.4.0.



DATA AVAILABILITY

All HIV-1 sequences generated in this study were deposited in the GenBank database (accession numbers MH938677, MH938678, and MH986013-MH986018).



RESULTS

Phylogenetic Analyses of pol Region in HIV-1-Infected Patients From Six Brazilian States

The phylogenetic analyses of the pol (PR/RT) region in 828 patients from six Brazilian States showed that 76% was subtype B (629 out of 828), 6.4% was subtype C (53 out of 828), and 4.2% was subtype F1 (35 out of 828). Intersubtype recombinant viruses represented 13.4% (111 out of 828): 10.5% BF1 (87 out of 828), 2.3% BC (19 out of 828), 0.4% F1CB (3 out of 828), and 0.2% CF1 (2 out of 828) (Figure 1; Supplementary Table 1). The BF1 recombinants identified in this dataset were recently described in detail elsewhere (Reis et al., 2017).
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FIGURE 1. Map of Brazil highlighting our study area. The pie-charts depict the frequency of HIV-1 subtypes of 828 patients living in six states located in three geographic regions, Central Western: Goiás/GO, Mato Grosso/MT, Mato Grosso do Sul/MS; Northern: Tocantins/TO; and Northeastern: Maranhão/MA, Piauí/PI. The number of pol sequences analyzed is depicted below each pie chart.



HIV-1 F1CB, BC, and CF1 Recombinant Viruses in the pol Region

Phylogenetic and bootscanning analyses of the 23 mosaic sequences composed of subtypes F1CB, subtypes BC, and subtypes CF1 (Supplementary Table 1) showed six clusters with distinct recombination profiles (Figure 2). Three BC recombinant isolates (BRMS43, BRPI34, and BRMT2509) did not cluster with other samples.
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FIGURE 2. Phylogenetic tree of partial HIV-1 pol sequences of F1CB, BC, and CF1 recombinants from Central Western, Northern, and Northeastern Brazil. The tree was constructed using MEGA software, 6.0 version under NJ method and Kimura two-parameter model (Bootstrap value over 80%). The mosaic patterns of recombinants: Cluster F1CB, Clusters BC (I and II), CRF31_BC-like, CRF60_BC-like, and Cluster CF1 are depicted. In the mosaic structure representations of F1CB, BC, and CF1 clusters, the breakpoint positions are indicated according to HXB2 genome position. In the mosaic structure, the green color stands for HIV-1 subtype F1, blue color stands for subtype B, and brown color stands for subtype C.



The F1CB cluster was composed of three isolates (Goiás = 1, Mato Grosso = 2). The BC-I cluster contained two isolates (Maranhão = 1, Piauí = 1) and the BC-II cluster contained four isolates (Goiás n = 1, Piauí n = 3). The CRF31_BC-like cluster contained seven isolates (Goiás = 2, Mato Grosso do Sul = 2, Mato Grosso = 2, Piauí = 1). The CRF60_BC-like cluster comprised two isolates (Maranhão = 1, Mato Grosso do Sul = 1) and the CF1 cluster contained two isolates from Tocantins (Figure 2).

Characterization of the F1CB Cluster in the pol Region

The deduced mosaic structures of the three F1CB recombinant strains in pol (BRGO3001 from Goiás, BRMT2526 and BRMT722 from Mato Grosso) were compared and the patterns of the shared recombination breakpoints are summarized in Figure 2.

A BLAST search analysis recovered six other pol sequences with high homology with those from F1CB cluster. Five of them were from individuals collected in two Brazilian states (FJ591479, KM851055, and KM851122 from Paraná, Southern region and KX888281 and KX888291 from Mato Grosso). One recovered BF1C pol sequence was from Italy. Phylogenetic and recombination analyses of the pol F1CB sequences identified here and of these six sequences recovered from the BLAST search showed bootstrap values of 100% and the same mosaic structure pattern (Figure 3). The estimated median TMRCA of the F1CB cluster was 1999 ranging from 1992 to 2003 (Figure 4).


[image: image]

FIGURE 3. Phylogenetic tree including the three F1CB sequences identified here and the six pol sequences sharing over 95% similarity recovered from the BLAST search. The tree was constructed using MEGA software, 6.0 version under NJ method and Kimura two-parameter model (Bootstrap value over 80%).
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FIGURE 4. Time-scaled Bayesian MCMC tree of nine pol sequences of F1CB HIV-1 sequences.



Description of the CRF81_cpx

Phylogenetic and bootscanning analyses of the near-full and full-length genome sequences from the F1CB cluster: BRGO3001 strain (626–9322 bp), BRMT2526 strain (626–9322 bp), and partial sequences of the BRMT722 strain (626–1677 bp; 2263–4822 bp; 4824–5964 bp; 7855–8653 bp) described here allowed the description of the new CRF81_cpx named according to the standardized nomenclature by the Los Alamos National Laboratory.

The genome sequences of the three CRF81_cpx strains showed a complex recombination profile with nine breakpoints, which divide the HIV-1 genome into 10 subregions (Figure 5). The following subregions and subtypes were identified: subtype B (626–1196 bp; 2963–3675 bp; 5925–6224 bp; 8080–8825 bp), subtype F1 (1197–2611 bp; 3676–5135 bp), and subtype C (2612–2962 bp; 5136–5924 bp; 6225–8079 bp; 8826–9322 bp).


[image: image]

FIGURE 5. Mosaic structure of the CRF81_cpx composed of HIV-1 subtypes B, F1, and C. (A) Bootscanning analysis was conducted using a window size of 300 bp and a step size of 20 bp along with reference strains of representative subtypes B, F1, and C from HIV-1 group M. (B) Genomic structure of CRF81_cpx. Breakpoint positions according to HXB2 genome positions are indicated. The blue color stands for HIV-1 subtype B, green color stands for subtype F1, and brown color stands for subtype C. The mosaic map was generated using the Recombinant HIV-1 Drawing Tool (https://www.hiv.lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html).



The three CRF81_cpx strains were obtained from two 40- and 46-year-old males who lived in Rondonópolis and Cuiabá cites, in Mato Grosso state and from one 33-year-old female living in Alexânia city, in Goiás state. All three patients were ARV-naïve and were blue-collar workers. The 46-year-old patient self-reported to belong to the men who have sex with men (MSM) category and the other two patients were from the heterosexual category.

Identification of the New CRF99_BF1

We have previously described five highly supported clusters (#1–5) among 87 BF1 recombinants and full-genome sequences from Cluster #5 characterized the new CRF90_BF1 (Reis et al., 2017; Supplementary Table 1).

In the current study five BF1 isolates from Cluster #2 (described in Reis et al., 2017) (BRGOMI779, BRGO4013, BRGO4028, BRGO4056, and BRGO4126) were further sequenced (Figure 6). Among these five BF1 isolates from Cluster #2 we were able to generate the full-length genome sequence of two viruses, the BRGO4056 strain (407–9616 bp) and the BRGO4028 strain (363–9612 bp) and the near-full-length genome sequence of BRGO4013 strain (350–7335 bp and 7750–8576 bp) relative to HXB2 genome positions.
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FIGURE 6. Phylogenetic analysis of five pol BF1 sequences with similar recombination profile. NJ method and Kimura two-parameter evolutionary model/1,000 replicate bootstrap values were applied. In the mosaic structure, the green color stands for subtype F1 and the blue color stands for subtype B.



According to the standardized nomenclature by the Los Alamos National Laboratory the full and near-full sequences of these BF1 strains were designated as CRF99_BF1 (BP = 99%). The mosaic structure of the CRF99_BF1 showed the predominance of subtype B (Figure 7). The bootscanning analysis of the whole genome of the CRF99_BF1 showed six recombination breakpoints which divide the genome into seven subregions (Figure 7). According to this, the following subregions and subtypes were identified in the full-genome sequence of BRGO4056 strain: subtype B (626–1378 bp; 1831–2088 bp; 2575–5044 bp; and 5945–9601 bp) and subtype F1 (1379–1830 bp; 2089–2574 bp; and 5045–5944 bp) all of them relative to HXB2 genome positions.
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FIGURE 7. Mosaic structure of the new CRF99_BF1. (A) Bootscanning analysis was conducted using a window size of 300 bp and a step size of 20 bp along with reference strains of B, C, and F1 representative HIV-1M subtypes. (B) Genomic structure of the CRF99_BF1. Breakpoint positions according to HXB2 genome numbering system are indicated. The blue color stands for subtype B, the green color stands for subtype F1, and the brown color for subtype C. The mosaic map was generated using the Recombinant HIV-1 Drawing Tool (www.hiv.lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html).



The three strains that make up the CRF99_BF1 were obtained from pregnant women (17-, 25-, and 31-year-old) all of them ARV-naïve living in Goiás state and recruited from 2008 to 2009.

No other HIV-1 pol sequence sharing a mosaic profile similar to the sequences that make up the new CRF99_BF1 was identified in our BLAST searches. The estimated median TMRCA of the CRF99_BF1 was previously reported to be 1993, ranging from 1985 to 1998 (Reis et al., 2017).

Characterization of Two New URFs_BF1

Among six HIV-1 BF1 sequences (BRMA94, BRMA95, BRPI96, BRMA242, BRGO4122, and BRGOMI744) that formed Cluster #1 (described in Reis et al., 2017) we were able to obtain the near-full-length sequence of the BRGOMI744 strain (411-9617 bp) from Goiás State. For the BRMA94 strain, from Maranhão State, only partial genome sequence of fragments were obtained (1028–5930 bp, 6004–7765 bp, relative to HXB2 genome positions). The bootscanning analysis of the near-full genome sequence of the BF1 strain BRGOMI744 showed a complex pattern comprising six recombination breakpoints which divide the genome into seven subregions (Figure 8). The following subtypes and subregions were identified in this genome: subtype B (626–910 bp; 2558–3693 bp; 5808–6384 bp; and 7317–9493 bp) and subtype F1 (911–2557 bp; 3694–5807 bp; and 6385–7316 bp) all of them relative to HXB2 genome positions. The partial genome fragments of the BRMA94 strain presented the same mosaic structure as described in the BRGOMI744 strain.
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FIGURE 8. Recombination breakpoint analyses of URF_BF1/BRGOMI744. (A) Bootscanning analysis was conducted using a window size of 300 bp and a step size of 20 bp along with reference strains of B, C, and F1 representative HIV-1 M subtypes. (B) Genomic structure of URF/BRGOMI744. The mosaic map was generated using the Recombinant HIV-1 Drawing Tool (www.hiv.lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html).



The Cluster #3 (described in Reis et al., 2017) comprised four isolates (BRGO3153, BRGO4057, BRMT1319, and BRMT2835). The full-genome sequence of the BRMT1319 strain showed that this URF_BF1 is mainly composed of subtype B. The bootscanning analysis of this genome showed six recombination breakpoints, dividing the genome into seven subregions (Figure 9). The subtypes and subregions identified in this genome were the following: subtype B (626–1218 bp; 1947–2307 bp; 2525–2697 bp; and 2876–9423 bp) and subtype F1 (1219–1946 bp; 2308–2524 bp; and 2698–2875 bp) all of them relative to HXB2 genome positions.
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FIGURE 9. Recombination breakpoint analyses of the URF_BF1 identified in the BRMT1319 strain. (A) Bootscanning analysis was conducted using a window size of 300 bp and a step size of 20 bp along with reference strains of B, C, and F1 representative HIV-1 M subtypes. (B) Genomic structure of the URF_BF1 identified in the BRMT1319 strain. The mosaic map was generated using the Recombinant HIV-1 Drawing Tool (www.hiv.lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html).





DISCUSSION

Our study with near-full and full-length genome sequences of recombinant viruses describes two new HIV-1 CRFs: the BF1C CRF81_cpx and the CRF99_BF1 that were identified among over 800 patients living in six Brazilian states. These states are located across three different geographic areas where the prevalent subtype B cocirculates with minor subtypes F1 and C. Our study also characterized two URFs BF1 in this geographic area. This is the first description of a CRF_cpx in Brazil and it is the first among 23 CRF_cpx already reported at Los Alamos HIV Sequence Database, that does not contain subtype A (http://www.hiv.lanl.gov, last accessed December 2018). So far, all CRF_cpx described worldwide presented a partial subtype A genome, either “pure” or as CRF01 (subtypes A, E) or CRF02 (subtypes A, G) (http://www.hiv.lanl.gov, last accessed December 2018). The complex CRF characterized here contains nine breakpoints and 10 subregions of subtypes B, F1, and C. Our data suggest that the CRF81_cpx originated almost 20 years ago in 1999 and that it circulates in a wide geographic area including the Central Western region, where it probably originated, and the Southern Brazilian (Paraná state) region.

In addition, our analyses provided evidence that this newly described BF1C CRF81_cpx also circulates in Italy, where the HIV/AIDS epidemic has been characterized by an increasing genetic diversity of mainly non-B subtype strains (Lai et al., 2010). A previous phylogeographic study indicated an association between the Italian and the South American HIV/AIDS epidemic suggesting that the main source of the Italian subtype C epidemic is associated with interactions between Italian heterosexual and South American homosexual males (Lai et al., 2014). In the Italian study, although patients infected with subtype C mainly referred themselves as heterosexuals, homo- or bisexual contacts were considered the source of their infection (Lai et al., 2014). Although the investigation of the sexual links involved in the origin of the CRF81_cpx was out of the scope of this study, one of patients harboring the BF1C CRF81_cpx reported himself as MSM, suggesting a possible role of this category in the origin of this mosaic CRF.

Corroborating a possible link between the Italian and the South American HIV/AIDS epidemics, in our dataset we have found a CRF60_BC-like cluster represented by strains circulating in Northeastern and Central Western Brazil. The CRF60_BC was originally identified in Southern Italy after an outbreak among 22 patients, mostly highly educated, young MSM (Monno et al., 2012; Simonetti et al., 2014). Phylogenetic analysis of full-length genome of CRF60_BC revealed the South American origin of the C subtype parental strain (Simonetti et al., 2014). Similarly to the newly described CRF81_cpx, that appears to circulate in Brazil and Italy, our findings of CRF60_BF-like sequences support the connection between the HIV/AIDS epidemic in these two countries. It has been proposed that the presence of about 400,000 South American immigrants in Italy and of a significant and unstable population of transgender sex workers (around 10,000 individuals, 60% of them from South America) strenghthen this genetic association (Lai et al., 2014). Further studies are necessary to fully evaluate the spread and the geographic area of circulation of the CRF60_BC in Brazil.

Whereas we have found evidence of the spread of CRF60_BC in Brazil, up to now only one CRF containing subtypes B and C, the CRF31_BC was described in Brazil, in the Southern region, where subtype C is a main genetic variant (Santos et al., 2006). In our study we have found a CRF31_BC-like cluster indicating the dissemination of this CRF or a variant derived from it, from Southern to Central Western and Northeastern Brazil. In this study we also characterized the new CRF99_BF1 and two new URFs BF1. Currently there are 98 HIV-1 CRFs reported globally (http://www.hiv.lanl.gov, last accessed December 2018). So far, among the 15 CRF_BF reported at the Los Alamos HIV Sequence Database, the majority was described in different geographic regions of Brazil: CRF28_BF, CRF29_BF, CRF39_BF, CRF40_BF, CRF46_BF, CRF70_BF, CRF71_BF, CRF72_BF, and the CRF90_BF1 which was recently described by our group in the Central Western region (Sanabani et al., 2006, 2010; Guimarães et al., 2008; Pessôa et al., 2014a,b; Reis et al., 2017). Several URFs BF1 and URFs BC have been described by full and near-full-length genome sequencing studies in Brazil and this approach is necessary to define the real contribution of these mosaic forms in the Brazilian epidemic (Barreto et al., 2006; Sanabani et al., 2006, 2010; Passaes et al., 2009; Pessôa et al., 2016; Marques et al., 2018).



CONCLUSION

The description of the first CRF_cpx composed of subtypes B, F1, and C identified in Brazil shows that more complex HIV-1 recombinant variants are circulating in the country and also in Italy. Additionally the description of the new CRF99_BF1 and of two new URFs BF1 confirms the wide generation and spread of BF1 intersubtype recombinants in the Brazilian HIV/AIDS epidemic. Our results reinforce the need to expand HIV-1 full-length genomic studies in Brazil and worldwide in order to estimate the overall proportion of intersubtype recombinants in the HIV/AIDS epidemic.
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Previous molecular studies of Serbian HIV epidemic identified the dominance of subtype B and presence of clusters related HIV-1 transmission, in particular among men who have sex with men (MSM). In order to get a deeper understanding of the complexities of HIV sub-epidemics in Serbia, epidemic trends, temporal origin and phylodynamic characteristics in general population and subpopulations were analyzed by means of mathematical modeling, phylogenetic analysis and latent class analysis (LCA). Fitting of the logistic curve of trends for a cumulative annual number of new HIV cases in 1984–2016, in general population and MSM transmission group, was performed. Both datasets fitted the logistic growth model, showing the early exponential phase of the growth curve. According to the suggested model, in the year 2030, the number of newly diagnosed HIV cases in Serbia will continue to grow, in particular in the MSM transmission group. Further, a detailed phylogenetic analysis was performed on 385 sequences from the period 1997–2015. Identification of transmission clusters, estimation of population growth (Ne), of the effective reproductive number (Re) and time of the most recent common ancestor (tMRCA) were estimated employing Bayesian and maximum likelihood methods. A substantial proportion of 53% of subtype B sequences was found within transmission clusters/network. Phylodynamic analysis revealed Re over one during the whole period investigated, with the steepest slopes and a recent tMRCA for MSM transmission group subtype B clades, in line with a growing trend in the number of transmissions in years approaching the end of the study period. Contrary, heterosexual clades in both studied subtypes – B and C – showed modest growth and stagnation. LCA analysis identified five latent classes, with transmission clusters dominantly present in 2/5 classes, linked to MSM transmission living in the capital city and with the high prevalence of co-infection with HBV and/or other STIs.Presented findings imply that HIV epidemic in Serbia is still in the exponential growth phase, in particular, related to the MSM transmission, with estimated steep growth curve until 2030. The obtained results imply that an average new HIV patient in Serbia is a young man with concomitant sexually transmitted infection.
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INTRODUCTION

The pandemic of human immunodeficiency virus (HIV) infection has developed in numerous heterogeneous sub-epidemics worldwide, substantially influenced by patterns of human migration and globalization. Similar to what happened worldwide, Serbian HIV epidemic has evolved through several phases. Serbia is a low HIV-1 prevalence country. According to the national surveillance data, since the first HIV cases emerged in 1985 until the end of 2017, over 3,500 people in Serbia were living with HIV/AIDS, without substantial reduction in the yearly number of newly diagnosed cases1. In the beginning, the HIV epidemic in Serbia spread mostly among people who inject drugs (PWID), until the mid-1990s, when the heterosexual transmission route became more prevalent. In recent years another shift in the dominant transmission route was observed, leading to the current situation where HIV epidemic is driven by transmission among men having sex with men (MSM), comprising the majority of new HIV diagnoses, with the yet ongoing presence of heterosexual transmission.

Previous molecular studies of Serbian HIV epidemic identified subtype B as the dominant HIV-1 type, present in over 90% of individuals diagnosed between 1997 and 2011 (Stanojevic et al., 2002, 2014; Siljic et al., 2013; Magiorkinis et al., 2016). Clusters related HIV-1 transmission was observed, in particular among MSM transmission group and linked to high prevalence of concomitant sexually transmitted infections (STIs) (Siljic et al., 2013). This rapid expansion of HIV-1 infection among MSM transmission group and high prevalence of reported STIs underlined the need for detailed molecular investigation of the network structure and dynamics of viral transmission in this and other groups.

In order to get a deeper understanding of the complexities of HIV sub-epidemics in Serbia, epidemic trends, temporal origin and phylodynamic characteristics in general population and subpopulations were analyzed by means of mathematical modeling, phylogenetic analysis, and latent class analysis (LCA).



MATERIALS AND METHODS

Logistic Growth Modeling

Logistic growth modeling was performed based on data about new HIV cases, as well as the basic related demographic data in the period 1984–2016, available from the Institute of Public Health of Serbia “Dr. Milan Jovanovic Batut” and the annual HIV reports of the European Centre for Disease Control (see footnote 1; ECDC, 2017).

Fitting of the logistic curve of trends for a cumulative annual number of new HIV cases in the period 1984–2016, in general population, heterosexual transmission group, PWID transmission group and MSM transmission group, was performed with the software NLREG, v 6.62. The logistic regression model assumes the existence of a maximum population size which a given environment can accommodate (carrying capacity alias K) and a biphasic growth rate creating two stages of growth: (i) an early exponential phase and (ii) a late phase of the plateau (Vandermeer, 2010). In the context of an HIV epidemic the exponential phase of logistic growth could illustrate the absence of large scale preventive measures or the presence of inefficient preventive policy (Fonseca and Bastos, 2007). The following logistic growth model was used: y = K/(1 + exp∗(a + b∗x)), where K represents carrying capacity, a and b represent parameters that shape and scale the function (Sherrod, 2010). NLREG provides an estimation of parameters K, a and b with the strongest statistical back-up. It also provides several diagnostic statistical tests and variables which describe the statistical strength of the proposed model such as (i) probability t (prob. t) is a probability that the estimated parameter (a, b and K) is 0; prob. t less than 0.05 is considered as a good estimation of parameter significance for the model; (ii) probability f (prob. f) is the probability that all of the regression parameters are 0, and it ranges from 0 to 1; prob. f less than 0.05 illustrates an overall statistical significance of the model. The model obtained was used to predict further trends of HIV epidemic in general population and by transmission groups (MSM, PWID, heterosexual transmission) for the period 2017–2030. This analysis provided a general overview of the epidemiological background for further transmission clusters analysis.

Phylogenetic Analyses

Study Population and Sequence Dataset

The earliest viral sequences from Serbian epidemic date from 1997. For the time period considered, 1997 to 2011, data and sequences were gathered from previous molecular studies of HIV epidemic in Serbia. Complete dataset of these sequences is available at the NCBI database, accession numbers are given in Supplementary File 1). Additionally, this study included blood samples collected from 2012 to 2015, from consenting HIV seropositive adults, both therapy naïve and therapy experienced, followed at the Centre for HIV/AIDS, University Hospital for Infectious and Tropical Diseases in Belgrade. Blood samples from HIV-infected patients were sent for drug resistance testing as part of patients’ routine follow-up. The study was approved by the Ethical Committee of the University of Belgrade Faculty of Medicine 29/V-11.

In brief, HIV-1 genomic RNA was extracted from 140 μL of stored plasma specimens using the QIAmp Viral RNA Mini kit (Qiagen, Hilden, Germany). Reverse transcription and nested PCR amplification of partial pol gene were performed using One Step RNA PCR Kit (Qiagen, Hilden, Germany), Thermo scientific dreamTaq PCR master mix (2X) (Applied Biosystems, Foster City, CA, United States) and HIV-1 specific primer sets (Snoeck et al., 2005). Upon successful amplification and purification with MinElute Purification Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instruction, PCR products were subjected to direct sequencing of both the sense (forward) and antisense strands (reverse) by BigDye®Terminator v3.1 (Applied Biosystems, Foster City, CA, United States).

Obtained sequences were visually inspected, manually edited and then assembled with SeqScape HIV-1 Genotyping System Software v 2.5 (Applied Biosystems, Foster City, CA, United States). Sequences generated in this research were deposited in the NCBI database (accession numbers are shown in Supplementary File 1).

Reference sequences of different subtypes, known to be present locally in Serbia and in the Balkan region, encompassing subtypes B, C, G, A, F, as well as circulating recombinant forms (CRFs), CRF01_AE and CRF02-AG, were downloaded from the Los Alamos database3. Additionally, NCBI BLAST search was performed for each sequence found to belong to a transmission cluster (according to criteria described in detail further). For each query sequence, five sequences were included in the tree reconstruction based on the highest similarity score as obtained by NCBI BLAST search. In total, 175 sequences were included in the analyses after BLAST search. Furthermore, a group of control/background sequences was also included, in the context of the origin and spread of HIV from the isolates of North America, West Europe, and Balkan, with the clear defined subtype and the time of sampling available at the NCBI database (accession numbers are shown in Supplementary File 1).

Data on clinical characteristics (CDC stage, baseline CD4 count, coinfections and other sexually transmitted illnesses), epidemiological background (age, gender, date of diagnosis, residence and level of education) and risk for acquiring HIV infection (most probable HIV transmission route) were used as a covariate of transmission analysis.

HIV Subtyping

Subtyping of all sequences included in the study was firstly performed using the REGA HIV-1 subtyping tool version 3 (REGA v3)4 and the Los Alamos HIV database (see footnote 3). The Rega subtyping tool is based on phylogenetic analysis in order to take into account the epidemiological and evolutionary relationships among subtypes (Robertson et al., 2000). Subtyping of all pol gene sequences included in this research was further performed by construction of ML and NJ phylogenetic tree, under appropriate models, using the PAUP and MEGA software, with reference sequences of different subtypes, downloaded from HIV-1 Los Alamos Database (LANL5). Sequences that were not unambiguously classified by REGA subtyping tool or that were assigned to a different subtype from the one specified in the Los Alamos database were removed from the data set.

Phylogenetic Trees Reconstruction

To eliminate the influence of antiretroviral drug selective pressure on viral evolution, we made a codon-stripped sequence alignment by removing drug resistance-associated codons identified by the Stanford Drug Resistance Database6 (Wensing et al., 2017). Analysis was also performed without codons removing. Both analyses gave congruent results with no evidence of the selection pressure of antiretroviral drugs to the clustering patterns. Sequences were aligned using the Clustal W algorithm implemented in MEGA v 67 and were manually edited.

The Bayesian phylogenetic tree was reconstructed through Bayesian inference of phylogeny by using MrBayes software (Ronquist and Huelsenbeck, 2003). A Markov Chain Monte Carlo (MCMC) search was made for 10 × 106 generations using tree sampling every 100th generation and a burn-in fraction of 20%. Statistical support for specific clades was obtained by calculating the posterior probability of each monophyletic clade, and a posterior consensus tree was generated after a 25% burn-in.

Maximum likelihood (ML) tree reconstruction using PAUP was performed under GTR model with discrete gamma rates heterogeneity among sites and the proportion of invariable sites, as selected by jModelTest (Swofford, 1999; Guindon and Gascuel, 2003; Posada, 2009).

Phylogenetic analyses were conducted: (i) to confirm subtype assignment performed with REGA subtyping tool (ii) to identify the presence of local transmission networks (phylogenetic clusters). and (iii) to perform in-depth reconstruction of demographic and transmission history of the HIV epidemic in Serbia.

Analysis of Transmission Clusters

A set of analyses was performed for a definition of HIV transmission clusters, following the strategy of “statistical support of clades plus similarity” that proved to be suitable in our previous investigation of transmission chains in Serbia (Siljic et al., 2013, 2017). Evidence of transmission cluster was characterized by two criteria sets: according to the first set of criteria, transmission clusters were assigned as those monophyletic phylogenetic clades consisting of three or more sequences, fulfilling the conditions of genetic distance of 1.5% or less, with minimal bootstrap support of 90%, and the Bayesian posterior probability of higher than 0.9. Genetic distances were first determined using PAUP∗ version 4.0 software, based on ML analysis and under general time reversible model (GTR) with gamma distribution and proportion of invariable sites (Swofford, 1999; Guindon and Gascuel, 2003), selected by jModelTest statistical analyses (Posada, 2009). Branch supports were estimated using bootstrap analysis with 1,000 replicates. Phylogenetic trees were visualized in FigTree program version 1.3.18. Second criteria sets, including those clades with bootstrap support over 75% and with genetic distance of less than 4%, were further analyzed.

For each sequence found within a cluster according to the second criteria set, 5 most similar sequences were identified using BLAST analysis9 and included in tree reconstruction – subsistence of the initial local clusters after inclusion of BLAST identified sequences in the tree reconstruction led to their designation as true transmission clusters.

Bayesian Molecular-Evolution Analyses

Timed evolutionary histories, demographic history, and reproductive effective number estimates

Subtype B MSM transmission network and the two most expanded MSM transmission clusters (composed of 15 and 11 sequences) identified in the previous analyses, were subjected to detailed temporal and phylodynamic reconstruction aimed to infer demographic and evolutionary histories of these monophyletic groups.

Additionally, two heterosexual monophyletic clades were analyzed, one each of subtypes B and C, in order to analyze these sub-epidemics. The studied subtype C clade was supported by 100% value of bootstrap support and composed of sequences from heterosexuals only, whereas for subtype B, phylodynamic analyses were performed on a monophyletic clade, with lower than predefined bootstrap value, but composed of sequences dominantly isolated from heterosexuals. Moreover, as a method of validation against the possible bias due to low bootstrap support seen in subtype B heterosexual clade, an additional monophyletic clade with similar bootstrap support, comprised of sequences from MSM transmission group, was chosen to be analyzed. The results of these analyses and detailed methods are presented in the Supplementary File 2.

Phylodynamic analyses in this research were performed as follows: estimations of evolutionary and demographic parameters were performed in BEAST software package v 1.7.5 and encompassed selection for site model, demographic model, and clock model prior to run MCMC chains. In the first step, the Bayesian skyline plot method (Drummond et al., 2005, 2012), was used to estimate effective population size (Ne), and to run a demographic analysis in Tracer v1.610. In the second step, as for the coalescent priors, two different demographic models were compared: exponential and logistic growth; estimates of the population growth rate were then obtained under the model that provided the best fit to the demographic signal in each data set. The best fit coalescent model was chosen by means of a Bayes factor (BF), using marginal likelihoods, determined by Tracer version 1.6. Each analysis was performed under GTR+G+I, as the best fit nucleotide substitution model, and uncorrelated lognormal relaxed clock, as shown to be the most suitable for HIV datasets. MCMC chains were run for 5 × 107 generations for each data set, with a burn-in of 10%. BEAST output was analyzed using TRACER v1.6, with uncertainty in parameter estimates reflected as the 95% highest probability density (HPD). Convergence of parameters was assessed through the ESS after excluding an initial 10% for each run. All parameter estimates for each run showed ESS values >200. A graphical representation of the effective number of infections through time was generated by using TRACER v1.6.

In order to estimate the time of the most recent common ancestors for the selected clades, molecular clock analysis was performed using a Bayesian MCMC coalescent method, as implemented in BEAST v1.8.1 (Drummond et al., 2003; Drummond and Rambaut, 2007). We used GTR nucleotide substitution model with six category gamma distributed rate variation among sites and two partitions in the codon positions (the best fitting model for all three datasets according to jModelTest). Bayes factor analysis, performed in Tracer v.1.5, showed that the lognormal relaxed clock with the Bayesian Skyline was the best model, as indicated by a log Bayes Factor > 10 according to Tracer v1.511 – evidence of very strong statistical support (Suchard et al., 2001). Convergence of the Markov chain was assessed by program Tracer v 1.512 calculating the effective sample size (ESS) for each parameter.

The last part of phylodynamic analyses was the estimation of the effective reproductive number conducted in BEAST2 v 2.1.3 The analysis employed a general time-reversible substitution model with a gamma-distributed rate variation and proportion of invariant sites (GTR+Γ4+I), an uncorrelated lognormal relaxed molecular clock model (Drummond et al., 2006), and a Birth-Death Skyline Serial model (BDSKY) as a model for viral transmission (Stadler et al., 2012, 2013). The following prior distribution of the BDSKY model parameters was used: LogNorm (0; 10) for effective reproductive number R and LogNorm (0; 10) for the rate of becoming non-infectious δ. The BEAST2 analyses were run until all relevant parameters converged, with 20% of the MCMC chains discarded as burn-in. Statistical confidence was represented by values for the 95% HPD. To generate the log file, five independent MCMC runs of 2 × 108 chain length were combined with Log Combiner (Drummond et al., 2012). Sampling dates were used to infer the tree height and internal node ages in the maximum clade credibility (MCC) time-trees using BEAST2 (Bouckaert et al., 2014). Similarly to the log file, the time-trees from five independent runs of 2 × 108 chain length were combined with Log Combiner (Drummond et al., 2012) with 20% of the MCMC chains discarded as burn-in.

Latent Class Analysis

Latent class analysis is a statistical tool that explores underlying patterns of covariance in the data structure to identify subgroups or ‘discrete classes’ of participants’ epidemiological, behavioral and clinical profiles. Class membership is inferred based on an individual’s pattern of responses across a set of variables but not directly observed and therefore classes are considered to be latent. In this study, LCA was conducted to examine and identify participants risk profiles regarding 11 types of latent class indicators (categorical latent variable). Latent class indicators included: gender, transmission risk, age, residence, education level, coinfections with hepatitis B virus (HBV) and hepatitis C virus (HCV), presence of other STIs, CDC stage at the time of diagnosis, time-period of diagnosis and inclusion of sequence within clusters/network. These classification variables were selected to represent a range of established HIV risk factors in order to identify comprehensive HIV profiles, based on clinical, epidemiological, demographic and phylogenetic data. The covariates were separated into ordinal categories where each category was assigned a nominal value of 1 to 4.

Latent class analysis was performed in R software with polytomy variable LCA (poLCA) software package. PoLCA is a user-friendly package for the estimation of latent class models and latent class regression models in R available from the Comprehensive R Archive Network13 (Linzer and Lewis, 2011; Schreiber, 2017). Based on the fact that this algorithm may locate a local, rather than global maximum, nrep was set to 10, which increased the probability that the global maximum log-likelihood would be located. Parameters used to select the optimal number of latent classes in LCA included the Akaike information criteria (AIC) and the Bayesian information criteria (BIC), two most widely used parsimony measures (Akaike, 1973; Schwarz, 1978). We began with a 1-class model and increased the number of classes in each subsequent model seeking to minimize both the BIC and the AIC value before these values increased with the addition of another class.

Statistical Analysis

Results were analyzed by standard statistical tests. Categorical data were compared using the chi-square test and Fisher’s exact test. Age and time of diagnosis of patients within network and clusters were statistically analyzed using chi-square test available at https://www.graphpad.com/quickcalcs/chisquared1.cfm.



RESULTS

Logistic Growth Modeling

In the period 1984–2016, the total cumulative number of new HIV cases in Serbia was 3590. The applied logistic growth model fitted accurately the growth trend in this time period (Figure 1A). Software estimated parameters K, a, and b equaling 4227 ± 271, 2.61 ± 0.07, -0.12 ± 0.008, respectively, with prob. t parameter 0.00001. Overall statistical significance was illustrated with prob. f = 0.00001.
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FIGURE 1. Logistic growth model of new HIV infections in (A) general population and (B) MSM population in Serbia, in the period 1985–2016. On y-axis cumulative number of new HIV cases is shown, and on the x time period in years is shown.



Since data on transmission routes became available starting from 2003, the incidence of new HIV infections through MSM, PWID, and heterosexual transmission route in the period 2003–2016 was used in the analysis.

In this time period, a total of 2,785 new cases of HIV in MSM were detected. Again, the logistic growth model fitted the growth trend accurately (Figure 1B). The estimated function parameters K, a, and b were found to be 3377 ± 455, 3.12 ± 0.11, -0.15 ± 0.005, respectively, with prob. t = 0.00001. Overall statistical significance illustrated with prob. f 0.00001 showed strong statistical support for the proposed model. In the same time period, a total of 979 and 850 new cases of HIV in PWID and heterosexuals were found, respectively. The estimated function parameters K, a and b were 1018 ± 7, 1.74 ± 0.04, -0.8 ± 0.1 with prob. t = 0.00001 and with strong statistical significance of the model (prob. f = 0.00001) in PWID transmission group and 1576 ± 176, 1.06 ± 0.14, -0.08 ± 0.0059 with prob. t = 0.00001 and strong statistical support of the model (prob. f = 0.00001) in the heterosexual transmission group.

The fitted model was used to create trends of HIV epidemic for the period 2017–2030 in general population and by transmission groups. The modeled trend predicts approaching plateau in new HIV infections number by 2030 in general population (Figure 2A), whereas in MSM transmission group an exponential-like curve with no signs of a plateau in the studied time period was obtained (Figure 2B). Plateaued growth was observed in both PWID transmission group and heterosexual group (Supplementary Figures 4, 5).
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FIGURE 2. Evaluation of the growth trends for the period 2017–2030 of new HIV infections in (A) general and (B) MSM population in Serbia.



Phylogenetic Analyses

Phylogenetic analyses in the present study included a total of 385 local sequences, collected between 1997 and 2015 from both treatment naive and treatment experienced HIV-1 positive subjects. This pool represents around 11% of the total number of registered HIV+ individuals in Serbia in the same time period. Of these, the majority were male (81%), with a mean age of 37.5 years and reporting MSM contact (83.4%) as the most probable route of HIV acquisition. Epidemiological, demographic and clinical data are shown in Table 1.

TABLE 1. General epidemiological, demographic, and clinical data.
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In total, subtype B was confirmed to be the predominant one, accounting for 90.9% of cases (350/385), while the prevalence of non-B subtypes was 9.1% (35/385). Among non-B subtypes, subtype C was found with the highest prevalence, in 3.1% of samples (12/385), followed by subtype G in 2.1% (8/385) and subtypes A in 1.3 % (8/385). CRFs were detected in 2.6% (10/385) of the collected samples.

In phylogenetic trees reconstruction, both ML and Bayesian approach gave congruent results, revealing that 27.7% (107/385) of sequences were grouped within 19 transmission clusters, accomplishing predefined strict criteria (including nt distance of ≤1.5%), all within subtype B (Figure 3; labeled in dark blue). Moreover, 49 additional sequences were found grouped within a transmission network, a clade with high bootstrap support as well as posterior probability value but with a genetic distance of 8.2%, higher than the predefined cut off of 1.5% (Figure 3; labeled in red). This network contained sequences sampled in the time frame of 19 years and comprised a total of 63 sequences, encompassing thus 16.3% (63/385) of the total number of studied sequences. Taken together, the number of sequences within transmission clusters/network totaled to 205/385 (53%). Importantly, the majority of clusters, 15/19 (79%) were made solely of MSM transmission group sequences; with only 4/19 (21%) transmission clusters containing sequences of heterosexuals. Sequences contributing to transmission clusters network were from individuals of a mean age of 35.3 years (SD = 4.8) and were mostly men (N = 121/147; 82.3%). Specifically, the large transmission network encompassed sequences from older patients of a mean age of 39.4 years, in contrast to MSM clusters with members mean age of 32.6 (SD = 3.2) with particular emphasis on the most expanded transmission cluster of 15 sequences with a mean age of 29.2 (SD = 2.8). Statistical evaluation using the chi-square test revealed that a significantly lower number of patients found in MSM clusters were diagnosed prior to 2006 (p = 0.0184) while a significantly higher number of them was younger than 35 (p = 0.0388). Among non-B clades, subtype C cluster contained sequences with the smallest nt distance (6.5%) and from heterosexual patients, with bootstrap support of 100; therefore we used this clade for further phylodynamic analysis. The observed subtype C genetic distance exceeded the pre-defined criteria for transmission clusters, hence it was not classified as one, however, downstream phylodynamic analyses were still performed, in order to be able to make comparisons to the relevant subtype B clades (Figure 3; labeled in green).
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FIGURE 3. ML phylogenetic tree constructed in MEGA software V6.1 including all sequences analyzed in the current study together with reference sequences and background sequences from the NCBI database.



The time of the most recent common ancestor for transmission network (composed of 63 sequences) was dated to the beginning of nineties (1993 HPD: 1988–1995), while for the two MSM clusters of 15 and 11 sequences it was dated to 2008 (HPD: 2003–2013) and 2005 (HPD: 2000–2010), respectively. Dating analysis of two heterosexual clades suggested that the most recent common ancestor of the subtype B and subtype C clusters was present approximately in the 1990 (HPD: 1984–1996) and 1989 (HPD: 1985–1993), respectively.

A Bayesian Skyline plot and logistic growth analyses were performed for three MSM clades and two heterosexual clades, of subtype B and subtype C sequences. The highest exponential growth in almost 2 logs was identified for the most expanded transmission cluster, which was also the most recent one, in the whole analyzed period (Figures 4A,B). A demographic reconstruction of the transmission network and transmission cluster of 11 sequences showed slightly lower population growth, still with initial exponential growth in over one log which stabilized in the mid-decades of the 2000s, as reflected in a stationary phase approaching the present (Figures 4C–F). Bayesian skyline reconstruction and logistic growth analyses for the heterosexual clade of subtype B showed an initial increase of estimated effective population size from the beginning of the nineties until the late nineties, when the stationary phase started, and is still ongoing to this date (Figures 5A,C). Regarding subtype C clade, high exponential growth started in the mid-nineties and was followed by a stationary phase started at the beginning of the 2000s (Figures 5B,D).
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FIGURE 4. Population growth and the cumulative number of lineages (infections) in a logarithmic scale over time for the (A,B) transmission cluster of 15 sequences; (C,D) transmission network; (E,F) transmission cluster of 11 sequences. The median estimate of the effective number of infections (solid line) and 95% confidence limits of the estimate (dashed lines) are shown in each graphic.
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FIGURE 5. Bayesian Skyline plot and logistic growth analyses performed in BEAST software package v1.7.5 presenting population growth and the cumulative number of lineages (infections) in a logarithmic scale over time for (A) and (B) the subtype B clade composed of sequences from heterosexuals; (C) and (D) the subtype C clade composed of sequences from heterosexuals.



Estimation of the effective reproductive number by birth-death skyline plot analyses showed significant differences among two sub-epidemics in Serbia, the MSM monophyletic clades (Figure 6) and the heterosexual clades (Figure 7). Of note, for all three investigated MSM clades Re over 1 was present during the whole analyzed period (Figures 6A–C). Specifically, the highest Re (maximum value of median Re = 3.2) was found for the most expanded MSM transmission cluster, composed of 15 viral sequences, that also dated to the most recent period (Figure 6A). Similarly, for the second transmission cluster, Re was found to be over 1 during the whole period, reaching the maximum value of 2.3 in 2009 that remained constant for almost 5 years, followed by a decreasing phase, but still retaining value above 1 (Figure 6B). For the transmission network, Re was found to be slightly above 2 for almost 15 years, followed by an increasing phase in 2003, when it reached the value of 2.6 that remained constant approaching the present time (Figure 6C). On the other hand, birth-death skyline plot analyses for heterosexual subtype B monophyletic clade showed Re value below 1, suggesting inactivity for almost 10 years, followed by an active phase when it reached the maximum value of Re in the beginning of the decade of the 2000s, and then a decreasing phase with value below 1 thereafter (Figure 7A). A similar BDM skyline pattern was found for subtype C heterosexual clade, with the obtained Re (median estimates) over 1 for the time period 2003–2012 (Figure 7B).
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FIGURE 6. The estimated birth-death skyline serial models by BEAST v2.1 presenting the effective reproductive number (Re) over time for the (A) transmission cluster of 15 sequences (B) transmission network (C) transmission cluster of 11 sequences.
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FIGURE 7. The estimated birth-death skyline serial models by BEAST v2.1. presenting the effective reproductive number (Re) over time for the (A) subtype B clade composed of sequences from heterosexuals (B) subtype C clade composed of sequences from heterosexuals.



Characterizing the Latent Classes

Akaike information criteria and the BIC values were used as indicated to select the number of latent classes in our LCA model. The best-fitting model calculated in R software in this research suggested five latent classes, and was identified by considering the lowest log likelihood of AIC and BIC values before these values increased with the addition of another class. Figure 8 is a graphic presentation of AIC and BIC numerical data used as statistical support for the number of latent classes. The grouping of patients into five latent classes based on the distribution of different characteristics is shown in Figure 9. Transmission clusters were dominantly present in 2/5 classes. The first class included young MSM subjects aged up to 25 years old, living in Belgrade, with HIV infection diagnosed within the last 3 years of the study period, with 73% of coinfection with HBV and/or other STIs and the highest percentage (53%) of grouping within transmission clusters. The second class encompassed MSM subjects aged up to 45 years of age with high education, HIV diagnosis in the period from the mid-2000s onward, with less than 10% of coinfection with HBV and other STIs and around 20% of sequences found grouped in transmission clusters. In the further three classes no tendency to group in clusters was shown: the third latent class included equal percentages of the MSM transmission group and the heterosexual male subjects, diagnosed during the whole period of the HIV epidemic, from Belgrade, with high percentage of HBV but no other STIs; the fourth latent class encompassed heterosexual subjects of both sexes, aged over 25, with the date of the HIV diagnosis predominantly in the mid-2000s, mostly with secondary education, living in rural areas; the fifth class included female subjects reporting intravenous drug use (IVDU) as a risk for HIV infection, living in Belgrade, with very high percentage of HCV coinfection and diagnosed during whole period of HIV epidemic in Serbia.
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FIGURE 8. AIC and BIC information criterion values used in model specification.
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FIGURE 9. LCA performed in R software with a poLCA software package on data of HIV-1 infected individuals included in the current research. The distribution of participant characteristics within the latent class and predicted proportions in each cluster size by latent class are shown. Darker colors represent higher proportion as shown in the legend.





DISCUSSION

Here, we present the study integrating modeling, phylogenetic and socio-demographic analyses of the HIV epidemic in Serbia, to elucidate features, dynamics, and trends of the local sub-epidemics.

The enormous genetic diversity of HIV-1 allows accurate patterns of evolution and transmission to be obtained from samples collected over a relatively short time (Pybus and Rambaut, 2009; Baele et al., 2017). Analysis of phylodynamics makes for a very useful tool for studying molecular epidemiology and aiding public health planning (Pybus and Rambaut, 2009; Baele et al., 2017; Vrancken et al., 2017). If these kinds of sophisticated analyses are based on a multidisciplinary approach, they may give a quantitative description of transmission networks, by identifying socio-demographic correlates of clustering: how virus lineages are restricted to or mix among, different demographic and epidemiological subgroups (Kostaki et al., 2017; Paraskevis et al., 2017).

In the current study, logistic growth modeling of the epidemic in Serbia was performed, based on the registered data on HIV incidence in the period 1984–2016. The obtained model was further used to predict the epidemic trends until 2030. The results for the general and MSM populations in Serbia imply early, exponential phase of HIV epidemic in both cases, with a much steeper slope in the MSM population, potentially providing overall active epidemiological background for transmission clusters to occur. Conversely, in PWID and heterosexual transmission groups, plateaued growth was observed (Supplementary Figures 4, 5). Accurate estimates are important to understand the true burden of HIV, the corresponding need for treatment, and for optimizing testing strategies for HIV. Incidence is the best measure for monitoring infections; however, it is difficult to obtain accurate estimates over time. One of the main approaches to reconstruct the HIV incidence curve is based on the reported number of HIV diagnoses. With the prevalence of HIV infection below 0.1%, Serbia is ranked as a low-prevalence country; however, it is of great importance to study the epidemiological situation in populations at risk such as the MSM and PWID transmission groups and among sex workers. Overall, the highest prevalence of HIV in Serbia has been estimated for MSM (8.3%), much higher when compared to the general population, as well as to other groups at risk such as sex workers (1.8%) and PWID transmission group (1.6%) (UNAIDS, 2017).

A further application of the model for a time period beyond 2017 estimated approaching the plateau in new HIV infections number by 2030 in general population, whereas in MSM transmission group an exponential-like curve with no signs of a plateau in the studied time period was seen. Potential disadvantages of the applied approach include a number of potential biases and difficulties, such as lack of data, underreporting, lack of information on changes over time, etc. However, the obtained results of logistic growth modeling are in line with recent data showing an increase in HIV incidence in Serbia. The incidence in 2000 was 0.02 per 1,000 adults, and in 2016 was 0.05 per 1,000 adults (UNAIDS, 2017). Estimated new HIV infections are decreasing globally, but increasing in the WHO European region, mostly in Eastern and Central Europe (ECDC, 2017; Mravćík et al., 2017). In Serbia, these findings might reflect the fact that though efforts have been made to decentralize preventive and advisory services, the coverage of high-risk groups with preventive services could still be insufficient. This may be due to the lack of recognition of risk behaviors or fear of further stigmatization, especially in smaller communities (Cousins, 2018). In Serbia, a much higher usage of condoms has been reported in professional sex workers than in MSM (UNAIDS, 2017). Moreover, within the MSM population, several vulnerable categories can be found: young men (especially underage boys), MSM involved in sex work (which is illegal), and bisexual men (in particular men who define themselves as heterosexual but who have sex with other men). This latter group may be less likely to be informed than most gay men (Godinho et al., 2005).

The better understanding of genetic history, pattern, and dynamics of HIV transmission on a population level could lead to developments in prevention services, targeting factors associated with onward HIV-1 transmission (Granich et al., 2009; Cohen et al., 2011; Vrancken et al., 2017). In order to determine trends in the HIV epidemic in Serbia, based on HIV-1 pol sequence data generated through the antiretroviral resistance testing, we investigated the transmission clusters and phylodynamic profiles, using in-depth phylogenetic analyses that involve the ML and Bayesian coalescence strategy. These kinds of sophisticated analyses provide an insight into the epidemic trends and patterns of the evolutionary history of a certain viral population, revealing the size of transmission clusters and the dynamics of transmission within them. Interpretation of these results, however, may be hampered if the analyses are not associating other traits with clustering, which serve as determinants of the transmission dynamics and cluster activity (Brenner et al., 2013; Grabowski and Redd, 2014; Chan et al., 2015). Our previous study established the role of transmission clusters/networks in HIV epidemic spread in Serbia, however, phylodynamic aspects were not considered nor the impact of different socio-demographic and clinical characteristics on the clustering patterns (Siljic et al., 2013). In the current study, we found a high percentage of 53% of sequences involved in transmission clusters/network in Serbia. This finding is in line and even higher than our previous findings and studies of other epidemics (Leigh Brown et al., 2011; Siljic et al., 2013; Ragonnet-Cronin et al., 2016; Chaillon et al., 2017; Parczewski et al., 2017). Notably, it is considered that assessment of HIV transmission clusters is influenced by sampling density – the higher the sampling density, the more important the clustering (Novitsky et al., 2014). However, methods and definitions of transmission clusters in HIV phylogenies are still hotly debated – recent findings suggest that bootstrap support should be replaced or complemented by newer methods, such as refined, gradual function in large data sets (Lemoine et al., 2018). In view of the analyzed sample size we maintained a more conservative approach by using both bootstrap and Bayesian posterior probability, as the latter provides closer estimates of the true probabilities of recovering clades (Wilcox et al., 2002). Again, having in mind the studied sample size, the obtained, high enough total percentage of 53% of clustered sequences, may be even considered as a rather conservative, lower edge estimate. Our results suggest that HIV spread is driven by local MSM transmission, as observed also in other European countries (Sullivan et al., 2009; van Griensven et al., 2009; Frentz et al., 2013; Phillips et al., 2013). Similar to some other European countries, clustering sequences from MSM were found within subtype B (Abecasis et al., 2013; Esbjörnsson et al., 2016). Furthermore, we found an extension of previously reported small transmission clusters related to young newly diagnosed MSM patients (Siljic et al., 2013). Most of the heterosexual transmissions seemed to be limited to transmission pairs and small clusters, without substantial further spread of the infection. All things considered, our results show that local HIV transmission in Serbia is mainly driven by MSM transmission clusters.

Based on the effective reproductive number (Re) estimated through birth-death plots, together with the number of infections over time, significant differences between the MSM and heterosexual clades were found. MSM subtype B clades showed mean reproductive number over one during the whole investigated period, with the steepest slopes and a recent tMRCA, in line with a growing trend in the number of transmissions in years approaching the end of the study period. On the contrary, heterosexual clades in both studied subtypes – B and C, showed modest growth and stagnation. This finding could be influenced by the analyzed sample size, with a possible underestimation and bias toward being slower/lower at the moment compared to the MSM route but with possibility of change. However, neither epidemiological data and trends nor other analytical approaches (such as LCA analysis) imply that changes in the sub epidemic dynamics would be plausible.

The obtained results imply that none of the clusters will stop to be active in the near future as most clusters contain recent infections and are rejuvenated by the inclusion of younger men, and many have a reproduction number greater than the epidemic threshold. Although the transmission network was defined to be active, with reproductive potential striking higher than epidemic threshold and increasing in later years, it also appears to be “aging,” while clusters appear to be of lower mean age; especially the most expanded cluster that was found to be “the youngest” was also found to be the one with the highest reproductive potential. On the other hand, particularly worrying is the fact that even though the transmission network comprised sequences from MSM diagnosed early in infection, this did not seem to have stopped clusters from growing. Other researchers showed that a large part of onward transmission amongst MSM is related to the early phase of infection (Bezemer et al., 2010, 2015;Powers et al., 2011).

HIV transmission dynamics is considered to be shaped by a number of diverse constraints within the host, upon a transmission process and at the population level, influencing viral evolution (within-host and inter-host), virus and host genetics, complex interplay of between-host interactions but also important social and demographic factors (Theys et al., 2018). Hence, the inference of HIV-1 transmission dynamics and factors influencing epidemic spread may provide an important input for the design of efficient public health interventions, and new approaches are constantly being explored (Poon, 2016; Le Vu et al., 2018). The LCA analysis provided further insights by combining clustering patterns and a set of characteristics associated with patients such as socio-demographic, clinical, transmission risk, diagnosis date. Together, these features allow assessing multiple determinants of the local HIV transmission, helping to understand its occurrence in a “real life” manner. This analysis has separated five subgroups (latent classes) with various combinations of analyzed characteristics that affect differently the epidemic in Serbia. Importantly, four factors were found to be significantly associated with patients belonging to clusters: very young age, residing in the capital city, recent diagnosis and a high rate of STI and HBV coinfections.

According to the latest European epidemiological data, sex between men remains the predominant mode of HIV transmission and MSM are disproportionately at risk for and affected by HIV, STIs and viral hepatitis (ECDC, 2015, 2017, 2018). A similar situation has been increasingly described in different regions worldwide (Qi et al., 2015). Current WHO guidelines recommend oral pre-exposure prophylaxis (PrEP) to be offered as an additional prevention choice for people at substantial risk of HIV infection as part of a combination of HIV prevention approaches, where ‘substantial risk’ of HIV infection is provisionally defined as HIV incidence greater than 3 per 100 person-years (WHO, 2015). In Serbia, WHO 90–90–90 target has been embraced, however, PrEP is not yet available. Monitoring the HIV epidemic is essential for assessing the impact of effective HIV prevention interventions, determining public health priorities, and estimating current and future health care needs.

In summary, the results presented imply that the HIV epidemic in Serbia is still in the exponential growth phase, in particular, related to the MSM transmission that is estimated to retain the steep growth curve until 2030. The previously described tendency of cluster formation in this group has been confirmed. The obtained results imply that an average new HIV patient in Serbia is a young man with concomitant STIs. Together, these findings provide a useful insight that may prove to be vital for prospective public health priorities and interventions, in particular, relative to the 90–90–90 targets and considerations of PrEP.
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This study analyzes the HIV-1 subtype diversity and its phylodynamics in Moscow region, which is the most densely populated area of Russia characterized by high rates of internal and external migration. The demographic and viral data from 896 HIV-infected individuals collected during 2011–2016 were analyzed. The study revealed broad diversity in the HIV-1 subtypes found in Moscow, which included A6 (85.1%), B (7.6%), CRF02_AG (1.2%) and URF_A6/B recombinants (4.2%). Other HIV-1 subtypes were detected as single cases. While A6 was most prevalent (>86.0%) among heterosexuals, injecting drug users and cases of mother-to-child transmission of HIV, subtype B (76.3%) was more common in men who have sex with men. Phylogenetic reconstruction revealed that the A6 sequences were introduced into the epidemic cluster that arose approximately around 1998. Within the subtype B, six major epidemic clusters were identified, each of which contained strains associated with only one or two dominant transmission routes. The date of origin of these clusters varied between 1980 and 1993, indicating that the HIV-1 B epidemic began much earlier than the HIV-1 A6 epidemic. Reconstruction of the demographic history of subtypes A6 and B identified at least two epidemic growth phases, which included an initial phase of exponential growth followed by a decline in the mid/late 2010s. Thus, our results indicate an increase in HIV-1 genetic diversity in Moscow region. They also help in understanding the HIV-1 temporal dynamics as well as the genetic relationships between its circulating strains.

Keywords: HIV-1 subtypes, diversity, phylodynamics, epidemic, TMRCA, transmission route, Moscow region, Russia


INTRODUCTION

HIV-1 is a rapidly evolving human pathogen, characterized by significant genetic diversity. The pandemic group M is subdivided into nine subtypes (A–D, F–H, J, K), each of which have been further divided into sub-subtypes (A1-A4, A6, F1-F2), and multiple inter-subtype recombinants (CRFs) (Foley et al., 2016). The global distribution of HIV subtypes is heterogeneous and varies significantly even within the same continent/country (Hemelaar et al., 2011; Bobkova, 2013).

The HIV epidemic started in Russia in the mid-1990s with an outbreak of the subtype A infection among intravenous drug users (IDUs) (Bobkov et al., 1998). As per the current nomenclature, the viral variant that caused the first epidemic and accounted for up to 90% of the infections is the sub-subtype A6 (formerly FSU-A or IDU-A) (Foley et al., 2016). During the following years, the HIV epidemic spread further affecting heterosexuals (HSX) and men who have sex with men (MSM). Ten years later sexual transmission accounted for about 37.3% of the new cases (FedAC, 2010).

With a shift in the dominant transmission route in Russia, the ratio of HIV subtypes also changed. The overall proportion of the non-A6-subtype increased from 7.0% in 2000 to 10.0–20.0% in 2010 (Bobkov et al., 1998; Thomson et al., 2009; Gashnikova et al., 2011). In the mid-2010s the prevalence of HIV-1 subtypes in Russia was as follows: A6 (~70.0%), B (~10.0%) and CRF063_02A1 (~7.0%) (Lapovok et al., 2017). The subtype B was predominant (82%) among MSM (Dukhovlinova et al., 2015; Kazennova et al., 2017). The sub-subtype A6 was dominant in all territories of Russia, except the Siberian region and bordering Central Asia, where CRF063_02A1 and CRF02_AG recombinant variants were highly prevalent (Lapovok et al., 2014; Gashnikova et al., 2017; Kostaki et al., 2018).

During the last few years, the recombinant CRF063_02A1 has been responsible for more than 71.0% of the new HIV infections among HSXs and IDUs in Central Siberia (Gashnikova et al., 2015). Such changes in the prevalence of HIV variants in Russia are likely to affect the state of infection in Moscow region, which is characterized by a high population density and high rates of internal and external migration. Moscow located in the European part of Russia is a highly developed transport hub, for communications both within and outside Russia. The first HIV infection in Moscow region (not Moscow city) was reported in 1994; by the end of 2018 the number of people living with HIV (PLHIV) in this area was estimated to be 41,949 and the prevalence among adults has reached 0.7%.

There have been few studies on HIV diversity in Moscow region. While sub-subtype A6 has been described as the causative agent of the first HIV outbreak among IDUs probably introduced from St. Petersburg (Bobkov et al., 2001; Diez-Fuertes et al., 2015), by 2010 no significant changes were reported in the spectrum of circulating HIV subtypes [A6 (93.4%) and B (6.6%)] in the region (Giliazova et al., 2010). However, to date, there has been no information regarding the evolutionary history and population dynamics of HIV in Moscow region.

In this study, we aim to analyze the HIV-1 genetic diversity and reconstruct the temporal dynamics of its most common subtypes in Moscow region, using phylogenetic and phylodynamic approaches.



MATERIALS AND METHODS


Study Population

The study involved 896 patients who were diagnosed with HIV infection and received antiretroviral therapy (ART) between 2011 and 2016 at the Moscow RCAC which is 2.1% of PLHIV in this area. Three criteria for formation of study population have been applied: (1) well-documented history of HIV-infection in patients, (2) permanent residency in Moscow region, and (3) informed consent for the research study.



Genotyping and Dataset

Plasma samples were genotyped using the ViroSeq HIV-1 Genotyping System (Abbott, USA). Multiple sequence alignments were made using MAFFT (Katoh et al., 2017)The total length of the alignment was 1299 nucleotides which covered the entire protease and partial reverse transcriptase (positions 2253–3551, HXB2-numbering). HIV- 1 subtyping was performed using the COMET HIV-1 (Struck et al., 2014) and REGA Subtyping Tool v3.0 (Pineda-Pena et al., 2013) and subsequently confirmed by phylogenetic analysis. New inter-subtype or inter-CRF sequences were analyzed using jpHMM (Schultz et al., 2012). Moscow region sequences for A6 (N = 5) and B (N = 9) (2007–2008 sampling years) from the Los Alamos HIV-1 database (https://www.hiv.lanl.gov) were additionally included in the analysis. The epidemiological clusters were identified in the initial dataset of A6 (N = 768) and B (N = 77) subtypes. The evolutionary population dynamics was estimated in the optimized dataset by excluding (1) presence of more than 1% of ambiguous bases, (2) sequences with especially high evolutionary rates and (3) potential late chronic infections by AIDS symptoms. Finally, 320 and 71 sequences for A6 and B subtypes, respectively were selected. All codons associated with major drug-resistance mutations (Johnson et al., 2011) were removed from the final sequence alignment.



Phylogenetic Reconstruction and Phylodynamic Analysis

Selecting the best-fit model of nucleotide substitution was performed using jModelTest v.2.1.4 (Darriba et al., 2012). According to the Akaike information criterion (AIC), the best model for each dataset was General Time Reversible model with proportion of invariable sites and gamma-distributed rate variation among sites (GTR+I+G).The epidemiological clusters were identified using the maximum-likelihood phylogenetic analysis implemented by the IQ-TREE (Nguyen et al., 2015) with 1000 replicates for bootstrap and Shimodaira–Hasegawa (SH)-aLRT test. The clusters with an SH-aLRT support >0.9 were considered reliable.

The time of the most recent common ancestor (TMRCA) and the effective population size was estimated employing the Bayesian Markov Chain Monte Carlo (MCMC) approach using the BEAST v1.10.0 (Suchard et al., 2018). The temporal scale of the evolutionary process was inferred from the sampling dates of the sequences using a strict molecular clock model and the Bayesian Skyline coalescent tree prior. Comparing molecular clock models (as well as demographic models) in Bayesian framework were performed by calculating the AIC for MCMC with Tracer v1.7.1. Two independent MCMC chains were run of 50–500 × 106 steps with logging every 2000 generations, excluding first 25%. Convergence of the chains was estimated based on the Effective Sample Size in Tracer v1.7.1. The parameter estimates with ESS > 200 were accepted. We summarized the maximum clade credibility trees from the posterior distribution of trees using Tree Annotator and visualized them in FigTree v1.4.0. The datasets were analyzed with TempEst (Rambaut et al., 2016) for evaluating the temporal signal sufficiency.



Statistical Analysis

Statistical analysis was performed using STATISTICA v10.0 (StatSoft, USA) with discrete categorical data and the Pearson's chi-squared (or Fisher's extact) test. Differences were considered significant at P < 0.05.




RESULTS


Study Population

We evaluated 896 HIV-1 infected patients with a median age of 35 years (range 1–67). The proportion of men and women was about the same (58.5 and 41.5%, respectively). The dominant transmission routes were heterosexual contact (49.8%), intravenous drug use (39.8%), mother-to-child transmission (MTCT, 5.5%) and MSM contact (4.2%). The demographic characteristics of patients grouped by subtypes are summarized in Table 1.



Table 1. General characteristics of HIV-1 infected patients from Moscow region classified on subtypes.
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HIV Subtypes

Analysis of the pol sequences from HIV-1 infected patients confirmed the expected broad spectrum of viral subtypes in Moscow region (Table 1). These included 763 viruses (85.1%) classified as sub-subtype A6, 68 (7.6%) as subtype B, 11 (1.2%) as CRF02_AG and 16 (1.8%) as [image: image]other[image: image] subtypes. In addition to [image: image]pure[image: image] HIV-1 subtypes (or CRFs), 43 (4.8%) URFs containing genome segments of different subtypes were found. The sub-subtype A6 and CRF02_AG were found mainly in HSXs (50.3% and 72.7%, respectively) and IDUs (42.3 and 27.3%, respectively). Subtype B infected predominantly men (89.7%), through MSM (42.6%) and HSX (41.2%) exposures. Seven other HIV-1 subtypes were also identified.

Based on sequences identified by BLAST searches and phylogenetic analysis, sub-subtype A1 was found to be related to the East African strains (Uganda/Rwanda), subtype F1 to Angola and Romania, subtype C to the India/China C-strains; subtype G to the Portuguese/ Spanish G-strains and CRF01_AE to the Philippines AE-strains. Sub-subtype A6, CRF03_AB, CRF63_02A1, and CRF02_AG viruses were related to strains circulating in the former Soviet Union (FSU) countries. While most of the subtype B sequences (N = 64) belonged to the Pandemic ([image: image]Western-B[image: image]) variant, four sequences belonged to the FSU-B variant, previously identified among IDUs in Ukraine (Nabatov et al., 2002) (Figure 1).


[image: image]

FIGURE 1. Maximum-likelihood phylogenetic tree of 896 HIV-1 pol sequences from HIV-infected individuals in Moscow region, from 2011 to 2016. The presented tree describes the analysis of all dataset, where the subtype A6 and B clades of HIV-1 are presented in a condensed form. The topology of the A6-clade and B-clade are presented separately (see Supplemental Figure 1). Branches are colored according to the HIV-1 subtypes as indicated in the legend. Support values (BS/SH-aLRT) are shown for the key nodes. Asterisks point to locations of unique recombination forms (URFs; see main text). The reference sequence for each subtype was selected using the Reference Alignment from Rega HIV-1 Subtyping Tool and marked by a circle.





Identification of HIV-1 Subtypes A6 and B Epidemic Clusters, and TMRCA Estimation

Maximum-likelihood and Bayesian phylogenetic analyses identified several clusters/subclusters of HIV-1 subtypes A6 and B (Figure 2 and Table 2). All 768 A6-sequences (100%) formed one cluster including sub-clusters (1-2). The proportion of sequences transmitted through HSX, IDU, MSM, and MTCT in these subclusters was comparable. The TMRCA [95% HPD] for Cluster 1 and subclusters 1 and 2 were estimated to be 1998.3 [1996.4-1999.9] - 2000.4 [1999.2-2001.5]. Analysis of subtype B sequences identified six clusters (1–6) including 64 (83.2%) sequences. Unlike A6, the genetic structuring of subtype B was to some extent dependent on the transmission route. The smallest cluster (cluster 4) contained ~5% of the B sequences obtained mainly from IDUs. While the sequences in cluster 3 (largest, ~25% sequences) were from IDUs and MSM-individuals (in equal proportion), they were predominantly from MSM in clusters 4 and 5, and from HSX-individuals in cluster 2 and 6. The TMRCA for clusters 1-6 were estimated to be 1980.6 [1977.4-1995.3] - 1993.1[1986.6-1999.7] (Figure 2 and Table 2).
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FIGURE 2. Maximum-likelihood phylogeny and phylodynamic analysis of HIV-1 subtypes in Moscow region. Shown is the analysis of subtypes A6 (left; A,C,E) and B (right; B,D,F). (A,B) ML-tree of the HIV-1 subtypes A and B pol sequences from HIV-infected persons in Moscow, 2007–2016. The colored areas indicate the positions of major epidemic clusters (sub-clusters) identified in the region. Branches are colored according to the risk factor of infection as indicated in the legends. Support values (BS/SH-aLRT) are shown for the key nodes. The trees were rooted through African A1 and D sequences (for A6 and B subtype, respectively). (C,D) Bayesian estimates of times of the most recent common ancestors (TMRCA) for the major epidemic clusters (sub-clusters) by BEAST analysis. Points represent the median value, solid lines - 95% credible intervals. (E,F) Bayesian skyline plot (BSP) showing effective number of infections over time Ne(t). Estimates of the Ne(t) are presented as median (solid blue line) with the corresponding 95% HPD credibility interval (blue area).





Table 2. The cluster sizes, TMRCA, and transmission routes for major epidemic clusters of HIV-1 subtypes in Moscow region.
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Demographic History and Evolutionary Rates of HIV-1 Subtypes A6 and B

According to the Bayesian analysis, the mean evolutionary rates [95% HPD] for subtypes A6 and B were 1.26 × 10−3 [1.13 × 10−3-1.41 × 10−3] substitutions/site/year and 1.17 × 10−3 [6.10 × 10−4 −1.82 × 10−3] substitutions/site/year, respectively. The Bayesian Skyline plot indicated at least two effective population growth phases for these subtypes (Figures 2E,F). While the population size of A6 grew exponentially between 1998 and 2004, reaching a stable phase (moderate growth) around 2006, subtype B had an initial phase of fast growth between 1985 and 2002 followed by a decline around 2003. Since the mid-2010s, both subtypes have shown a very slow increase.



Recombinant Strains

We found 38 HIV-1 URFs containing genome segments of A6 and B subtypes. Of them, at least 12 (31.6%) had recombinant structures with similar breakpoint locations in the reverse transcriptase region. While the first fragment (2253 → 3342 ± 65) belonged to sub-subtype A6, the second fragment (3343 ± 65 → 3553) belonged to subtype B (Table 3).



Table 3. jpHMM-assigned breakpoint locations for 41 HIV-1 unique recombinant sequences in patients from Moscow region.
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DISCUSSION

This is the most extensive study in Moscow region to date, devoted to understanding the diversity and temporal dynamics of the common HIV-1 subtypes. We have confirmed that sub-subtype A6 (85.1%) is still the major HIV-1 subtype in the region (Giliazova et al., 2010) (as elsewhere in Russia) (Kazennova et al., 2011; Lapovok et al., 2017), followed by subtype B at 7.6%. The A6 subtype predominates in HSXs and IDUs while subtype B is the most prevalent variant in MSM group. This unequal distribution repeats the molecular pattern of the epidemic in Russia as a whole. Apparently, the [image: image] founder effect[image: image] and the relative social isolation/persistence of individual risk groups (at least at the beginning of the epidemic) are responsible for this phenomenon. We also observed a significant spread (4.2%) of unique recombinants between the two main subtypes, with at least 11 sequences distinct from the currently described A6/B recombinants. We are planning further studies with these recombinants, including full-length genome analysis to determine if they are new circulating forms. The CRF02_AG is the fourth most common HIV variant in the region, which is not surprising given the high level of labor migration from Central Asia where this subtype is widespread. Finally, we have identified at least seven other HIV-1 subtypes, which points to the increasing genetic complexity of the HIV-1 epidemic in the region.

We also investigated the emergence of HIV-1 A6 and B epidemics and their growth rates in Moscow region using the molecular clock. According to our estimates, A6 sub-subtype was introduced into the region around 1998 and marked the onset of massive epidemic (Figure 2). These findings are in good agreement with other sero-epidemiological studies (Bobkov et al., 2001). Subsequently, the divergent evolution of A6 strains and possible existence of several independent transmission networks apparently led to the formation of two epidemic sub-clusters, identified in this study.

The study of the genetic relationships between HIV-1 B-strains revealed that the spread of the subtype B in Moscow region involved at least six viral lineages that arose between 1980 and 1993 (Figure 2). Clusters 1-3, 5, and 6, which also belong to the Pandemic subtype B were responsible for 70.1% of the sexually transmitted infections and played a dominant role in the B-epidemic in Moscow region among MSM and HSXs. On the other hand, the FSU-B strain (Cluster 4) was responsible for infections in IDUs.

Though we are confident that HIV-1 subtype B penetrated into the region much earlier than A6, the origin of these clusters deserves further investigation. The growth pattern of the B epidemic is similar to that of A6 and represents the combined population dynamics of different subtype B-clusters. With an initial phase of rapid growth (not as rapid as for subtype A6), it appears that subtype B encountered less favorable conditions for local expansion, such as a slower rate of sexual transmission (Maljkovic Berry et al., 2007). The implementation of ART among all population groups could account for the slowdown in the epidemic since the mid-2010s.

The study can contribute to a better understanding and assessment of the social and biological driving forces behind the development of the epidemic process in one of the key regions for the HIV epidemic in Russia, as well as predicting of future trends of HIV infections and suggesting effective preventive measures.
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Washington, DC consistently has one of the highest annual rates of new HIV-1 diagnoses in the United States over the last 10 years. To guide intervention and prevention strategies to combat DC HIV infection, it is helpful to understand HIV transmission dynamics in a historical context. Toward this aim, we conducted a retrospective study (years 1987–2015) of 3,349 HIV pol sequences (1,026 bp) from 1,995 individuals living in the DC area belonging to three different cohorts. We coupled HIV sequence data with clinical information (sex, risk factor, race/ethnicity, viral load, subtype, anti-retroviral regimen) to identify circulating drug resistant mutations (DRM) and transmission clusters and assess their persistence over time. Of the transmission clusters identified in the DC area, 78.0 and 31.7% involved MSM and heterosexuals, respectively. The longest spread of time for a single cluster was 5 years (2007–2012) using a distance-based network inference approach and 27 years (1987–2014) using a maximum likelihood phylogenetic approach. We found eight subtypes and nine recombinants. Genetic diversity increased steadily over time with a slight peak in 2009 and remained constant thereafter until 2015. Nucleotide diversity also increased over time while relative genetic diversity (BEAST) remained relatively steady over the last 28 years with slight increases since 2000 in subtypes B and C. Sequences from individuals on drug therapy contained the highest total number of DRMs (1,104–1,600) and unique DRMs (63–97) and the highest proportion (>20%) of resistant individuals. Heterosexuals (43.94%), MSM (40.13%), and unknown (44.26%) risk factors showed similar prevalence of DRMs, while injection drug users had a lower prevalence (33.33%). Finally, there was a 60% spike in the number of codons with DRMs between 2007 and 2010. Past patterns of HIV transmission and DRM accumulation over time described here will help to predict future efficacy of ART drugs based on DRMs persisting over time and identify risk groups of interest for prevention and intervention efforts within the DC population. Our results show how longitudinal data can help to understand the temporal dynamics of HIV-1 at the local level.

Keywords: Washington, DC, phylodynamics, HIV-1, drug resistance mutations, transmission networks


INTRODUCTION

The prevention and treatment of HIV in Washington, DC is a public health priority both locally and nationally, as more diagnoses per unit population occur annually in the District than in any of the 50 states (Centers for Disease Control and Prevention, 2017). According to the most recent report by the DC Department of Health (DOH), over 1,900 per 100,000 residents are living with HIV in DC as of 2017 (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2018). This surpasses the WHO's threshold for a generalized epidemic (1%) (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017). Additionally, the epidemic disproportionately affects black men and women, who comprise 75% of HIV cases but only 46.7% of residents in DC (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017). Seven of the eight wards in DC have an HIV prevalence greater than 1%, indicating that the epidemic is not entirely geographically localized (Pérez-Losada et al., 2017). Similar to the Chicago HIV epidemic (Morgan et al., 2017), it has been proposed that the severity of the DC epidemic may be due to the high proportion of residents who belong to high risk groups and the city's considerable economic stratification (Greenberg et al., 2009).

The United States HIV epidemic is composed of predominantly subtype B variants (Vermund and Leigh-Brown, 2012), although several studies report that non-B subtypes are becoming more prominent over time both in DC (Grossman et al., 2018), the US (Germer et al., 2015) and globally (Ivanov et al., 2013; Neogi et al., 2014; UK Collaborative Group on HIV Drug Resistance, 2014; Esbjörnsson et al., 2016). Notably, of the individuals living with HIV in DC, more than 10% were born outside of the United States, thus leading to a potentially high diversity of HIV in the region (Grossman et al., 2018). Additionally, with a variety of subtypes and recombinant forms circulating in Washington, DC, the presence of drug resistant mutations (DRM) becomes a relevant clinical issue that needs to be addressed in order to provide efficient and effective treatment. Drug resistance is one of the most pressing issues in HIV treatment today, as resistance to preventative and treatment drugs affects the ability of the virus to evade the immune system and persist in the infected individual. Drug resistant mutations may occur at the time of transmission, so treatment-naïve individuals may also be resistant at the time of diagnosis. Currently, there are 97 known codons affected by DRMs in the Stanford HIV database (https://hivdb.stanford.edu), all either conferring resistance to or under surveillance (SDRM) for one or more of the current 22 antiretroviral (ART) drugs. Resistance to antiretroviral drugs and ensuing viremia can result in immunosuppression leading to morbidity, and, if new DRMs arise, then new drugs are needed to combat the ever-evolving virus. In 2016, Kassaye et al. found a high prevalence of drug resistance mutations in persons living with HIV in DC. Thus, studying the presence and spread of DRMs in Washington, DC can provide a temporal and spatial context to study the dynamics of HIV drug resistance. Furthermore, identifying DRMs present and spreading between risk groups will provide public health officials with information to implement more efficient targeted education and prevention efforts and programs.

According to the DC DOH, men who have sex with men (MSM) and heterosexuals (HRH) are the primary modes of HIV transmission in DC, while transmission via injection drug use (IDU) has decreased by 95% from 2007 to 2017 (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017). About 27% of people living with HIV are black MSM, while the second and third most prominent HIV risk groups are heterosexual black women and white MSM (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017). A cross-sectional study in 2009 identified heterosexual transmission as an emerging epidemic in non-Hispanic black men and women in DC, demonstrating that this risk is based on transmission networks rather than individual risk (Magnus et al., 2009). Similarly, a study of transmission clusters in Sweden, Denmark, and Finland suggested MSM-heterosexual transmission played a significant role in HIV infection since the majority of the mixed-transmission clusters involved individuals from those two risk groups (Esbjörnsson et al., 2016).

To address the current HIV epidemic in Washington, DC—and to better recognize how it will evolve in the future—we must first understand the evolutionary dynamics of the local epidemic. Toward this aim, we conducted a retrospective study (years 1987–2015) of 1,995 HIV-infected individuals whose 3,349 sequences were collected from three separate datasets. Our analysis focused specifically on the polymerase (pol) gene, the most frequently sequenced gene in HIV-1 clinical studies of DRMs. We identified transmission clusters with associations to demographic information and mapped epidemiological variables on estimated transmission clusters. Lastly, we identified drug resistance mutations and assessed their variation over time, as well as estimated sequence diversity over time.



MATERIALS AND METHODS


Datasets

A total of 3,349 HIV sequences (after removing duplicates) from the metropolitan DC area (including Washington, DC, northern Virginia, and northern and southern Maryland) were combined from three independently collected datasets: Pérez-Losada et al. (2017) with 1,659 sequences one each from that same number of individuals, Maldarelli et al. (2013) with 1,387 sequences collected from 33 individuals, and new HIV data presented here representing 303 sequences, one per individual (Table 1). All duplicate sequences in Pérez-Losada et al.'s dataset were removed, but all sequences in Maldarelli et al.'s dataset were used as it included known intra-patient variation and reflected the evolution of the virus over time. All studies performed DNA Sanger sequencing. Collectively, we have a total of 1,995 patients with sequence samples obtained between 1987 and 2015. Demographic variables considered were: sex, gender, race/ethnicity, age, country of birth, state of residence, risk factor, viral load, duration of infection, CD4+T lymphocyte count, HIV-1 subtype, and antiretroviral regimen type. These characteristics were paired with their respective HIV-1 sequence(s) (Table 1).



Table 1. Phenotypic characteristics of each dataset separated and combined.
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Briefly, sequences in the Pérez-Losada et al. (2017) dataset were collected through the DC Cohort, a longitudinal study conducted by the DC Department of Health at 13 DC area clinics (Milken Institute School of Public Health, 2018). Over 1,700 patients were enrolled in this study between 2011 and 2015. RNA from plasma samples was sequenced by LabCorp as part of routine clinical care with a focus on the pol genes. RT-PCR and Sanger sequencing were used to generate reads, which were analyzed with Sequencher DNA Sequence Analysis Software. Sequences for PR/RT sequences had a length of 1,496 bp. This dataset included additional integrase sequences (864 bp), which were not included in our analysis.

The dataset originally published in Maldarelli et al. (2013) was comprised of 33 patients treated at the NIH Clinical Center in Bethesda, Maryland. HIV sequences were obtained via single genome Sanger sequencing from plasma samples; limiting dilution was completed on each plasma sample. These patients were sampled longitudinally. Amplicons covering protease and reverse transcriptase (297 and 700–1200 bp, respectively) were used to obtain PR/RT sequences.

Data collection and sequencing of new HIV data was completed with the same single genome sequencing procedure as in Maldarelli et al. (2013). However, longitudinal sampling of these patients was not completed. A single plasma sample was taken from each patient at time of sampling and only a single limiting dilution was completed. These patients were also from the NIH Clinical Center in Bethesda, MD.



Phylodynamic Analyses

We aligned all sequences to the HXB2 reference pol sequence using MAFFT (Katoh et al., 2002). Aligned sequences were trimmed to a 1,026 bp region (2,253–3,279 bp relative to HXB2; GenBank accession K03455), which covered all of PR and a region of RT (55%). Any nucleotides outside this gene region were trimmed to ensure consistency among datasets. We used jModelTest (Posada, 2008) to estimate the best-fit model of molecular evolution along with model parameter values used in phylogenetic inference (Posada and Crandall, 2001). We constructed a maximum-likelihood (ML) phylogenetic tree using RAxML v. 8.2.9 (Stamatakis, 2014).

We assessed transmission clusters using both phylogenetic analyses and the network method HIV-TRACE (Kosakovsky Pond et al., 2018). HIV-TRACE identifies transmission clusters by analyzing genetic distance between pairs of sequences. For HIV-TRACE, we used a genetic distance threshold of 0.01 substitutions/site (Wertheim et al., 2017; as in Pérez-Losada et al., 2017) to account for the genetic diversity of pol. Additionally, we handled the ambiguities in the sequences using an average to account for all possible resolutions and avoid biases and false positive transmission clusters between the different datasets and sequencing strategies. Default settings were used for the remaining parameters. For the ML phylogenetic method, a transmission cluster was defined as a node with ≥70 bootstrap support (Felsenstein, 1985).

Watterson's genetic diversity (θ), nucleotide diversity (π), haplotype diversity (h), and the number of polymorphic sites (S) were estimated separately for HIV subtypes B and C and recombinant B and patient subsets (e.g., risk types, sex, race/ethnicity, date, and dataset) in DnaSP v. 6.11.01 (Rozas et al., 2017). Relative genetic diversity over time was inferred separately for subtypes B and C and recombinant B in BEAST2 (Bouckaert et al., 2014) using the GMRF Bayesian Skyride model (Minin et al., 2008) and the date of the HIV-1 sample as calibration and a normal prior with mean = 0.001 and SD = 0.0005 for ucld.mean. Additionally, we used the HKY substitution model with gamma-distributed among-site rate heterogeneity, a relaxed clock (log-normal) model of rate of substitution and partitioned into three codon positions. We performed two runs 5 × 108 generations each with sampling every 5,000 generations. Parameter uncertainty was summarized in the 95% highest posterior density (HPD) intervals. Results generated by BEAST were visualized in Tracer (Rambaut et al., 2018) with a 10% burn-in.



Drug Resistance Mutations and Subtype Analyses

We identified drug resistance mutations using the HIVdb program (Liu and Shafer, 2006) from the Stanford University HIV Drug Resistance Database (https://hivdb.stanford.edu). HIVdb identifies known resistance and surveillance variants (SDRMs) associated with 22 approved antiretroviral therapies including Protease Inhibitors (PI), Nucleoside RT Inhibitors (NRTI), Non-Nucleoside RT Inhibitors (NNRTI), and Integrase Inhibitors (INSTI), as well as treatment-selected mutations (TSMs). In order to compare DRMs over time, the number of affected codons for sequences from a single year was normalized by the number of sequences from that year in the dataset. We identified HIV-1 subtypes and recombinants phylogenetically using 170 subtype and recombinant reference sequences from the Los Alamos HIV database (http://www.hiv.lanl.gov/) and ML tree reconstruction, as well as using the REGA subtyping tool v. 3.0 provided by Stanford University (Pineda-Peña et al., 2013). Although subtyping was already reported for the Pérez-Losada et al. dataset, we included these sequences again for confirmation and comparison to the additional datasets from Washington, DC.




RESULTS

The number of sequences included in our analyses varied between 0 and 540 sequences per year, with seven years missing between 1987 and 2015. The cohort was comprised primarily of men who have sex with men (MSM; 38.8%) and high-risk heterosexuals (HRH; 35.6%) (Table 1). The median age at the time of sequencing was 44.8 years, with lower and upper bounds of 10.0 and 82.0 years old, respectively. Antiretroviral exposure information was only available for Pérez-Losada et al.'s dataset, and the majority of those patients were on multiple-class drug regimens (57.93%). REGA and phylogenetic subtyping methods identified eight unique HIV-1 subtypes and nine recombinants in our combined dataset, of which 10 were neither B or B recombinants (BD, CRF12_BF, DB, CRF24_BG, BF, and BA). Those subtypes were B (94.95%), C (1.43%), and A, D, G, F1, F2, J, (<1%) and those recombinants were BD (1.37%), and CRF02_AG, CRF12_BF, DB, CRF18_cpx, CRF24_BG, BF, BA, and AK (<1%).

Overall, Washington, DC was found to have a high genetic diversity (mean Watterson's θ = 0.082, Table 2), with B recombinants having a slightly higher genetic diversity (θ = 0.089) compared to subtype B (θ = 0.079) and subtype C (θ = 0.079) (Table 2). For all subtypes, males had a higher genetic diversity than females, and for subtype B, all races/ethnicities had similar genetic diversity. However, for B recombinants and subtype C, blacks had a higher genetic diversity than the remaining races/ethnicities. For subtype B, there was an overall high genetic diversity for all risk groups, with general sexual contact (SEX) risk having the lowest genetic diversity (θ = 0.079). This is not unexpected given that all 1,387 HIV sequences from patients with general sexual contact risk belong to Maldarelli et al.'s dataset and are only from 33 patients. Furthermore, subtype B injection drug users (IDU) had the lowest nucleotide diversity (π = 0.046), while MSM and HRH had similar nucleotide diversity estimates. Moreover, genetic diversity in subtype B increased steadily over time, with a slight decrease in diversity in 2003 and 2004 (Table 2). Nucleotide diversity increased over time with a peak in 2005 and 2006. No steady trends of diversity were estimated in B recombinants and subtype C. Additionally, the past demographic analyses of subtype B, B recombinants, and subtype C in BEAST (Figure 1) indicated that HIV relative genetic diversity remained stable over the last 35 years, with subtype B showing more variability.



Table 2. Nucleotide and genetic diversity estimates.
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FIGURE 1. GMRF Bayesian Skyride plot of HIV-1 subtypes past population dynamics. The 95% high posterior density limits of the relative genetic diversity over time are shown in blue. Black lines show the median estimate of the relative genetic diversity over time.



Evolutionary relationships amongst the HIV sequences were represented by a star phylogeny, indicating equal dispersal around the DC area (Figure 2). We annotated the phylogenetic tree with four demographic characteristics (dataset, sex, subtype, and risk behavior) and found near even dispersal for all of them. Sequences from each of the 33 Maldarelli et al.'s patients clustered together both in RAxML with high support and in HIV-TRACE, as expected; however, some of the intra-patient sequences clustered into more than one cluster. Clusters that were comprised of sequences from a single Maldarelli et al.'s patient were not included in the total cluster number count (RAxML = 27, HIV-TRACE = 30). A total of 1,798 sequences (53.7%) were grouped into 215 clusters in the RAxML tree, with 16 of them belonging to groups with >5 individuals (Figure 2). Of the clusters that were comprised of Maldarelli et al.'s patients, 12 clusters contained at least one sequence from a different dataset (most often the new data). MSM comprised 59.7 and 85.7% of all clusters and clusters with ≥5 individuals, respectively (Table 3). A total of 40 clusters were comprised of MSM and HRH samples, while only 8 contained an IDU sample (Table 3). HIV-TRACE transmission networks were labeled by combinations of three phenotypic characteristics: race, risk factor, and sex (Figure 3, Table 3). A total of 314 (9.4%) sequences were grouped into 41 clusters comprised of two or three individuals. Of these clusters, 78.0% included at least one MSM individual and 31.7% included at least one HRH individual. A third (27.9–31.7%) of the clusters predicted from either method included ≥2 individuals from different datasets. The longest spread of time for a single cluster found in HIV-TRACE and RAxML was 5 years (2007–2012) and 27 years (1987–2014), respectively. The majority of sequences in clusters found for HIV-TRACE methods were from the same year (61%), unlike RAxML, where only a quarter (27.4%) of the sequences in the transmission clusters were from the same year. Overall, RAxML included more individuals in more transmission clusters compared to those predicted by HIV-TRACE.
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FIGURE 2. RAxML phylogenetic tree annotated with demographic characteristics. Clusters supported by ≥70% bootstrap values and including ≥5 sequence members are highlighted in red.





Table 3. Phenotypic characteristics in transmission clusters.
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FIGURE 3. Transmission clusters with associated demographic information. (A) Risk type by race/ethnicity. (B) Race/ethnicity by sex. (C) Dataset by sex. (D) Risk type by sex. HRH, high risk heterosexual; IDU, injection drug user; MSM, man who has sex with men; SEX, sexual activity (general); MSM&IDU, MSM and IDU; OTH, other; UNK, unknown.



Drug resistance mutations (DRMs) were analyzed for subtype B sequences only (95% of the total sequence data). Across the combined dataset comprising all three studies, 24 amino acids in PR and 61 in RT were affected by drug resistance mutations. The types of antiretroviral drugs with the highest DRM prevalence were nucleoside reverse transcriptase inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors (NNRTI), and reverse transcriptase surveillance drug resistance mutations (RT SDRMs); these drugs were found to have between 64 and 97 unique DRMs present in our dataset (Figure 4, Table 4), with unique DRMs referring to a specific DRM observed at a codon position in one or more sequences. Therefore, if a mutation was detected more than once it was not double counted. Additionally, more than 20% of the individuals in the combined dataset displayed at least one DRM for one or more of these antiretroviral (ART) drugs. The risk group with the highest prevalence of DRMs was blood transfusion/perinatal (58.33%), but this is likely due to the low number of blood transfusion/perinatal individuals in our dataset (44 individuals, 1.3%). Additionally, these individuals often begin ART regimens almost immediately upon birth or acquisition of HIV, thus providing a longer time for DRMs to develop and persist in their viral population. Heterosexuals and MSM were found to have similar DRM prevalence at 43.94 and 40.13%, respectively. Those individuals with unknown risk factors had a DRM prevalence of 44.26%, and a lower prevalence was seen in injection drug users at 33.33% (Figure 4). Notably, a 60% increase in the number of codons affected by DRMs occurred between 2006 and 2010 (Figure 5). The amount of DRMs for PR Major (DRMs that make a major contribution to reduced susceptibility to protease inhibitors), PR Accessory (DRMs that contribute to reduced susceptibility in combination with PR Major DRMs), PR SDRMs, NRTI, NNRTI, RT SDRMs, and protease inhibitor treatment-selected mutations (PI TSMs) increased notably in the more recent years (2011–2015); however, this is likely due to the high number of sequences included in those years (Table 4). NRTI and RT SDRMs consistently had higher number of sequences that contained ≥1 DRM, total mutations, and unique mutations from 1996 onward.
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FIGURE 4. Drug resistance mutations by risk group. The percentage of sequences with at least one drug resistance mutation in a given ART drug category provided by Stanford HIVdb, separated by HIV risk group. HRH, high risk heterosexual; IDU, injection drug user; MSM, man who has sex with men; SEX, sexual activity (general); MSM_IDU, MSM and IDU; OTH, other; UNK, unknown; PR Major, DRMs that make a major contribution to reduced susceptibility to protease inhibitors; PR Accessory, DRMs that contribute to reduced susceptibility in combination with PR Major DRMs; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors; PR SDRMs, protease surveillance drug resistant mutations; RT SDRMs, reverse transcriptase surveillance drug resistant mutations; PI TSMs, protease inhibitor treatment-selected mutations; NRTI TSMs, nucleoside reverse transcriptase inhibitors treatment-selected mutations; NNRTI TSMs, non-nucleoside reverse transcriptase inhibitors treatment-selected mutations.





Table 4. Drug resistant mutations over time.
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FIGURE 5. Drug resistant mutations annotated with relevant ART dates. Count of DRM-affected codons observed in each year normalized by the total number of sequences collected in that year. Dates with relevant drug therapy and introductions were included (Arts et al., 2012; Barré-Sinoussi et al., 2013; U.S. Food Drug Administration, 2018). NRTI, nucleoside reverse transcriptase inhibitors; PI, protease inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors.



Fewer unique mutations were found to be at higher frequencies in the 1990s, whereas more unique mutations were found to be at a lower frequency in the 2000s (Table 4, Figure 6). This trend can be explained by the number of sequences per year, where there were lower total sequences in the 1990s and early 2000s (Table 4). However, despite there being a lower number of total sequences between 2005 and 2010, there were more distinct mutations in that time range (Figure 6) as well as a peak in the number of affected codons (Figure 5), as seen in a recent study of treatment-naïve individuals in the US (Ross et al., 2018). Notably, in 1996 there were eight DRMs found at high frequencies (PR: D30N, N88D; RT: D67N, K70R, Y181C, M184V, K219E, H22IY); all eight DRMs belonged to a single patient from Maldarelli et al.'s dataset (patient 27), in which one blood sample from a single appointment was obtained and 22 serial dilutions resulted in 22 separate sequences (Maldarelli et al., 2013). Two mutations in RT, K103N and M184V, persisted from around 2005 to 2015 at a lower frequency (average 12.4 and 8.8%, respectively). K103N is a Major NNRTI resistant mutation, whereas M184V is a Major NRTI resistant mutation.
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FIGURE 6. Heat map of drug resistant mutations over time. Annotated with genome location, relative to HXB2 reference, and known drugs that the mutations are selected by. TPV, Tipranavir; SQV, Saquinavir; NFV, Nelfinavir; LPV, Lopinavir; IDV, Indinavir; DRV, Darunavir; ATV, Atazanavir; RPV, Rilpivirine; DDL, Didanosine; AZT, Zidovudine; ETR, Etravirine; D4T, Stavudine; TDF, Tenofovir Disoproxil Fumarate; ABC, Abacavir; DOR, Doravirine; FTC, Emtricitabine; 3TC, Lamivudine; EFV, Efavirenz; NVP, Nevirapine.





DISCUSSION


Transmission Networks

Multiple studies have identified transmission networks as playing a significant role in the spread of HIV in the United States and DC (Magnus et al., 2009; Pérez-Losada et al., 2010, 2017; Esbjörnsson et al., 2016; Kassaye et al., 2016; Morgan et al., 2017; Wertheim et al., 2017). We identified in our dataset 41 and 76 unique transmission clusters using HIV-TRACE and a ML phylogenetic method (RAxML), respectively, most of which included members of the MSM and HRH risk groups. Transmission within these high-risk groups is expected given that both groups are reported as continuing sources of HIV infection in Washington, DC (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017, 2018). A majority of clusters included at least one non-Hispanic black individual, which is consistent with public health surveillance data as well (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2018). Like Kassaye et al. (2016), the majority of our identified transmission clusters were comprised of only two or three patients (81.9–100%). The ML and HIV-TRACE results included several transmission clusters containing individuals from different datasets (27.9 and 31.7%, respectively), suggesting that many of those networks are unique to this study. By combining sequencing and demographic information across a 28-year time window, we found that individuals in transmission networks predicted by HIV-TRACE had sequences obtained from different years ranging between 1 and 5 years apart, with a mean of 2.5 year spread in sequence time. However, the majority of the clusters for HIV-TRACE contained sequences from the same year (61.0%). For the RAxML, on the other hand, the longest amount of time between sequences in a transmission cluster was 27 years; although there was a mean of 2.4 year spread in sequence time. These results indicate that viral sequences do not often persist over many years, but when they do, distance-based cluster analyses might have a more difficult time identifying such transmission networks compared to evolutionary phylogenetic approaches. Our results show how insights from longitudinal studies can be used to understand viral dynamics over time in a local epidemic as well as how methodological choices can impact final inferences in such studies.



Temporal Diversity of HIV in DC

HIV diversity, as indicated by the number of unique subtypes and recombinants, and genetic diversity increased in the latter years (most recent sampling) of our study. Subtype B (94.95%) and B recombinants (2.9%) dominated our HIV dataset, followed by subtype C (1.43%). As suggested by Grossman et al. (2018), subtype C has been in DC since the late 1980s; however, our sampling of those same years did not include subtype C sequences. Similarly to a recent study of the San Francisco area over a 14-year time period, we also found over 4% non-subtype B HIV-1 variants in our combined dataset (Dalai et al., 2018). Focusing on subtype B, genetic diversity was similar across race/ethnicity but was higher in HRH and MSM relative to IDU risk factors. Genetic diversity increased steadily over time with a slight peak in 2009 and remained constant thereafter until 2015 (θ = ~0.086). Additionally, π, which is indicative of current genetic diversity (Crandall et al., 1999), increased over time as well, further suggesting that variants are accumulating in the DC population. The number of haplotypes generally increased until 2005 followed by a sharp reduction of haplotypes but a consistent genetic diversity. This trend could be a consequence of the small sample sizes in years 2005–2010, but relatively low numbers of haplotypes remained in years 2011–2013 despite high sample sizes. Our phylodynamic analyses of the three dominant subtypes in our dataset (B, B recombinants, and C) showed that the relative genetic diversity of DC's HIV population has remained relatively steady over the last 35 years, with subtype C showing an increase in relative genetic diversity and subtype B showing an increase in diversity since 2000. These results coupled with the phylogenetic tree being star-like further bolsters the conclusion that the HIV epidemic in DC is mature and individuals with varying infection durations and risk factor have been intermingling for years (Kassaye et al., 2016).



Evolution of Drug Resistant Mutations in DC

Our study found a higher percentage of patients with DRMs (37.9%) than a previous study (Kassaye et al., 2016) of the DC epidemic (22.5%). This is expected since our study also included a higher proportion of treatment-experienced individuals, while Kassaye et al. involved only ART-naïve patients. The DRM classes designated by the Stanford University HIV Drug Resistance Database (NRTI, NNRTI, and RT SDRMs) were notably more prominent in our data. There was little variation between the number of DRM-affected codons between risk groups.

We found an increase in the number of codons affected by DRMs between 2005 and 2008. It is possible that the smaller number of sequences from the years 2005 through 2010 relative to other years may have contributed to an artificial inflation of the number of DRMs during that time period. Additionally, all sequences from 2005 through 2010 came from the new dataset and were all treatment-naïve. A similar trend and spike in DRM prevalence was found in treatment-naïve patients in the U.S. between 2000 and 2009 (Ross et al., 2018), which correlates with the increase in diversity in subtype B. Such a trend may have been caused by changes in ART recommendations that allowed treatment to begin more quickly after diagnosis, the approval of additional therapies, mainly integrase inhibitors and specifically Maraviroc (MVC) and Raltegravir (RAL) introduced in 2007 (see Figure 5), and the increased use of genotypic screening for drug resistance prior to treatment (Ross et al., 2018). Kassaye et al. (2016) also observed a downward trend in DRMs over time between 1997–2006 and 2007–2013. Furthermore, medication guidelines recommended by physicians to patients have changed over time, which could result in the variation of number of DRMs and number of codon positions affected by mutation. Moreover, for the treatment-experienced individuals, HIV sequencing was likely requested because of concerns about their adherence and presumably because they are still viremic while being on medication, contributing to the increase in these numbers as well.

Although there was a decline in the number of DRM-affected codons around 2008, the number of unique drug resistant mutations increased throughout the 2000s. All of these DRMs were found at low frequencies, but a similar upward trend was also seen in genetic and nucleotide diversity. With increased diversity and increased DRMs, combating HIV replication and spread becomes more cumbersome, thus requiring researchers and doctors to stay one step ahead of the epidemic by developing new drugs that are not already impaired by the current DRMs before the current drugs are no longer effective. This is partially corrected already by patients in dual- or multiple-class ART regimens. Two mutations, K103N and M184V both in RT, persisted for 10 years in this combined dataset. K103N is selected for by usage of nevirapine (NVP) and efavirenz (EFV) (Bacheler et al., 2000; Gulick et al., 2004; Margot et al., 2006); M184V is selected by lamivudine (3TC) and emtricitabine (FTC) (Keulen et al., 1996; Frost et al., 2000). These four drugs are commonly prescribed as part of treatment recommendations (Geneva: World Health Organization, 2016, 2017).



Limitations

This study has a few limitations. Sampling across years is inconsistent and heterogeneous with more recent years containing more individuals and HIV sequences than older years. Additionally, initial years of the DC HIV epidemic (1980s) are missing. This uneven sampling could shorten the duration of the observed transmission clusters. This is further compounded when using HIV-TRACE, because a genetic distance cut-off is used, limiting the transmission clusters predicted by HIV-TRACE to more similar sequences. We supplemented the transmission clusters predicted by HIV-TRACE with transmission clusters predicted by phylogenetic methods, where genetic distance is not a cut-off (only branch support is), thus allowing for more distantly related viruses to be included in predicted transmission clusters. Each dataset was sequenced in different laboratories, leading to potential biases in ambiguity codes and consensus sequence resolution that could affect diversity estimates and potentially produce false positive or negative transmission clusters. Moreover, the direction of HIV virus transmission in a transmission cluster was not determined.




CONCLUSIONS

Like several other studies in the US (Latkin et al., 2011; DiNenno et al., 2012; Raymond et al., 2017) and in DC (Kassaye et al., 2016), our study supports the DC DOH's observation that HRH and MSM risk groups are primarily contributing to transmission of HIV (District of Columbia Department of Health, HIV/AIDS, Hepatitis, STD and TB Administration (HAHSTA), 2017, 2018). As in our study, the majority of identified transmission clusters include at least one MSM and one HRH individual and often involve sequences obtained from the same year. Additionally, insights from DRM prevalence and genetic diversity trends over time will allow treatment measures to be more effective. Specifically, we found that both genetic diversity and the number of unique DRMs in circulation increased in subtype B sequences from more recent years. As such, our findings suggest that new surveillance studies of HIV subtypes should be conducted to better understand the current transmission dynamics of HIV in Washington, DC, especially in treatment-naïve individuals where our study and others (Kassaye et al., 2016; Ross et al., 2018) saw a spike between 2005 and 2008 in DRM.
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Background and Aim: The circulating recombinant form 02_AG (CRF02_AG) is the predominant clade among the human immunodeficiency virus type-1 (HIV-1) non-Bs with a prevalence of 5.97% (95% Confidence Interval-CI: 5.41–6.57%) across Spain. Our aim was to estimate the levels of regional clustering for CRF02_AG and the spatiotemporal characteristics of the largest CRF02_AG subepidemic in Spain.

Methods: We studied 396 CRF02_AG sequences obtained from HIV-1 diagnosed patients during 2000–2014 from 10 autonomous communities of Spain. Phylogenetic analysis was performed on the 391 CRF02_AG sequences along with all globally sampled CRF02_AG sequences (N = 3,302) as references. Phylodynamic and phylogeographic analysis was performed to the largest CRF02_AG monophyletic cluster by a Bayesian method in BEAST v1.8.0 and by reconstructing ancestral states using the criterion of parsimony in Mesquite v3.4, respectively.

Results: The HIV-1 CRF02_AG prevalence differed across Spanish autonomous communities we sampled from (p < 0.001). Phylogenetic analysis revealed that 52.7% of the CRF02_AG sequences formed 56 monophyletic clusters, with a range of 2–79 sequences. The CRF02_AG regional dispersal differed across Spain (p = 0.003), as suggested by monophyletic clustering. For the largest monophyletic cluster (subepidemic) (N = 79), 49.4% of the clustered sequences originated from Madrid, while most sequences (51.9%) had been obtained from men having sex with men (MSM). Molecular clock analysis suggested that the origin (tMRCA) of the CRF02_AG subepidemic was in 2002 (median estimate; 95% Highest Posterior Density-HPD interval: 1999–2004). Additionally, we found significant clustering within the CRF02_AG subepidemic according to the ethnic origin.

Conclusion: CRF02_AG has been introduced as a result of multiple introductions in Spain, following regional dispersal in several cases. We showed that CRF02_AG transmissions were mostly due to regional dispersal in Spain. The hot-spot for the largest CRF02_AG regional subepidemic in Spain was in Madrid associated with MSM transmission risk group. The existence of subepidemics suggest that several spillovers occurred from Madrid to other areas. CRF02_AG sequences from Hispanics were clustered in a separate subclade suggesting no linkage between the local and Hispanic subepidemics.

Keywords: HIV-1, CRF02_AG, Spain, regional dispersal, spatiotemporal characteristics


INTRODUCTION

Human immunodeficiency virus (HIV)-pandemic has been caused by Group M which is divided into nine subtypes (A, B, C, D, F, G, H, J, and K), six sub-subtypes (A1, A2, A3, A4, F1, F2) but also an extensive list of at least 98 CRFs which result from the recombination of two or more different subtypes (Foley et al., 2016)1. The distribution of subtypes and CRFs differ greatly across the globe. The majority (46.6%) of the infections worldwide are caused by subtype C, followed by subtype B (12.1%) and subtype A (10.3%); the former is predominant in the Western world (Hemelaar et al., 2018). CRF02_AG is the fourth worldwide (7.7%), however, it accounts for approximately 50% of the HIV-infections in West and Central Africa (Delatorre et al., 2014). CRF01_AE (5.3%), subtype G (4.6%) and D (2.7%) are following (Hemelaar et al., 2018).

The putative origin of CRF02_AG was in Central Africa, thereafter the virus spread into Western Africa establishing a major epidemic (Mir et al., 2016). Further dissemination from Western Africa occurred to Cameron in the late seventies, to the former Soviet Union in the late nineties and later to Bulgaria and Germany (Mir et al., 2016). CRF02_AG remains one of the most prevalent CRFs in Europe among individuals from highly endemic countries but also in non-migrant populations (Abecasis et al., 2013; Beloukas et al., 2016).

A previous study on 6,633 sequences sampled across Spain, revealed that subtype B was the most prevalent, but the non-B clades were dominated by CRFs. Specifically, it was found that CRF02_AG had a prevalence of 5.97% (95% CI: 5.41–6.57%) and was the most prevalent among the non-B clades (Flampouris et al., 2014). It is estimated that 130,000–160,000 people are living with HIV in Spain (Morán Arribas et al., 2018) while there is a high burden of late diagnosis. Current HIV epidemic in Spain is dominated by infections among MSM (del Amo and Iniesta, 2018).

The aim of the current study was to estimate the levels of regional clustering for CRF02_AG in Spain, to assess parameters associated with its regional dispersal across Spain, but also to estimate the spatiotemporal characteristics of the largest CRF02_AG subepidemic in Spain. We also investigated whether regional dispersal is due to migration or due to onward transmissions among non-migrants.



MATERIALS AND METHODS

Study Population

We studied 396 HIV-1 CRF02_AG sequences available in the protease and partial reverse transcriptase regions of the virus genome (pol gene). Sequences were obtained from HIV-1 diagnosed patients during 2000–2014 from 10 autonomous communities of Spain. Study population characteristics are shown in Table 1. Specifically, patients’ samples were merged from two datasets: (a) a representative cohort of HIV-infected patients included in the Research Network on HIV/AIDS (CoRIS) (2004–2013) and (b) Eastern Andalusia Resistance Cohort (2000–2014). A detailed description of the CoRIS cohort has been published previously (Caro-Murillo et al., 2007; Yebra et al., 2012). For this study, fully anonymized nucleotide sequences were retrospectively analyzed thus no written informed consent is required. This research project has been approved by the HU san Cecilio’s Ethics Committee.

TABLE 1. Characteristics of the study population: (i) total population (N = 396), and (ii) a subset of the total population (N = 391 of 396) after the exclusion of identical sequences.
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DNA Sequence Alignment and Phylogenetic Analysis

The patterns of CRF02_AG dispersal in Spain were investigated by means of phylogenetic analysis. Analysis was performed in 391 out of 396 (98.7%) CRF02_AG sequences along with all globally sampled CRF02_AG sequences available on the public HIV-1 sequence database2 (N = 3,302) as references. A small number of identical sequences (5 of 396, 1.3%) was excluded from analysis to avoid inclusion of duplicates. MEGA v5.2 (Hall, 2013) was used to align sequences using the MUSCLE algorithm and alignments were manually edited according to the encoded reading frame (only codons and no single or double combinations of nucleotides were excluded from the alignment). Codons associated with resistance (IAS mutation list 2017) were excluded to avoid potentially bias on clustering due to convergent evolution at resistance sites (Lewis et al., 2008). The final alignment was consisted of 738 nucleotides. FigTree v1.4 was used for tree visualization and annotation3.

The phylogenetic trees were estimated from the underlying nucleotide sequences. Initially, Maximum likelihood phylogeny reconstruction with bootstrap evaluation was conducted in RAxML v8.0.20 (Stamatakis, 2014) using the general time-reversible (GTR) substitution model and gamma (Γ) distribution. Subsequently, further analysis was performed on the clusters that initially received bootstrap value lower than 75%, by using a well-justified method based on Bayesian analysis (Kouyos et al., 2010; Paraskevis et al., 2019). In detail, we used the Simple Consensus Maker algorithm4 to make the consensus sequence of each cluster with bootstrap value lower than the threshold. The 100 most closely related sequences were found by ordering the consensus sequence with all the CRF02_AG available sequences (391 sequences from our study population and 3,302 reference sequences) according to their similarity, in Mafft v7.4 (Katoh et al., 2017). Sequences found within each cluster were then analyzed phylogenetically along with the 100 most closely related sequences to them, using the Bayesian method with the GTR substitution model with Γ distributed rate, as implemented in MrBayes v3.2.2 (Ronquist and Huelsenbeck, 2003). The MCMC ran for 10 × 105 generations (burn-in: 10%), with 4 chains per run, and with MCMC sampling every 1,000 steps. Each MCMC run checked for convergence using Tracer version v1.5 (Drummond et al., 2012). Thereafter, phylogenetic clusters were defined as monophyletic using two different criteria: (i) clusters with bootstrap values greater than 75%, for phylogenetic trees estimated by the Maximum likelihood method, or a posterior probability greater than 0.825, for phylogenetic trees estimated by the Bayesian method (phylogenetic confidence criterion), and (ii) clusters consisting of at least two sequences sampled from Spain at a proportion greater than 70% compared to total number of sequences within the cluster (geographic criterion). Only phylogenetic clusters fulfilling both criteria were considered as monophyletic.

Phylodynamic Analysis

We further conducted phylodynamic analysis to estimate the spatiotemporal characteristics of the largest CRF02_AG subepidemic (monophyletic cluster consisted of 79 sequences). Analysis was performed only on sequences with available information about their date of sampling (72 of 79, 91.1%). We performed the analysis by a Bayesian method using the HKY nucleotide substitution model, a γ distributed rate of heterogeneity among sites, an uncorrelated log normal relaxed clock of molecular clock model with TipDates and the birth-death basic reproductive number (Re) models as implemented in BEAST v1.8.0 (Drummond et al., 2012). Non-informative priors were used for the MCMC runs. MCMC analysis was run for 30 × 106 generations, sampled every 3.000 steps (burn-in: 10%). The MCMC convergence was checked using Tracer v1.5 (Drummond et al., 2012), by estimating the effective sample sizes (ESS > 200). The temporal signal in our data was tested by TempEst (Rambaut et al., 2016).

Phylogeographic Analysis

Phylogeographic analysis was inferred by character reconstruction using the criterion of parsimony on the dated phylogeny using Mesquite v3.46.

Statistical Analysis

Demographic data are summarized using median and interquartile ranges for continuous variables, and absolute and relative frequencies for categorical variables. Statistical analysis for simple comparisons of the relevant distributions across different levels of other categorical variables was carried out using Pearson’s chi-squared statistical test. A multivariate logistic regression model was fit to a subset of the original data (N = 391), consisting of 304 complete observations. Presence in monophyletic groups was the binary outcome variable, while age, gender, transmission risk group and Spanish autonomous community of sampling were chosen as possible explanatory variables. Statistical analysis was performed on STATA 12-StataCorp LP.



RESULTS

CRF02_AG prevalence was significantly different across the Spanish autonomous communities we sampled from (p < 0.001). La Rioja (N = 11, 16.7%, 95% CI: 8.6–27.9%), Navarre (N = 11, 13.6%, 95% CI: 7–23%), Valencia (N = 22, 7.3%, 95% CI: 5.3–12.4%), and Andalusia (N = 240, 7%, 95% CI: 6.2–8.0%) were the autonomous communities where CRF02_AG was most prevalent.

Phylogenetic analysis revealed that the CRF02_AG sequences sampled from Spain clustered at different points in the Maximum-likelihood tree (Figure 1A). No specific geographic area was identified as the origin of CRF02_AG in Spain, since the Spanish monophyletic clusters appeared as nested within sequences from different countries (Figure 1B). The high-levels of dispersal of the CRF02_AG strains (red branches) across the tree (Figure 1A) or the existence of a large number of monophyletic clusters (Figure 1B) indicate that the introduction of CRF02_AG into Spain has been occurred from multiple sources. Specifically, we found that 52.7% (206 of 391) of our study CRF02_AG sequences formed 56 monophyletic clusters, with a range of 2–79 sequences (Figure 1B). The median number of sequences per monophyletic cluster was 3 (Interquartile range, IQR: 2–5). Phylogenetic analysis revealed the presence of highly supported phylogenetic clusters consisted of sequences from Spain at proportions >70% (monophyletic clusters). HIV-1 sequences found within the monophyletic clusters suggest a common route of infection. The fact that the majority of sequences have been retrieved from PLHIV residing in Spain implies that monophyletic clusters correspond to transmissions occurred locally (regional transmissions).


[image: image]

FIGURE 1. Unrooted phylogenetic trees estimated by RAxML v8.0.20 of HIV-1 CRF02_AG sequences sampled from Spain and a global reference dataset. (A) Sequences from Spain are marked in red in contrast with sequences from other areas marked in light blue. (B) Sequences from Spain are marked in red in contrast with sequences from other countries (Cameroon, Senegal, Niger, Ghana, Mali, the United States, Burkina Faso, Togo, Italy, Russia, Benin, Gabon, Germany, Belgium, the United Kingdom, Japan, France, Mauritania, Portugal, Sweden, Equatorial Guinea, the Czech Republic, Denmark, Cyprus, Australia, and Canada) and geographical areas (Western Europe, Sub-Saharan Africa, Central Asia, East Asia, Central and Eastern Europe, Southeast Asia, and Latin America) marked in different colors. Monophyletic clusters according to geographic region of sampling are indicated as triangles.



The percentage of regional dispersal differed across Spain, as suggested by the monophyletic clustering (p = 0.003) (Figure 2). Specifically, the highest proportion of regional dispersal was found in Basque Country where 72.7% (8 of 11) of sequences belonged to monophyletic clusters, followed by sequences from Madrid (54 of 75, 72%) and Valencia (13 of 19, 68.4%). Sequences from Andalusia (110 of 239, 46%), Navarre (5 of 11, 45.5%), Catalonia (8 of 18, 44.4%), and La Rioja (4 of 11, 36.4%) showed the lowest monophyly levels. For Galicia (N = 3), Canary Islands (N = 1), and Balearic Islands (N = 3) less than 10 sequences were available. The current study was performed using data from the representative cohort CoRIS (Caro-Murillo et al., 2007; Yebra et al., 2012; Vourli et al., 2019) and the Eastern Andalusia Resistance Cohort. The study population included sequences sampled during 2000–2014 from 10 autonomous communities of Spain, suggesting high geographic coverage. The proportion of sequences within each cluster was comparable across different communities, expect for Andalusia which was overrepresented. Despite its over-representativeness, Andalusia was found among the communities with the lowest levels of monophyly.
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FIGURE 2. Map of Spain representing the 10 autonomous communities from which the 391 HIV-1 CRF02_AG sequences of our study population were sampled from. Autonomous communities are colored according to the percentage of monophyletic clustering. Numbers in brackets describe the available sequences per autonomous community.



Using a multivariate logistic regression model, we found that the MSM transmission risk group was positively associated with the regional clustering (p < 0.001), having adjusted for the rest of the incorporated variables (Table 2). This association was mostly due to the large monophyletic cluster in which the majority of PLHIV were MSM.

TABLE 2. Multivariate logistic regression estimates using the presence in monophyletic groups as the binary outcome variable.
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The largest CRF02_AG monophyletic cluster (subepidemic) consisted of 79 sequences (Figure 1B). We found that 49.4% (39 of 79) of the clustered sequences originated from Madrid and most sequences (41 of 79, 51.9%) had been obtained from MSM. Phylogenetic analysis also revealed the existence of two nested clusters from Japan (N = 7, 8.9%) and Sweden (N = 3, 3.8%). The nested clusters consisted of reference sequences that were available in the HIV-1 sequence database.

To describe the temporal patterns of the largest CRF02_AG regional epidemic in Spain, we carried out phylodynamic analysis. There was evidence for temporal signal in the sequences found within the largest CRF02_AG monophyletic cluster, as tested by the TempEst program (R = 0.721). Moreover, the temporal structure in this data was assessed by estimating the ESS for all parameters of the MCMC analysis. In the MCMC analysis the ESS for all parameters were >>200. As explained in detail in the methods section, phylodynamic analysis was performed only on sequences with available information about their date of sampling (N = 72). For 57 out of 72 (79.2%) sequences found within the largest CRF02_AG monophyletic cluster, the sampling area was in Spain (Table 3). Molecular clock analysis suggested that the time to most recent common ancestor (tMRCA) of the CRF02_AG subepidemic was in 2002 (median estimate; 95% Highest Posterior Density-HPD interval: 1999–2004). The tMRCA should be considered as the approximate time of infection of the potential founder of the CRF02_AG subepidemic in Spain sampled in our data. The Bayesian skyline plot showed that the CRF02_AG subepidemic growth occurred during a period of 8 years and specifically between 2003 and 2011 (Figure 3).

TABLE 3. Sampling region/country for sequences with known date of sampling found within the largest CRF02_AG monophyletic cluster (subepidemic) in Spain.
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FIGURE 3. Bayesian skyline plot estimated by BEAST v1.8.0 using birth-death models for the largest HIV-1 CRF02_AG subepidemic in Spain, showing the cumulative number of lineages (infections) in a logarithmic scale over time (median and 95% Highest Posterior Density-HPD intervals estimates).



Phylogeographic analysis revealed significant clustering within the CRF02_AG subepidemic according to the ethnic origin (Figure 4A). Specifically, four distinct subclades were found. The subclade division was based on high posterior probability support (>0.85) and epidemiologic criteria (i.e., the ethnic origin of PLHIV within each cluster). The first subclade was consisted of sequences from Spain (N = 44) including as nested the cluster from Japan (N = 7) (subclade I) (Figures 4A,B). The majority of Spanish lineages were from individuals living in Madrid (N = 30, 68.2%) reported MSM (N = 37, 84.1%) as transmission risk group (Figures 4B,C). Except from Madrid, Spanish sequences were obtained across five different autonomous communities of Spain (Figure 4B). The second subclade was consisted of sequences from Hispanics from Spain (N = 1, 17%) and Latin America (N = 5, 83%) (subclade II) (Figure 4A). The third subclade consisted of sequences (N = 6) originating from Western Europe (Sweden, Switzerland, and Germany) (subclade III) and the fourth of sequences (N = 4) from Colombia, Spain, and Switzerland (subclade IV) (Figure 4A). Subclades III and IV were more genetically divergent than the two others (as suggested from the within-subcluster branch lengths) (Figure 4A). Notably, the geographic origin of the CRF02_AG clade including sequences from Spain (subclades I and II) was estimated in Madrid, from where it spread to other autonomous communities within the country as well as outside Spain (Figures 4A,B).
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FIGURE 4. Phylogeographic topology estimated by Mesquite v3.4 for largest HIV-1 CRF02_AG subepidemic in Spain, showing the viral clades in different colors according to the: (A) ethnic origin of the HIV-1 diagnosed patient, (B) Spanish autonomous community of sampling, and (C) transmission risk group of the HIV-1 diagnosed patient. Branch lengths were longer within subclusters III, IV than within subclusters I and II, suggesting higher genetic diversity. Black disks indicate nodes with posterior probability greater than 0.85.





DISCUSSION

In this study we used a collection of sequences sampled from 10 Spanish autonomous communities and a combination of phylogenetic, phylogeographic and phylodynamic analyses, in order to investigate the characteristics of the HIV-1 CRF02_AG epidemic in this country. We further shed light on the spatiotemporal characteristics of the largest CRF02_AG subepidemic in Spain. Our analysis suggests that CRF02_AG has been introduced as a result of multiple introductions in Spain, following regional dispersal in several cases. However, we found considerable variation in the patterns of regional clustering in Spain with Basque area, Madrid and Valencia to be the areas with the higher proportion of regional transmissions. We estimated that the epidemic growth of the largest monophyletic cluster continued until 2011. The hub for the largest cluster was in Madrid from where cross-border and local transmissions to other autonomous communities were monitored. Notably, CRF02_AG sequences within the largest cluster in Madrid were detected as far as from Japan, comprising a local epidemic, as well as from Latin America. Although an alternative hypothesis cannot be entirely excluded, our suggestion that the Japanese local epidemic originated from Spain provides the most plausible hypothesis given the existing sampling. The long-distance dispersal of CRF02_AG is not strange since some of the sequences were obtained from Hispanic populations outside Spain, a finding that can be reconciled because of the historical links between Spain and Hispanic populations of the Americas. On the other hand, the high popularity of Spain as a travel destination could explain the outgoing transmissions to Japan. CRF02_AG regional dispersal in Spain was associated with MSM; a finding that was probably due to the pattern found for the largest cluster in Madrid.

The identification of Madrid as a hub for the largest cluster of CRF02_AG in Spain and that only small clusters were found outside Madrid, suggest that transmission networking is probably more extensive in the capital than in peripheral cities. Notably, similar findings were reported for Paris and Rome which provided as the source for the CRF02_AG transmissions across France and Italy, respectively (Giuliani et al., 2013; Chaillon et al., 2017). The identity of capital cities as hubs for within country dispersal could be explained by the fact that they provide social, economic cultural and recreational centers as well as major hubs for international traveling. These findings could be useful for public health stakeholders to focus their preventive actions in large cities in Europe.

The prevalence of CRF02_AG has been estimated to 3.0% in Western and Central Europe and North America, being the most frequently circulated among the CRFs (Hemelaar et al., 2018). Although sporadic CRF02_AG cases have been increasingly detected in Europe and North America as a result of population mobility from endemic regions, regional dispersal was also found in several areas in Europe including MSM and heterosexual populations in France, Belgium, Switzerland, and Spain (Dauwe et al., 2015), as well as people who inject drugs in Bulgaria (Alexiev et al., 2016). Specifically, only one small cluster was found in Belgium, while 28% of the CRF02_AG sequences belonged to Swiss-specific subclusters (Von Wyl et al., 2011). In France, 20.4% of the PLHIV primarily infected with CRF02_AG belonged to transmission networks based on analysis using a genetic distance cut-off (Chaillon et al., 2017). This proportion was the highest for all HIV-1 subtypes (Chaillon et al., 2017). A large monophyletic cluster of CRF02_AG was also monitored among PLHIV with primary infection in Southeastern France (Tamalet et al., 2015). Similarly, the proportion of CRF02_AG sequences within monophyletic clusters was reported: 29.8, 27.3, 25.4, and 18.2% for Germany, Norway, Austria, and Italy, respectively (Paraskevis et al., 2019). These findings suggest a common pattern of CRF02_AG dispersal in Europe, where although CRF02_AG have been associated with highly endemic areas (Abecasis et al., 2013) as their putative source, a considerable proportion of their sequences fall within monophyletic clusters. It remains unclear, however, whether onward transmissions in Europe occur among migrant or non-migrant populations.

In the current study using a state-of-the-art molecular epidemiology approach, we were able to describe the spatiotemporal characteristics of the CRF02_AG infection in Spain and to investigate the nature of onward transmissions across different ethnic groups. Notably, we found that the majority of CRF02_AG sequences within the largest cluster were retrieved from non-migrant populations, suggesting that the within the country infections are due to onward transmissions among non-migrants. To our knowledge this is one of the few studies providing evidence that local dispersal of non-B subtypes is associated with non-migrants. These findings can be important for public health and particularly for the design of targeted interventions for the populations at the higher risk.
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FOOTNOTES

1 https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html

2 https://www.hiv.lanl.gov

3 http://tree.bio.ed.ac.uk/software/figtree/

4 https://www.hiv.lanl.gov/content/sequence/CONSENSUS/SimpCon.html

5 All clusters receive posterior probability support >0.82, expect for two clusters consisting of two sequences each, for which the posterior probability support was 0.76 and 0.79. The latter were included in the analysis since the confirmatory analysis was based on stringent sampling criteria.

6 http://www.mesquiteproject.org
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Earlier Initiation of Antiretroviral Treatment Coincides With an Initial Control of the HIV-1 Sub-Subtype F1 Outbreak Among Men-Having-Sex-With-Men in Flanders, Belgium
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Human immunodeficiency virus type 1 (HIV-1) non-B subtype infections occurred in Belgium since the 1980s, mainly amongst migrants and heterosexuals, whereas subtype B predominated in men-having-sex-with-men (MSM). In the last decade, the diagnosis of F1 sub-subtype in particular has increased substantially, which prompted us to perform a detailed reconstruction of its epidemiological history. To this purpose, the Belgian AIDS Reference Laboratories collected HIV-1 pol sequences from all sub-subtype F1-infected patients for whom genotypic drug resistance testing was requested as part of routine clinical follow-up. This data was complemented with HIV-1 pol sequences from countries with a high burden of F1 infections or a potential role in the global origin of sub-subtype F1. The molecular epidemiology of the Belgian subtype F1 epidemic was investigated using Bayesian phylogenetic inference and transmission dynamics were characterized based on birth-death models. F1 sequences were retained from 297 patients diagnosed and linked to care in Belgium between 1988 and 2015. Phylogenetic inference indicated that among the 297 Belgian F1 sequences, 191 belonged to a monophyletic group that mainly contained sequences from people likely infected in Belgium (OR 26.67, 95% CI 9.59–74.15), diagnosed in Flanders (OR 7.28, 95% CI 4.23–12.53), diagnosed at a recent stage of infection (OR 7.19, 95% CI 2.88-17.95) or declared to be MSM (OR 34.8, 95% CI 16.0–75.6). Together with a Spanish clade, this Belgian clade was embedded in the genetic diversity of Brazilian subtype F1 strains and most probably emerged after one or only a few migration events from Brazil to the European continent before 2002. The origin of the Belgian outbreak was dated back to 2002 (95% higher posterior density 2000–2004) and birth-death models suggested that its extensive growth had been controlled (Re < 1) by 2012, coinciding with a time period where delay in antiretroviral treatment initiation substantially declined. In conclusion, phylogenetic reconstruction of the Belgian HIV-1 sub-subtype F1 epidemic illustrates the introduction and substantial dissemination of viral strains in a geographically restricted risk group that was most likely controlled by effective treatment as prevention.

Keywords: HIV-1, sub-subtype F1, Belgium, phylodynamics, men-having-sex-with-men, treatment as prevention


INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) originated after at least four separate cross-species transmission events from non-human primates to humans in central Africa, which resulted in four groups (M, N, O, and P) that emerged in the early twentieth century (Peeters et al., 2014). Since then, HIV-1 group M lineages have diversified and the current genetic diversity existing within the pandemic group M is the result of subsequent evolution and spread within the human population. Using phylogenetic analysis, HIV-1 group M can be classified into nine major subtypes (A–D, F–H, J, and K) and a few sub-subtypes (like F1 and F2) which reflects a combination of several founder effects and incomplete sampling of the original source population in central Africa (Rambaut et al., 2004). On the other hand, the various circulating recombinant forms (CRFs) originated from co-circulation of subtypes that previously evolved in compartmentalized epidemics.

The HIV-1 subtype B lineage that is responsible for the majority of HIV-1 infections in Europe, was first exported from central Africa to the Caribbean region around 1967 from where it was subsequently introduced in the United States and spread over to other American and European countries, mainly via networks of men-having-sex-with-men (MSM) and people who injects drugs (PWID) (Abecasis et al., 2013; Junqueira and Almeida, 2016; Magiorkinis et al., 2016; Worobey et al., 2016). HIV-1 subtype B was the predominant subtype among Belgians who were diagnosed with HIV-1 between 1985 and 1994 in Antwerp (Belgium), although the presence of other pure subtypes such as A, C, D, F, G, and H already revealed an early introduction of HIV-1 non-B subtypes to the local population (Fransen et al., 1996). Nevertheless, Belgian MSM remained almost exclusively infected with subtype B strains. These findings were confirmed in an independent study where heterosexual contact, African origin and more recent diagnosis were predictors for non-B infection in HIV-1 patients diagnosed between 1983 and 2001 in two other Belgian cities (Brussels and Leuven) (Snoeck et al., 2004). Subsequent local and national surveillance studies that included HIV-1 diagnoses between 1998 and 2012 confirmed the association between subtype B infections, MSM and Caucasian origin. In contrast, HIV-1 non-B infections in Belgium, of which HIV-1 subtype A, C, and CRF02_AG infections were the most prevalent, were associated to migrants from sub-Saharan Africa and individuals showing heterosexual risk behavior (Vercauteren et al., 2008; Chalmet et al., 2010; Pineda-Peña et al., 2014).

In the last decade, sub-subtype F1 diagnoses have markedly increased among newly diagnosed HIV-1 patients linked to care in Belgium. In the light of two Spanish studies that reported lower therapy response rates in HIV-1 sub-subtype F1 infections (Pernas et al., 2014; Cid-Silva et al., 2018), we aimed to investigate the evolutionary history and distinctive socio-demographic and epidemiological features of the HIV-1 sub-subtype F1 epidemic in Belgium. The spatiotemporal origin of the ancestor of the Belgian F1 epidemic and evolutionary links among locations were determined, risk factors were identified, and transmission dynamics were quantified.



MATERIALS AND METHODS

Viral Sequences and Associated Information

Human immunodeficiency virus type 1 sub-subtype F1 pol sequences spanning the gene fragments that encode protease (PR) and the 5′-end of reverse transcriptase (RT) were collected from all patients for whom drug resistance testing was requested as part of routine clinical follow-up at six AIDS reference laboratories (ARL) in Antwerp, Brussels, Ghent, and Leuven (up until March 2015). These ARL perform approximately 90% of the HIV-1 drug resistance testing in Belgium. HIV-1 sub-subtype F1 pol sequences were requested from partners in other European and African countries where circulation of F1 infections has been reported (Palma et al., 2007; Paraschiv et al., 2009; Frentz et al., 2010; Lai et al., 2012; Ivanov et al., 2013; Sayan et al., 2013; Alexiev et al., 2015). Furthermore, all available HIV-1 sub-subtype F1 pol sequences were extracted from the Los Alamos HIV Sequence Database (LANL)1 (Triques et al., 1999; Montano et al., 2005; Aulicino et al., 2007). Most viral genetic sequences were annotated with sampling time and location, which were used as calibration and discrete traits, respectively, in an analysis of spatiotemporal dispersion patterns (Supplementary Table S1). Patient socio-demographics and detailed sample information were collected from mandatory reporting and medical records at the participating ARL in Belgium (gender, year of birth, HIV-1 diagnosis date, infection stage at diagnosis, country of birth, probable country of infection, sexual risk factor for HIV-1 acquisition, viral load, CD4 and CD8 count associated to the HIV-1 pol sequence, and therapy initiation date). Infection stage at diagnosis was defined based upon laboratory data: HIV-1 confirmation results with a positive p24 test combined with a negative or undetermined blot or INNO-LIA HIV I/II (Fujirebio Europe, Ghent, Belgium) were classified as acute infections while results with a positive blot lacking a p31 band as recent infections (Verhofstede et al., 2017). In all other instances, at least when records were available, infections were classified as chronic. The study was approved by the Ethical Committee Research UZ/KU Leuven (reference S58359). This study did not require written informed consent by study participants as it only used data collected within routine clinical practice, but patients who opted out of research studies were not included. The entire dataset for this manuscript is not publicly available because it represents a dense sample of our epidemic and inappropriate use could endanger the privacy of the patients. A proportional down-sampling of the dataset (30%) is accessible via GenBank (accession numbers, MK458435-MK458523). Requests to access the entire dataset combined with well-defined project proposals can be mailed to the corresponding author who will submit it to the local ethical committee for ethical and legal clearance when not in conflict with already on-going research.

Quality Control and Compilation of Sequences

The quality of HIV-1 sequences that were generated by the Belgian ARL was assured by quality management systems that are conform to the ISO 15189 standard. In addition, the quality of all collected HIV-1 sequences was subsequently verified using the Quality Control tool hosted on the HIV sequence database LANL. Only sequences with no evidence of hyper-mutations and a maximum of 7 stop codons and/or frameshifts were retained for further analyses. Only pure sub-subtype F1 strains were retained in the study. Therefore, HIV-1 subtype classification was confirmed using the online automated subtyping tools COMET v1.0 (Struck et al., 2014) and Rega v3 (Pineda-Peña et al., 2013). In case of a non-F1 classification by COMET v1.0 or Rega v3 (7% discordant classifications), sequences were subsequently subjected to jpHMM (Schultz et al., 2009; version March 2015). If scored as F1 or F2 sub-subtype by jpHMM, recombination was ruled out using Simplot (Lole et al., 1999). Four HIV-1 subtype B reference sequences were added to the dataset, serving as an outgroup for subsequent phylogenetic analyses (GenBank accession numbers K03455, AY423387, AY173951, and AY331295). Nucleotide sequences were aligned using Muscle v3.7 (Edgar, 2004) and manually edited in MEGA 5 (Tamura et al., 2011). Nucleotide positions encoding for 43 surveillance drug resistance mutations (Bennett et al., 2009) were removed from the alignment to avoid the effect of drug-induced convergent evolution. Duplicate sequences were identified using the ElimDupes tool (LANL) and were removed when originating from the same sample. For patients with multiple sequences, only the first sequence was retained. The final alignment contained 1866 HIV-1 sub-subtype F1 sequences trimmed to the common length of 798 nucleotide positions, spanning sites 2253 to 2549 and 2661 to 3290 (as compared to the HIV-1 subtype B reference sequence HXB2, accession number K03455) (Supplementary Table S1).

Phylogenetic and Phylogeographic Analyses

The spatiotemporal origin of the Belgian HIV-1 sub-subtype F1 epidemic was investigated using a Bayesian approach. Prior to this analysis, we examined the accumulation of divergence over the sampling time span using Tempest v1.5 (Rambaut et al., 2016) to assure that sampling dates could be used as calibration. Markov chain Monte Carlo analyses were performed using BEAST v1.8.4 in conjunction with BEAGLE to improve the computational performance (Ayres et al., 2012; Suchard et al., 2018). We specified a GTR nucleotide substitution model with discrete gamma distributed rate variation among sites. Among-lineage variation in evolutionary rates was modeled using a lognormal relaxed molecular clock and a flexible non-parametric Bayesian Skygrid was specified as a coalescent prior. The analyses were run in triplicate for 100 million states and trees were sampled every 10,000th state. Convergence and mixing properties of the Markov chain Monte Carlo chains were assessed with Tracer v1.6 (Rambaut et al., 2018). Results of several chains were combined after removal of the burn-in, and a MCC tree was summarized using TreeAnnotator within the BEAST package. The timed migration process was reconstructed using a model that allows for non-reversible migration rates. Trees were visualized with FigTree v1.4.3 and iTOL v4.2.3 (Letunic and Bork, 2016).

Phylodynamic Analysis of the Infection Cluster Including Belgian Sequences

Phylodynamic analyses were performed on an infection cluster that mainly contained sequences from our Belgian cohort. A birth-death model was applied to the Belgian sequences included in this infection cluster (191 sequences) in order to quantify transmission dynamics through time. The analyses were performed in BEAST v2 (Bouckaert et al., 2014) using the BDSKY add-on (Stadler et al., 2013). The molecular evolution and clock model were chosen as in the phylogeographic analysis. For the birth-death-skyline parameters, we used a LogNorm(0,1) prior for the effective reproductive number, a LogNorm(0,1) prior for the becoming-non-infectious rate in units per year (i.e., the inverse of the time duration of being infectious in unit of years), and a Unif(0,infinity) prior for the origin of the epidemic. The dimension of the effective reproductive number and the becoming-non-infectious rate was set to 10, meaning the parameters were estimated for 10 equally spaced intervals between the origin and the most recent sample. The sampling proportion was fixed to 0.65 (and 0.8 in a second analysis) for the time between the first and last sample, and 0 prior to the first sample.

Statistical Analysis

Socio-demographic, virological and clinical variables were reported as absolute numbers, percentages and medians with their respective interquartile ranges (IQR), where appropriate. Their association with a Belgian F1 outbreak was evaluated using univariate and multivariate logistic regression in the statistical R software v3.5.1, with statistical significance set at p-value < 0.05. For these analyses, only patients with available information for a specific variable were included.



RESULTS

Increase of Subtype F1 Diagnoses in Belgium

Up to February 2015, 297 HIV-1 sub-subtype F1 infections were newly diagnosed in the participating Belgian ARL (Figure 1), of which 137 were analyzed in Antwerp (46%), 95 in Brussels (32%), 38 in Leuven (13%), and 27 in Ghent (9%). The median age of people diagnosed with an HIV-1 sub-subtype F1 infection was 34 years (IQR 29–41) and 77% were men. Over the course of 15 years, the number of HIV-1 sub-subtype F1 diagnoses increased from 3 in March 2001 – February 2003 to 88 in March 2013 – February 2015 (Figure 1A). Sub-subtype F1 infections were initially mainly diagnosed in women (65%), but after February 2005 men became the most affected gender (87%). Of the sub-subtype F1 infections for which the respective information was registered, the majority were diagnosed in people born in Belgium (59%, 141/238) and in people who declared that they probably acquired their infection in Belgium (82%, 138/168). The sub-subtype F1 infections were found in homosexual (51%, 117/231), heterosexual (35%, 80/231), and bisexual risk (15%, 34/231) groups (Figure 1B).
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FIGURE 1. HIV-1 sub-subtype F1 diagnoses in Belgium. Panel (A) Number of men and women diagnosed with an HIV-1 sub-subtype F1 infection according to 2-year intervals and based upon a pol-genotypic drug resistance test that was requested as part of routine clinical follow-up. The pie chart displays the proportion of people who probably acquired the HIV-1 sub-subtype F1 infection in Belgium, Europe, Africa, or another or unknown region. Panel (B) Geographic and proportional distribution of HIV-1 sub-subtype F1 diagnoses in the AIDS Reference Laboratories of Antwerp, Brussels, Leuven, and Ghent. The pie charts display the proportion of people reporting homosexual, heterosexual, or bisexual contacts as risk factor for HIV-1 infection.



The Belgian Sub-Subtype F1 Epidemic Within a Global Context

Bayesian phylogenetic analyses were used to estimate the geographical and temporal origin of the HIV-1 sub-subtype F1 strains in our national cohort and to investigate viral dissemination from Belgium to other countries. The final dataset included 1866 sequences that were mainly sampled in Europe (75%) and Brazil (20%) (Supplementary Table S1). We found sufficient temporal signal to pursue phylodynamic analysis and used the resulting empirical distribution of the dated phylogenetic trees in a subsequently phylogeographic analysis.

The phylogeographic analysis revealed the divergence of sub-subtype F1 into two well-supported clades for which (i) one clade included mainly Brazilian and Portuguese strains together with a Belgian subclade, while (ii) the other predominantly Belgian, Romanian and Portuguese sequences (upper and lower clade in Figure 2, Supplementary Figure S1). Their divergence dates back 50 years ago (1968, 95% higher posterior density (HPD) interval of 1963–1973), with an estimated start of local dissemination of HIV-1 F1 in Brazil around 1973 (95% HPD 1969–1975) and subsequently in Portugal around 1979 (95% HPD 1976–1981) (Figure 2 upper clade). In this upper clade (i), one large Belgian cluster, subsequently referred to as the sub-subtype F1 Belgian outbreak, is embedded within a Western-European clade that in turn is nested within the larger Brazilian clade. The Belgian clade contains four sequences sampled outside Belgium (one from Brazil, one from Luxembourg, and two from Germany), while the Western-European clade consists of the Belgian clade together with three basal sequences from Switzerland, one large well-supported Spanish clade and one Romanian sequence that branches outside the Spanish and Belgian clade. The founder of the HIV-1 sub-subtype F1 strains that are currently circulating in Western-Europe, probably migrated from Brazil to Europe between 1990 and 1999 (95% HPD 1987–2002), whereas the origin of the Belgian and Spanish outbreaks were dated back to 2002 (95% HPD 2000–2004) and 2006 (95% HPD 2004–2008), respectively. Brazil is estimated as the most likely geographical origin of the Western-European clade because the Western-European clade was embedded within the large Brazilian sub-subtype F1 diversity and because one strain that was sampled in Brazil and three strains that were sampled from Brazilians residing in Belgium were also positioned within the Belgian clade. Although Belgium was assigned as ancestral location state of this Western-European clade, the long interconnecting branch suggests that current sampling is insufficient to provide conclusive results as to the specific migration event(s) that finally led to the two large outbreaks in Western Europe (Belgium and Spain).
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FIGURE 2. Phylogeographic reconstruction of the Belgian HIV-1 sub-subtype F1 epidemic. The branches in the time-scaled maximum clade credibility tree constructed from the complete dataset of 1866 pol sequences are colored by their most probable location state (see legend), which could be a specific sampling country or grouped as a continent when less than 30 sequences were available for a specific country (Supplementary Table S1). The HIV-1 sub-subtype F1 strains that are associated with the local outbreak (191 lineages), most probably entered Belgium via Latin-America, more particularly Brazil, a transmission event that is estimated to have occurred around 2002 (95% HPD 2000 – 2004). The 106 Belgian sequences that do not belong to the monophyletic group, are dispersed within less recent clades, grouping with lineages from Africa, Latin-America and Europe. Posterior root node support is visualized in a selection of nodes.



The remaining sub-subtype F1 sequences from our Belgian cohort represent single lineages or small clusters that are dispersed across the tree and are intermixed among viral lineages from Africa, Latin-America and Europe (Figures 2, 3). Several other strains from Sub-Saharan migrants residing in Belgium but who originated from the Democratic Republic of Congo (DRC), Congo, and Angola occupied the most basal positions of the tree (Figure 2 lower clade, Figure 3). They cluster with African lineages that probably migrated to Europe between 1972 and 1977 (95% HPD 1969–1980) and that were at the origin of several larger sub-subtype F1 outbreaks in Europe, more specifically in Portugal (1979, 95% HPD 1976–1982), Romania (1981, 95% HPD 1978–1983; 2001, 95% HPD 1996–2006; and 2002, 95% HPD 1998–2006), and Bulgaria (1982, HPD 1979–1985). As, we defined a location trait according to country of sampling in our analysis, the over-representation of Belgian sequences – probably to a large extent reflecting African diversity – led Belgium to be inappropriately assigned as the ancestor location of this lower clade that contained many African, Romanian, Portuguese, and other European lineages (Figure 2 lower clade).
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FIGURE 3. Circular representation of the maximum clade credibility tree of the Belgian sub-subtype F1 epidemic within a global context. Branches in the tree are colored according to sampling region (identical coloring scaling as in Figure 2), which is also displayed in layer 1. For the HIV-1 sub-subtype F1 strains that were sampled at the AIDS reference laboratories (ARL) in Belgium, the location of testing was displayed in layer 2, gender in layer 3, country of birth in layer 4, and sexual risk group in layer 5. This detailed information was largely lacking for the sequences sampled outside Belgium.



Socio-Epidemiological Correlates With the Sub-Subtype F1 Outbreak in Belgium

As one or only a few sub-subtype F1 lineages have successfully established local transmissions among 191 of 297 people diagnosed with a sub-subtype F1 infection in Belgium (64%), we used univariate and multivariate logistic regression to identify socio-epidemiological variables that were associated with this successful sub-subtype F1 outbreak in Belgium (Table 1). HIV-1 patients who were diagnosed with a sub-subtype F1 infection at the AIDS reference laboratories in Antwerp (OR 6.80, 95% CI 3.86–11.99), Leuven (OR 4.22, 95% CI 1.59–11.16) or more broadly in the region of Flanders (OR 7.28, 95% CI 4.23–12.53) had significantly higher odds of belonging to this F1 outbreak, compared to people who were diagnosed with a sub-subtype F1 infection elsewhere in Belgium. In addition, many other variables of the sub-subtype F1 infections diagnosed in Belgium displayed significantly higher odds of being part of the outbreak, of which the most informative were male gender (OR 52.42, 95% CI 19.90–138.08), infection in MSM (combining homosexuals and bisexuals) (OR 34.8, 95% CI 16.0–75.6), probable infection in Belgium (OR 26.67, 95% CI 9.59–74.15), born in Belgium (OR 12.10, 95% CI 6.35-23.08), recent infection stage at diagnosis (OR 7.19, 95% CI 2.88–17.95) and higher viral load (OR 2.36, 95% CI 1.78–3.13). In multivariate analysis, sub-subtype F1 infections in MSM and in people born in Belgium remained to display a higher likelihood for belonging to the sub-subtype F1 Belgian outbreak [OR 7.82, 95% CI 3.80–16.11 and OR 2.01 (1.06–3.78), respectively]. The variables sampling region, ARL in Belgium, gender, country of birth and sexual risk group were visualized for all Belgian sequences in a circular representation of the phylogenetic tree (Figure 3).

TABLE 1. Characteristics of people diagnosed with an HIV-1 sub-subtype F1 infection in Belgium and factors associated with this local outbreak.

[image: image]

Reduced Onward Transmission of Sub-Subtype F1 Strains Coincident With an Earlier Initiation of Antiretroviral Therapy

Since the onset of the sub-subtype F1 outbreak in Belgium (2002, 95% HPD 2000–2004), we covered a time period where antiretroviral therapy was initially still deferred in asymptomatic patients with CD4 count above 350 cells/mm3 (European AIDS Clinical Society, 2005). This general practice gradually switched to the consideration of antiretroviral therapy for asymptomatic patients with CD4 counts between 350 and 500 cells/mm3 (European AIDS Clinical Society, 2007) and above 500 cells/mm3 (European AIDS Clinical Society, 2013). Given the benefits of antiretroviral therapy in reducing infectivity, we wanted to quantify transmission dynamics through time using a birth-death model and monitor the trends in therapy uptake in our specific setting. Therapy and diagnosis information was available for 147 HIV-1 patients whose viral strains belonged to the sub-subtype F1 outbreak in Belgium (77%, 147/191). The delay in therapy initiation decreased from a median of 1011 days (IQR 368–1683) or almost 3 years for patients diagnosed in 2005 and 2006 to a median of 61 days (IQR 26–208) or about 2 months for patients diagnosed in 2013 and 2014 (Figure 4). In the birth-death model, assuming a constant 65% sampling proportion, the number of expected secondary infections per infected person (effective reproductive number Re) was estimated to be a median of 3 in 2005 and gradually declined to a median of 1.5 in 2011, after which a substantial drop to below 1 was observed (Figure 5). During this time window, the median infectious time also declined and the number of expected secondary infections per infected person and per year (transmission rate) decreased from a median of 1 to well below 1. Sensitivity analysis using a constant sampling proportion of 80%, as the diagnosis and sequencing rate is expected to be higher in MSM, showed similar results and suggests that the estimates are relatively robust to prior specification on the sampling proportion.
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FIGURE 4. Delay in antiretroviral treatment among people infected with sub-subtype F1 strains belonging to the local outbreak in Belgium. The number of days between diagnosis date and treatment initiation date were plotted according to 2-year intervals of diagnosis date. Information on prescribed antiviral therapy and diagnosis date was available for 77% of the HIV-1 patients belonging to the local outbreak in Belgium (147/191).
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FIGURE 5. Birth-death model applied to the sub-subtype F1 outbreak in Belgium. For all patients belonging to the large Belgian cluster (n = 191), the number of secondary infections per infected person (effective reproductive number Re, panel (A)), the median infectious time in years (panel (B)) and the number of secondary infections per infected person per year (transmission rate, panel (C)) was estimated. After the onset of the outbreak both Re and transmission rate started to decline, with the largest drop occurring after 2011.





DISCUSSION

Human immunodeficiency virus type 1 subtype F most likely emerged from the early 20th century HIV-1 diversity in the DRC, where its current prevalence remains less than 5% (Vidal et al., 2000; Faria et al., 2014; Rodgers et al., 2017). This subtype accounts for less than 1% of HIV-1 infections worldwide and is subdivided into two sub-subtypes F1 and F2, of which the detection of the latter remains mostly restricted to Cameroon (Brennan et al., 2008; Hemelaar et al., 2011). In contrast, sub-subtype F1 strains have spread to other Central African countries, reaching a particularly high prevalence of 14% in Angola (Afonso et al., 2012). In Belgium, the burden of sub-subtype F1 infections among newly diagnosed HIV-1 patients increased to 11.1% in 2015. The aim of this study was to characterize the epidemic dynamics of this non-B subtype epidemic in Belgium by using phylogenetic approaches and the analysis of socio-epidemiological variables.

The Dissemination of HIV-1 Sub-Subtype F1 Across the World

Our and other phylogenetic analyses confirmed that the most basal F1 sequences were isolated from people originating from Central African countries and that the major migration events out of Africa occurred in the 1970s and early 1980s seeding some larger F1 epidemics over the world (Mehta et al., 2011; Bello et al., 2012; Lai et al., 2014). During the Angolan civil war that started in 1975 and lasted for more than 16 years, an extensive migration of troops, settlers and refugees was observed between Angola, DRC, Portugal, Brazil, Cuba, Russia, and several Eastern-European countries and this is considered as an important factor in the global dissemination of F1. In Brazil, sub-subtype F1 infections have reached prevalence rates of more than 7% and the strains are currently circulating among various risk groups (Brindeiro et al., 2003). It is the most probable epicenter of F1-related epidemics within the Southern Cone and one of the sources of the Portuguese sub-subtype F1 epidemic (Aulicino et al., 2007; Bello et al., 2007, 2012; Carvalho et al., 2015). Unrelated to the Brazilian epidemic, sub-subtype F1 was initially introduced and spread among adult heterosexuals in Romania. In this Eastern-European country, it subsequently reached a very high prevalence rate of more than 70% due to several major outbreaks among children in orphanages and people using intravenous drugs (Dumitrescu et al., 1994; Bandea et al., 1995; Apetrei et al., 1998; Op De Coul et al., 2000; Guimarães et al., 2009; Paraschiv et al., 2009; Mehta et al., 2011; Mbisa et al., 2012; Niculescu et al., 2014). Both Brazil and Romania were at the origin of the F1 epidemic in Italy, where Brazilian strains contributed to many more introduction events characterized with a more extensive spread (Lai et al., 2014). Since then, the prevalence of sub-subtype F1 increased gradually among Italian descendants and mainly among self-declared heterosexual men, although phylogenetic analyses suggested that some of these self-declared heterosexual men might have been infected through homosexual contact (Bracciale et al., 2009;Lai et al., 2012, 2014).

Although our and a previous study indicated that another sub-subtype F1 lineage migrated from Brazil to Europe during the 1990s, this lineage obtained only more recently epidemic proportions in two countries, respectively, about 16 years ago in Belgium and 12 years ago in Spain (Paraskevis et al., 2015). In both instances, F1 was introduced in local MSM networks, a factor probably important in its subsequent spread and circulation at high rates (Thomson et al., 2012). Our analyses did not indicate any intermixing between both epidemics and only sporadic and putative exports from Belgium to Luxembourg (one) and Germany (two) were detected. This is in agreement with another study that traced the HIV-1 subtype B mobility in Europe and that characterized Belgium primarily as a sink of HIV-1 lineages rather than a source (Paraskevis et al., 2009). Although, we confirmed previous findings on the global spread of HIV-1 sub-subtype F1, our sampling approach might not have been sensitive enough to capture the specific migration events that resulted into these two large outbreaks or into extensive onward transmission to other countries. For our analyses, we collected HIV-1 pol sequences from countries with a known high burden of F1 infections or a potential role in the global spread of sub-subtype F1. In this dataset, Belgium, Romania, Portugal, Luxembourg, and Bulgaria were the best-represented countries as they contributed a dense sampling, whereas Italy provided a down-sampling proportional to their local sub-subtype F1 diversity. However, other countries might have been undersampled as they were represented by sequences that were received from single cohorts or by sequences that were collected from public databases. Such sample biases call for caution in interpreting the results of phylogeographic estimates.

The Belgian HIV-1 Sub-Subtype F1 Outbreak

The first HIV-1 sub-subtype F1 infections within the local outbreak cluster were diagnosed in 2005. It concerned one chronic infection in Leuven and one infection with unknown status in Antwerp, suggesting a time of about 3 years between the estimated introduction in Belgium (2002, 95% HPD 2000–2004) and the first case reported by the Belgian ARL. Although there is universal access to HIV-1 health care in Belgium and we included all patients for whom genotypic drug resistance testing indicated a sub-subtype F1 infection, whether at baseline or at therapeutic failure, our sequencing efforts in routine practice only cover approximately 60% of all newly HIV-1 diagnoses registered in the national database. However, we believe that we do capture the majority of patients who are contributing to the local spread, as sub-subtype F1 is mainly circulating among MSM, a group who is well engaged in medical care (Van Beckhoven et al., 2015). Any HIV-1 patient who seeks medical care in Belgium will receive a confirmation of his/her infection and will therefore be registered in the national database. Therefore, we believe that a large proportion of the people living with HIV-1 in Belgium who do not receive a baseline resistance test at diagnosis are people with an infection that was already acquired and diagnosed abroad and who are already on successful antiretroviral treatment upon arrival in Belgium, or these people are only temporarily in the country and do not enter the HIV-1 health care system in Belgium.

With the dense sampling of our local epidemic at hand, we aimed to estimate the effective reproductive number Re, the transmission (birth) rates and the time of being infectious in our viral population using birth-death modeling in order to gain insights into the dynamics of the outbreak. The initial high Re-value, high transmission rate and long times of being infectious were in agreement with the explosive increase of sub-subtype F1 infections in our national cohort. However, the mean Re-value declined substantially from 2012 onward and this event was associated with lower transmission rates and shorter durations of being infectious. These observations may be explained by the policy changes around that time when therapy eligibility thresholds for asymptomatic HIV-1 patients became less strict in Belgium. Indeed, medical records showed a remarkable dent in the median treatment delay among people belonging to our outbreak around 2009–2010. Although this relationship does not demonstrate causality, it is supported by studies where viral suppression by antiretroviral therapy has shown to be effective in preventing HIV-1 transmission among serodiscordant heterosexual and MSM couples (Cohen et al., 2011; Rodger et al., 2016; Bavinton et al., 2018). However, the relevant changes in transmission dynamics were not yet reflected in the number of new sub-subtype F1 diagnoses up to the start of 2015. This could suggest that the effects were too recent to be fully captured by our surveillance data of new diagnoses or that the conditions were not yet fully optimal to achieve the full potential of treatment as prevention in this outbreak (Okano et al., 2016). Although a substantial proportion of our outbreak was diagnosed at an acute and recent stage of infection, we should aim to increase testing and diagnosis rates among people at risk of acquiring HIV-1 and treat them without any delay. In this respect, the INSIGHT START study resolved the last concerns for immediate initiation of antiretroviral therapy in asymptomatic HIV-1 infections as this study showed that this strategy was superior to deferral until the CD4 count declined to 350 cells/mm3 and that it was not associated with an increased rate of adverse events (INSIGHT START Study Group et al., 2015).

In conclusion, this study revealed that sub-subtype F1 strains were introduced in Belgium around 2002 and that during a decade they spread exponentially among MSM who were mainly from Belgian descent, residing in Flanders and diagnosed at a recent stage of infection. Our birth-death phylodynamic estimates are in line with the expectations of the effectiveness of treatment as prevention because we identify a decline in the onward transmission of sub-subtype F1 strains that coincides with the implementation of earlier initiation of antiretroviral therapy in our cohort. Further follow-up is planned, especially within the context of the roll-out of antiretroviral therapy in early asymptomatic HIV-1 infections and of the implementation of pre-exposure prophylaxis which is reimbursed to people who are at increased risk for HIV-1 infection since June 2017.
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Diverse Large HIV-1 Non-subtype B Clusters Are Spreading Among Men Who Have Sex With Men in Spain
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In Western Europe, the HIV-1 epidemic among men who have sex with men (MSM) is dominated by subtype B. However, recently, other genetic forms have been reported to circulate in this population, as evidenced by their grouping in clusters predominantly comprising European individuals. Here we describe four large HIV-1 non-subtype B clusters spreading among MSM in Spain. Samples were collected in 9 regions. A pol fragment was amplified from plasma RNA or blood-extracted DNA. Phylogenetic analyses were performed via maximum likelihood, including database sequences of the same genetic forms as the identified clusters. Times and locations of the most recent common ancestors (MRCA) of clusters were estimated with a Bayesian method. Five large non-subtype B clusters associated with MSM were identified. The largest one, of F1 subtype, was reported previously. The other four were of CRF02_AG (CRF02_1; n = 115) and subtypes A1 (A1_1; n = 66), F1 (F1_3; n = 36), and C (C_7; n = 17). Most individuals belonging to them had been diagnosed of HIV-1 infection in the last 10 years. Each cluster comprised viruses from 3 to 8 Spanish regions and also comprised or was related to viruses from other countries: CRF02_1 comprised a Japanese subcluster and viruses from 8 other countries from Western Europe, Asia, and South America; A1_1 comprised viruses from Portugal, United Kingdom, and United States, and was related to the A1 strain circulating in Greece, Albania and Cyprus; F1_3 was related to viruses from Romania; and C_7 comprised viruses from Portugal and was related to a virus from Mozambique. A subcluster within CRF02_1 was associated with heterosexual transmission. Near full-length genomes of each cluster were of uniform genetic form. Times of MRCAs of CRF02_1, A1_1, F1_3, and C_7 were estimated around 1986, 1989, 2013, and 1983, respectively. MRCA locations for CRF02_1 and A1_1 were uncertain (however initial expansions in Spain in Madrid and Vigo, respectively, were estimated) and were most probable in Bilbao, Spain, for F1_3 and Portugal for C_7. These results show that the HIV-1 epidemic among MSM in Spain is becoming increasingly diverse through the expansion of diverse non-subtype B clusters, comprising or related to viruses circulating in other countries.
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INTRODUCTION

HIV-1 exhibits a characteristic high genetic variability, derived from elevated mutation and recombination rates. Through these mechanisms, the main (M) HIV-1 group, causative of the pandemic, has evolved into multiple genetic forms, designated subtypes, of which nine have been identified, subsubtypes, circulating recombinant forms (CRFs), of which 93 are currently recognized (HIV Sequence Database, 2019; Reis et al., 2019), and unique recombinant forms (URFs). The most globally prevalent HIV-1 genetic form is subtype C, estimated to represent around 47% worldwide infections, followed, in this order, by subtype B, subtype A, CRF02_AG, CRF01_AE, subtype G, and subtype D, with each of the remaining genetic forms estimated to represent less than 1% of global infections (Hemelaar et al., 2018).

In Western Europe, the predominant HIV-1 genetic form is subtype B, which was initially introduced among MSM and persons who inject drugs (PWID) (Lukashov et al., 1996; Casado et al., 2000; Kuiken et al., 2000; Hué et al., 2005; Beloukas et al., 2016). In early descriptions of HIV-1 genetic diversity in Western Europe, non-subtype B genetic forms were restricted to heterosexually infected immigrants coming from areas where those clades predominate, mainly sub-Saharan Africans, and European individuals epidemiologically linked to people from such areas (Fransen et al., 1996; Op de Coul et al., 1998; Thomson and Nájera, 2001). The first reports of HIV-1 non-subtype B genetic forms circulating in Western Europe among individuals without known epidemiological links to other geographic areas described the circulation of CRF01_AE among PWID in Finland (Liitsola et al., 2000) and of subtype G and CRF14_BG among a minority of HIV-1-infected PWID in the region of Galicia, Northwest Spain (Thomson et al., 2001; Delgado et al., 2002). Subsequent studies showed that the genetic forms circulating in Galicia derived from a subtype G variant widely circulating in Portugal, transmitted both through sexual contact and among PWID (Esteves et al., 2002, 2003; Palma et al., 2007; Carvalho et al., 2015). In recent years, an increasing prevalence of non-subtype B infections has been observed in Western Europe, reflecting both their importation from other geographical areas and their circulation among the local population (Abecasis et al., 2013; Beloukas et al., 2016; Hemelaar et al., 2018; Paraskevis et al., 2019).

In the current HIV-1 epidemic in Western Europe, the predominant propagation mode is through sexual contact among MSM (European Centre for Disease Prevention and Control, 2017 and WHO Regional Office for Europe 2017; Núñez et al., 2018), a population in which a resurgence of the HIV-1 epidemic has been observed since the 2000s, which is part of a global phenomenon (Bezemer et al., 2008; Beyrer et al., 2012). This has been accompanied by the emergence of phylogenetically identifiable transmission clusters, whose expansion is mostly driven by individuals with recent infection who are unaware of their HIV status (Lewis et al., 2008; Cuevas et al., 2009; Bezemer et al., 2010; Chalmet et al., 2010; Fisher et al., 2010; Zehender et al., 2010; Ambrosioni et al., 2012; Frange et al., 2012; Thomson et al., 2012; Audelin et al., 2013; Delgado et al., 2015; Esbjörnsson et al., 2016; Hoenigl et al., 2016; Chaillon et al., 2017; Patiño-Galindo et al., 2017; Parczewski et al., 2017; Verhofstede et al., 2018; Paraskevis et al., 2019). As expected, most clusters are of subtype B, but multiple instances of propagation of other HIV-1 genetic forms among European MSM have also been reported. These include subtypes A1 (Lai et al., 2016; Ragonnet-Cronin et al., 2016), C (de Oliveira et al., 2010; Lai et al., 2014; Ragonnet-Cronin et al., 2016), and F1 (Castro et al., 2010; Lai et al., 2012; Thomson et al., 2012; Delgado et al., 2015; Vinken et al., 2017; Verhofstede et al., 2018); CRF01_AE (von Wyl et al., 2011), CRF02_AG (Giuliani et al., 2013; Brand et al., 2014; Dauwe et al., 2015; Tamalet et al., 2015; Chaillon et al., 2017; Verhofstede et al., 2018), CRF17_BF (Fabeni et al., 2015), CRF19_cpx (Patiño-Galindo et al., 2015; González-Domenech et al., 2018; Pérez-Parra et al., 2018), CRF50_A1D (Foster et al., 2014), CRF56_cpx (Leoz et al., 2013), and CRF60_BC (Monno et al., 2012; Simonetti et al., 2014). However, the expansion of these clades has had a limited impact on the overall genetic composition of the HIV-1 epidemic among MSM in Western Europe, which is still largely dominated by subtype B. The only exception, though geographically restricted, is a large F1 subtype cluster of Brazilian ancestry, which represented a substantial proportion of new HIV-1 diagnoses among MSM in Northwest Spain (Thomson et al., 2012; Delgado et al., 2015). Here we describe four additional large non-subtype B clusters expanding among MSM in Spain, of CRF02_AG and of subtypes A1, F1 and C, each circulating in several Spanish regions and related to viruses from other countries.



MATERIALS AND METHODS

Samples

Plasma or whole blood samples were collected from 1999 to 2018 from HIV-1-infected individuals attended at hospitals from 15 provinces from 9 regions of Spain (Basque Country, Galicia, Navarre, Castilla y León, La Rioja, Madrid, Castilla-La Mancha, Aragón, and Comunidad Valenciana). The regional sample representativeness is variable, being the greatest in the regions of Basque Country, where all public hospitals participated, and Galicia, where all but one public hospitals participated. The study was approved by the Bioethics and Animal Well-being Committee of Instituto de Salud Carlos III, Majadahonda, Madrid, Spain. Written informed consent was obtained from all participants in the study.

RNA and DNA Extraction, RT-PCR Amplification, and Sequencing

Amplification of HIV-1 fragments was done either from plasma RNA or from DNA extracted from whole blood. RNA was extracted from 1 ml plasma using Nuclisens EasyMAG kit (bioMérieux, Marcy l’Etoile, France), following the manufacturer’s instructions. DNA was extracted from 200 μl blood using QIAmp DNA Blood mini kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. An HIV-1 PR-RT fragment (approximately 1.4 kb) was amplified by RT-PCR followed by nested PCR, in the case of RNA, or by nested PCR, in the case of DNA, using previously reported primers (Delgado et al., 2015). In selected samples, NFLG amplification was done in four overlapping segments, as described (Delgado et al., 2002; Sierra et al., 2005), using RNA extracted either from plasma or from the primary isolate’s culture supernatant grown from plasma using a previously described protocol (Delgado et al., 2012). Direct sequencing of the amplified products was done using an automated capillary sequencer. Sequence electropherograms were assembled and edited with Seqman (DNASTAR, Madison, WI, United States). Newly obtained sequences are deposited in GenBank under accessions MK177651-MK177824 (PR-RT sequences) and MK177825-MK177829, KT276258, KY496622, and KY989952 (NFLG sequences).

Phylogenetic Sequence Analyses

Sequences were aligned with MAFFT v.7 (Katoh and Standley, 2013). Initial trees with all sequences were constructed with the approximate ML method implemented in FastTree v2.1.10 (Price et al., 2010) using the general time reversible (GTR)+CAT evolutionary model and assessment of node support with Shimodaira-Hasegawa (SH)-like local support values. Transmission clusters were defined as those supported by SH-like values ≥ 0.95 comprising four or more individuals, with a majority of them being native Spanish. To determine whether the identified clusters were still supported when globally sampled sequences were included and to identify viruses from other areas belonging or phylogenetically related to them, the analyses were repeated including all PR-RT sequences of 1 kb or longer of the same genetic form available at the Los Alamos HIV Sequence Database (HIV Sequence Database, 2019), downloaded with the option “one sequence per patient.” Support for clusters thus identified with FastTree was subsequently assessed with phylogenetic trees constructed via ML with PhyML v3.0 (Guindon et al., 2005), using the best-fit evolutionary model selected by Smart Model Selection (SMS) program (Lefort et al., 2017) and heuristic searches based on subtree pruning and regrafting (SPR) moves, with estimation of node support by the approximate likelihood ratio test (aLRT), SH-like procedure (Anisimova and Gascuel, 2006; Guindon et al., 2010). To keep computational times reasonable, in the analyses with PhyML only several hundred sequences (around 200–400) branching most closely to the clusters of interest in the previous FastTree analyses, together with PR-RT sequences from NFLG from databases, were included. Clusters were confirmed if in the analyses including database sequences with both FastTree and PhyML their node support values were ≥ 0.95. Trees were visualized with Dendroscope 3 (Huson and Scornavacca, 2012) or FigTree v1.4.21. Intersubtype recombination was analyzed by bootscanning with Simplot v3.5 (Lole et al., 1999), with tree construction with the neighbor-joining method, using the Kimura 2-parameter substitution model and windows of 400 or 600 nt moving in 20 nt steps.

Antiretroviral Drug Resistance Determination

Antiretroviral (ARV) drug resistance was analyzed with the Calibrated Population Resistance Tool (Gifford et al., 2009).

Temporal and Geographic Estimations of Cluster Origins

To estimate times of the most recent common ancestors (tMRCA) of clusters and their most probable geographical locations, a Bayesian MCMC coalescent method as implemented in BEAST v1.8.1 (Drummond et al., 2012) was used. Prior to these analyses, the existence of temporal signal in the datasets was assessed by an analysis of root-to-tip distances against dates of sampling using TempEst (Rambaut et al., 2016). For the BEAST analyses, we used all PR-RT sequences ≥ 1 kb from each cluster and related sequences, as determined in the ML phylogenetic analyses, excluding sequences without data on year or location of sample collection. PR-RT sequences derived from NFLG sequences of the corresponding genetic form downloaded from the HIV Sequence Database were also included in these analyses, using not more than 5 sequences per country of sampling. In the case of the CRF02_1 cluster, 40 randomly selected CRF02_AG PR-RT sequences lacking drug resistance mutations downloaded from the Los Alamos HIV Sequences database were included, since using those derived from NFLG resulted in relatively low r2 values in the TempEst analysis. We chose an HKY substitution model with gamma-distributed among-site rate heterogeneity and two partitions in codon positions (1st+2nd; 3rd) (Shapiro et al., 2006); uniform priors were used for absolute substitution rates (0-0.02 sub/site/year) and relative substitution rates in codon positions 1st+2nd and 3rd (0-10); we also used an uncorrelated lognormal relaxed clock model and a Bayesian skyline plot demographic model (Drummond et al., 2005). Each MCMC chain was run for 100 million to 200 million generations, sampling every 5,000 generations. MCMC convergence and effective sample sizes (ESS) were checked with Tracer v.1.62, ensuring that the ESS of each parameter was > 200. Results were summarized with a maximum clade credibility (MCC) tree, using TreeAnnotator v1.8.1, after removal of a 50% burn-in. The MCC trees were visualized with FigTree v1.4.2.1 Parameter uncertainty was summarized in the 95% highest posterior density (HPD) intervals.

Statistical Analyses

Differences in clustering frequency between MSM and heterosexually infected individuals and changes in proportions of non-subtype B infections along time in newly diagnosed sexually infected individuals were analyzed with Fisher’s exact test. Only native Spish individuals were included in these analyses in order to focus on locally circulating strains, minimizing the confounding effect of imported HIV-1 variants acquired in other countries. Numbers of individuals used in these analyses were 7080 in the first and 2060 in the second.



RESULTS

Using HIV-1 PR-RT sequences from 10,506 individuals obtained by us (whose data are summarized in Supplementary Table 1), we identified 320 phylogenetic clusters comprising 4 or more individuals, 247 of subtype B and 73 of other genetic forms. Belonging to a cluster was more frequent among Spanish MSM than among heterosexually-infected Spanish individuals (68% vs. 31%; p = 7.7 × 10-6) (Supplementary Figure 1). Differences were also significant when subtype B and non-subtype B clusters were analyzed separately. An increase along time of non-subtype B infections among newly diagnosed Spanish individuals was also observed. Statistically significant increases were observed in Spanish MSM from 2005–2009 to 2010–2014 (from 10.9% to 26.7%; p = 1.4 × 10-6) and among heterosexually infected Spanish individuals from 2010–2014 to 2015–2018 (from 28.5% to 39.7%; p = 0.0097) (Supplementary Figure 2).

Of the non-subtype B clusters, 5 large ones (here defined as those comprising 10 or more individuals) were associated with MSM. The largest one, of F1 subtype (currently comprising 187 individuals), was reported previously (Thomson et al., 2012; Delgado et al., 2015). The other four were of CRF02_AG and of subtypes A1, F1, and C, henceforth designated CRF02_1, A1_1, F1_3, and C_7, respectively. All four clusters were well supported when the analyses were repeated with FastTree including all PR-RT sequences > 1 kb of the respective genetic forms available at the Los Alamos HIV Sequence database (with numbers from 1,318 of subtype F1 to 22,762 of subtype C) and with PhyML including several hundred (from 312 for subtype C to 513 for CRF02_AG) database sequences branching closer to each cluster in the FastTree analysis and derived from NFLG sequences. These analyses also allowed to identify viruses from databases belonging or closely related to the clusters. Epidemiological data of samples studied by us belonging to these clusters and to subclusters within them are shown in Table 1.

TABLE 1. Epidemiological data of clusters∗.
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CRF02_1 Cluster

CRF02_1 comprised 115 individuals, 67 studied by us and 48 whose sequences were retrieved from databases (Figure 1). Most samples were collected in Spain, but there were also samples from Japan, Switzerland, United Kingdom, Ecuador, Netherlands, Sweden, Germany, Malaysia, and Hong Kong. Samples from Spain were from 8 regions, mainly from Basque Country, Madrid, and Aragon.
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FIGURE 1. Maximum likelihood tree of PR-RT sequences of the CRF02_1 cluster. The tree was constructed with PhyML, with assessment of node support with the aLRT SH-like procedure. The analysis incorporates 513 CRF02_AG PR-RT sequences from databases that in preliminary analyses with FastTree branched closer to the CRF02_1 cluster and from NFLG sequences, and two subtype G sequences used to root the tree. For better viewing, clades outside of the CRF02_1 cluster are collapsed. Only aLRT SH-like node support values ≥ 0.9 are shown. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of the country of sample collection followed by the sample name.



Years of HIV-1 diagnosis were 2008–2018.

CRF02_1 comprised three subclusters, designated with numerals 1-3. CRF02_1_1 comprised 60 individuals from 7 Spanish regions, two from United Kingdom and one from Germany. Within it, two subsubclusters were distinguished, associated with the Basque Country and the city of Zaragoza, Aragón, respectively; CRF02_1_2 comprised 13 individuals from Japan; and CRF02_1_3 comprised 11 individuals, 10 of them from Zaragoza.

Among samples studied by us, 88% were from men. Transmission route was sexual in the great majority, and, among those infected via sexual contact, 51% were self-declared MSM. Interestingly, all 10 individuals from subcluster CRF02_1_3 studied by us (5 women and 5 men, all from Zaragoza) were infected via heterosexual contact.

Most individuals in this and in the other clusters here described were native Spanish (Table 1).

A1_1 Cluster

A1_1 comprised 66 individuals, 54 studied by us and 12 with sequences deposited in databases (7 from United Kingdom, 4 from Portugal, and 1 from United States) (Figure 2). A1_1 was also related to viruses from the A1 subtype lineage circulating in Greece, Albania, and Cyprus (Ciccozzi et al., 2005; Paraskevis et al., 2007; Pineda-Peña et al., 2018). Samples from Spain were collected in 5 regions, mainly in Galicia and Navarre.
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FIGURE 2. Maximum likelihood tree of PR-RT sequences of the A1_1 cluster. The tree was constructed with PhyML, with assessment of node support with the aLRT SH-like procedure. The analysis incorporates 338 A1 subsubtype PR-RT sequences from databases that in preliminary analyses with FastTree branched closer to the A1_1 cluster and from NFLG sequences, and two CRF01_AE sequences used to root the tree. For better viewing, clades outside of the A1_1 cluster are collapsed. Only aLRT SH-like node support values ≥ 0.90 are shown. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of the country of sample collection followed by the sample name. Collapsed clades most closely related to the A1_1 cluster are labeled with the two-letter codes of the countries of sample collection, excluding countries represented by a single sequence.



Forty five of 47 individuals with available data were diagnosed in 2012–2018.

Within A1_1, there were two main subclusters: A1_1_1, comprising all individuals from Navarre, Basque Country, and La Rioja, and 1 from Madrid; and, A1_1_2 comprising individuals mostly from Galicia, with a majority grouping in a subsubcluster.

Most (93%) individuals in the cluster were men, with predominance of MSM.

F1_3 Cluster

F1_3 comprised 36 individuals. There were no sequences from databases belonging to F1_3, but viruses from Romania, most of them transmitted sexually (Niculescu et al., 2015), were closely related to it (Figure 3). Five viruses from Spain (4 of them sequenced by us), 3 from United Kingdom, and 1 from Poland also branched close to F1_3, interspersed among the Romanian samples. Most F1_3 samples were from Basque Country.
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FIGURE 3. Maximum likelihood tree of PR-RT of viruses of the F1_3 cluster. The tree was constructed with PhyML, with assessment of node support with the aLRT SH-like procedure. The analysis incorporates 358 PR-RT F1 subsubtype sequences from databases that in preliminary analyses with FastTree branched closer to the F1_3 cluster and from NFLG sequences, and two F2 subsubtype sequences used to root the tree. For better viewing, clades outside of the F1_3 cluster, excluding those most closely related to the F1_3 cluster, are collapsed. Only aLRT SH-like node support values ≥ 0.90 are shown. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of the country of sample collection followed by the sample name.



All infections were diagnosed in 2014 or later. All individuals in F1_3 were men. Transmission route was sexual in all for which data were available, with a majority of MSM.

C_7 Cluster

C_7 comprised 17 individuals, including 14 studied by us and 3 from Portugal, whose sequences were retrieved from databases. One sequence from Mozambique branched basally to C_7 (Figure 4). C_7 comprised two subclusters, C_7_1, comprising all but one samples from Galicia, and C_7_2, comprising all 4 samples from Basque Country. All but one had been diagnosed in 2012–2017.
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FIGURE 4. Maximum likelihood tree of PR-RT of viruses of the C_7 cluster. The tree was constructed with PhyML, with assessment of node support with the aLRT SH-like procedure. The analysis incorporates 312 PR-RT subtype C sequences from databases that in preliminary analyses with FastTree branched closer to the C_7 cluster and from NFLG sequences, and two subtype C sequences from the Democratic Republic of Congo used to root the tree. For better viewing, clades outside of the C_7 cluster are collapsed. Only aLRT SH-like node support values ≥ 0.90 are shown. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of the country of sample collection followed by sample name.



All but one Spanish samples were from Galicia or Basque Country. All individuals in C_7 were sexually infected men, with 5 being self-declared MSM.

Bayesian Analyses and Temporal and Geographic Estimations

To estimate the temporal and geographic origins of clusters and subclusters, Bayesian coalescent analyses were performed with PR-RT sequences, summarizing the posterior distribution of trees with MCC trees. Prior to these analyses, temporal signal was analyzed, revealing a clock-like structure in all four datasets used for subsequent analyses (r2= 0.4395 in CRF02_1, r2= 0.5399 in A1_1, r2= 0.7175 in F1_3, and r2= 0.3518 in C_7), indicating that the datasets contained sufficient temporal structure for reliable estimation of divergence times.

In the Bayesian analyses, all four clusters previously defined via ML were supported by node PP values > 0.98.

The tMRCA of the entire CRF02_1 cluster was estimated around 1986, but the location of the MRCA was uncertain, since the most probable one was supported by a PP < 0.5. However, the location of the MRCA of the subcluster comprising all but the 8 most basal sequences (collected in Switzerland, Sweden, Germany, Malaysia, and Hong Kong), with tMRCA around 1988, had a strong support in Madrid, with a PP of 0.975 (Figure 5). Subcluster CRF02_1_1 emerged around 2002 in Madrid, CRF02_1_2 around 2006 in Japan, and CRF02_1_3 around 2006 in Zaragoza.
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FIGURE 5. Maximum clade credibility tree of PR-RT sequences of the CRF02_1 cluster. The tree also includes 40 other PR-RT CRF02_AG sequences from databases. For better viewing, the clade comprising viruses branching outside of the CRF02_1 cluster is collapsed. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of the country of sample collection followed by the sample name. Nodes supported by PP = 1 and PP = 0.95–0.999 are marked with filled and unfilled circles, respectively. Colors of terminal and internal branches represent sampling locations and most probable locations of the corresponding nodes, respectively, according to the legend on the left. For the nodes corresponding to CRF02_1 cluster and its major subclusters, the location with the highest PP (if > 0.5) and the tMRCAs (with 95% HPD intervals) are indicated above or close to the subtending branches.



The estimated tMRCA of the entire A1_1 cluster was around 1989, but the location of the MRCA was uncertain, since the most probable one was supported by a PP < 0.5. However, the location of the MRCA of the subcluster comprising all but the 6 most basal sequences, with tMRCA around 1994, was supported by a PP of 0.814 in the city of Vigo, Galicia. The emergence of subcluster A1_1_1 was around 2010, with highest location PP in Pamplona, and that of A1_1_2 was around 2004 in Vigo, Galicia (Figure 6). It should be pointed out that 2 samples from Portugal and 6 from United Kingdom could not be used in the Bayesian analyses, since no collection year was available for them.
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FIGURE 6. Maximum clade credibility tree of PR-RT sequences of the A1_1 cluster. The tree also includes a sequence from US that in ML trees branched close to the A1_1 cluster (samples from United Kingdom were excluded because no information on time of sample collection was available), and A1 subsubtype PR-RT sequences from NFLG sequences from databases. For better viewing, clades outside of the A1_1 cluster are collapsed. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of country of sample collection followed by sample name. Clades most closely related to the A1_1 cluster are labeled with the two-letter ISO code of the sampling countries of viruses contained in it. Nodes supported by PP = 1 and PP = 0.95-0.999 are marked with filled and unfilled circles, respectively. Colors of terminal and internal branches represent sampling locations and most probable locations of the corresponding nodes, respectively, according to the legend on the left. For the nodes corresponding to the A1_1 cluster and its major subclusters, the location with the highest PP (if > 0.5) and the tMRCAs (with 95% HPD intervals) are indicated above or close to the subtending branches.



The estimated tMRCA of F1_3 was around 2013 in the city of Bilbao, with a strongly supported ancestry in Romania (Figure 7).
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FIGURE 7. Maximum clade credibility tree of PR-RT sequences of the F1_3 cluster. The tree also includes F1 subsubtype sequences from databases branching close to the F1_3 cluster and F1_3 subsubtype PR-RT sequences from NFLG sequences from databases. For better viewing, clades outside of the F1 cluster are collapsed, except those most closely related to the F1_3 cluster. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of country of sample collection followed by sample name. Nodes supported by PP = 1 and PP = 0.95–0.999 are marked with filled and unfilled circles, respectively. Colors of terminal and internal branches represent sampling locations and most probable locations of the corresponding nodes, respectively, according to the legend on the left. For the nodes corresponding to the F1_3 cluster and the clades within which it is contained, the location posterior probabilities and the tMRCAs (with 95% HPD intervals) are indicated above or close to the subtending branches.



Finally, the estimated tMRCA of C_7 was around 1983. Its most probable origin was Portugal, but with a PP support for the entire cluster of only 0.6. However, the location of the MRCA of the subcluster comprising all but the most basal sample had a strong support in Portugal (PP = 0.91) (Figure 8). Subcluster C_7_1 emerged around 2008 in Vigo and C_7_2 around 2004 in Vitoria, Basque Country.
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FIGURE 8. Maximum clade credibility tree of PR-RT sequences of the C_7 cluster. The tree also includes a subtype C sequences from Mozambique that in ML trees branched close to the C_7 cluster and subtype C PR-RT sequences from NFLG sequences from databases. For better viewing, clades outside of the C_7 cluster are collapsed. Sequences obtained by us are in bold type. Sequences from databases are labeled with the two-letter ISO code of country of sample collection followed by sample name. Nodes supported by PP = 1 and PP = 0.95–0.999 are marked with filled and unfilled circles, respectively. Colors of terminal and internal branches represent sampling locations and most probable locations of the corresponding nodes, respectively, according to the legend on the left. For the nodes corresponding to the C_7 cluster and subclusters within it, the location posterior probability and the tMRCAs (with 95% HPD intervals) are indicated above or close to the subtending branches. tMRCA is also indicated for the node corresponding to the clade including the sample from Mozambique (most probable location is omitted, since its PP is below 0.5).



ARV Drug Resistance Mutations

In CRF02_1, 5 sequences (4 from Spain and one from Germany) had ARV drug resistance mutations. One was from a drug-experienced individual in therapeutic failure with multiple drug resistance mutations, and two, with K101E and K103N, respectively, mutations of resistance to non-nucleoside reverse transcriptase inhibitors (NNRTI), were from drug-naïve individuals. The other two, with K103N and K101E mutations, respectively, were from database sequences without data on drug treatment. In A1_1, one database sequence from United Kingdom had Y188C and G190A NNRTI resistance mutations. In C_7, all but 2 sequences had L90M mutation associated with protease inhibitor drug resistance; all 13 Spanish sequences with this mutation were from drug-naïve individuals.

Near Full-Length Genome Sequences

To determine whether the viruses from the clusters were of uniform genetic form all along their genomes or were interclade recombinants, two NFLG sequences were obtained for each cluster, either from plasma RNA (P2648, P3075, P4496, P4346, and P4476) or from RNA extracted from culture supernatant (NA0048_2, X3303_2, and X3988). An additional NFLG from the A1_1 cluster (X2110, GenBank accession FJ670523) had been obtained previously by us (Cuevas et al., 2010). Bootscan analyses showed that all were of uniform genetic form along their genomes (Figure 9). We note that NFLG sequences of two CRF02_1 viruses from United Kingdom (Figure 1) are also available at sequence databases (Yebra et al., 2018; HIV Sequence Database, 2019) (GenBank accessions MF109381, MF109550).
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FIGURE 9. Bootscan analyses of NFLG sequences of viruses from the identified clusters. Virus names, with cluster in parentheses, are above each plot. A window of 400 nt was used for viruses of the A1_1, F1_3, and C_7 clusters, and of 600 nt for viruses of the CRF02_1 cluster, sliding in 20 nt increments. The horizontal axis represents the nucleotide position in the HXB2 proviral genome of the window’s midpoint. The vertical axis represents the bootstrap value supporting clustering with reference sequences, listed on the right of each plot.





DISCUSSION

In Western Europe, subtype B has been largely predominant among MSM since the early HIV-1 epidemic, but in recent years other genetic forms have been reported to be circulating in this population, as evidenced by their grouping in phylogenetic clusters comprising mostly European individuals. In this study, based on a large dataset from Spain, we found an increase in proportions of non-subtype B infections among MSM in recent years (Supplementary Figure 2) and higher clustering frequency in MSM compared to heterosexually infected individuals (Supplementary Figure 1). Among clusters associated with MSM, five large ones were of non-subtype B genetic forms, one of which, of F1 subtype, was reported previously (Thomson et al., 2012; Delgado et al., 2015). The other four were of CRF02_AG and subtypes A1, F1, and C, for which here we analyze epidemiological correlations, estimated emergence times and places, NFLGs, and drug resistance mutations.

The CRF02_AG cluster (CRF02_1) comprised 115 individuals, including 67 studied by us and 48 whose sequences were retrieved from databases, making it one of the largest non-subtype B clusters circulating among MSM reported to date in Western Europe (Delgado et al., 2015; Vinken et al., 2017). CRF02_AG is the predominant HIV-1 genetic form in most West African countries (Montavon et al., 2000; Hemelaar et al., 2018) and is common in West-Central Africa. It also propagates as a minor form in several Western European countries (Giuliani et al., 2013; Brand et al., 2014; Tamalet et al., 2015; Beloukas et al., 2016; Chaillon et al., 2017; Verhofstede et al., 2018), Tunisia (El Moussi et al., 2017), and Brazil (Delatorre et al., 2012), and in 2002 caused an outbreak among PWID in Uzbekistan (Carr et al., 2005), with subsequent dissemination to Kazakhstan (Eyzaguirre et al., 2007; Lapovok et al., 2014) and Russia (Moskaleychik et al., 2015), giving rise to CRF63_02A1 through recombination with the former Soviet Union subtype A variant (Baryshev et al., 2014; Shcherbakova et al., 2014). CRF02_AG has been reported to be one of the most common non-subtype B genetic forms in Western Europe (together with subtypes A1 and C) (Abecasis et al., 2013; Beloukas et al., 2016; Hemelaar et al., 2018) and in Spain (Yebra et al., 2012). The CRF02_AG cluster here described is not completely new, since a cluster of four individuals from the region of Valencia belonging to it was reported by other authors, who also noted that 9 sequences from databases, 7 from Spain and 2 from Ecuador, were related to the Valencian cluster (Bracho et al., 2014). However, the data here presented considerably enlarge the size and the geographic range of the cluster. CRF02_1 comprises viruses from 8 Spanish regions and from 9 other countries, from Western Europe, Asia and South America, with 13 Japanese viruses grouping in a monophyletic subcluster, indicating that it is circulating in this country. Although CRF02_1 is mainly associated with MSM, a subcluster comprising 11 individuals, 10 of them from the city of Zaragoza, propagates via heterosexual contact (Table 1). The origin of CRF02_1 is not recent, with a tMRCA estimated around 1986, with uncertain location, for the entire cluster, or 1988 in Madrid for the subcluster excluding the 8 most basal sequences, but its three major subclusters emerged in recent years, with tMRCAs in the 2000s.

The A1 subtype cluster (A1_1) is the second largest cluster here described, with 66 individuals, 54 studied by us and 12 with sequences in databases. A1 subtype circulates mainly in Eastern, Central and Western Africa (Hemelaar et al., 2018), all former Soviet Union (FSU) countries (Bobkova, 2013), Greece (Paraskevis et al., 2007), Albania (Ciccozzi et al., 2005), and Cyprus (Pineda-Peña et al., 2018), and as a minor form in India (Pandey et al., 2016), although some authors designate the variants circulating in Western Africa and FSU as distinct subsubtypes (A3 and A6, respectively) (Meloni et al., 2004; Foley et al., 2016). The lineage circulating in Greece and Albania, also detected in Cyprus, is of monophyletic origin, with estimated tMRCA around 1978 (Paraskevis et al., 2007). A1 subtype clusters have been reported in United Kingdom (Gifford et al., 2007; Hughes et al., 2009; Ragonnet-Cronin et al., 2016), Italy (Lai et al., 2016), Switzerland (von Wyl et al., 2011), and Portugal (Carvalho et al., 2015), but the one here reported is the largest reported to date in Western Europe. A1_1 comprises individuals from 5 Spanish regions and 3 other countries (United Kingdom, Portugal, and United States), and is related to the Greek-Albanian A1 lineage (Figure 2). Its origin is not recent, with estimated tMRCA around 1989, with uncertain location for the entire cluster, or around 1994 in Vigo, Galicia, excluding the 6 most basal sequences, but its two major subclusters are of recent origin, with tMRCAs around 2004 and 2010, respectively.

The F1 cluster (F1_3) comprises 36 individuals, all resident in Spain, most of them in Bilbao, Basque Country. Of the clusters here described, this is the one with the most recent origin, with estimated tMRCA around 2013 in Bilbao. It is currently increasing in size, with 6 individuals newly diagnosed in 2018. Subtype F1 is circulating in Central Africa, Brazil and Romania (Dumitrescu et al., 1994; Louwagie et al., 1994; Bandea et al., 1995; Apetrei et al., 1997; Op de Coul et al., 2000; Hemelaar et al., 2018), and F1 subtype clusters have been recently identified in Spain (Thomson et al., 2012; Delgado et al., 2015), Belgium (Vinken et al., 2017; Verhofstede et al., 2018), Switzerland (Castro et al., 2010), Italy (Lai et al., 2012), and Portugal (Carvalho et al., 2015). F1_3 is most closely related to F1 viruses from Romania (Figure 4), which are related to viruses circulating in Angola (Guimarães et al., 2009) and initially propagated among adults via sexual contact, with subsequent propagation among institutionalized children through contaminated injection equipment (Op de Coul et al., 2000; Bello et al., 2012), and more recently among PWID (Temereanca et al., 2013; Niculescu et al., 2015). The expansion of an F1 subtype cluster of Romanian ancestry in Spain has its counterpart in the recent expansion of CRF14_BG, originally described in Spain (Thomson et al., 2001; Delgado et al., 2002) and Portugal (Esteves et al., 2003; Abecasis et al., 2011; Bartolo et al., 2011), among PWID in Romania (Niculescu et al., 2015). The exchange of HIV-1 genetic forms between Romania and Spain reflects the presence of a large Romanian immigrant population in Spain (Instituto Nacional de Estadística, 2018), frequently traveling between both countries.

The subtype C cluster (C_7) comprises 17 viruses, 14 from three Spanish regions, predominantly from Galicia, and three from Portugal. It comprises a Galician and a Basque subclusters (Figure 4). This is not the first report of this cluster, as it was described by us when it comprised only 7 individuals, within the context of the description of HIV-1 clusters bearing ARV drug resistance mutations, noting that viruses belonging to it carry the L90M mutation of resistance to protease inhibitors (Vega et al., 2015). This mutation was found in 15 of 17 C_7 viruses. Subtype C is the most prevalent clade in the HIV-1 pandemic, circulating mainly in Southern and Eastern Africa, Southern Brazil, and South Asia (Hemelaar et al., 2018). In Western Europe, subtype C clusters have been reported in the United Kingdom (Hughes et al., 2009; de Oliveira et al., 2010; Ragonnet-Cronin et al., 2016), Italy (Lai et al., 2014), and Portugal (Carvalho et al., 2015).

The origin of C_7 is not recent, with a tMRCA around 1983, with a most probable origin in Portugal, but the tMRCAs of its subclusters are relatively recent, in 2008 and 2004, respectively. C_7 is related to a virus from Mozambique, a former Portuguese colony where subtype C is the predominant HIV-1 genetic form (Bellocchi et al., 2005).

It should be noted that 3 individuals in each of clusters F1_3 and C_7, composed entirely of men, declared being heterosexual, and that in clusters CRF02_1 (excluding the heterosexual-associated CRF02_1_3 subcluster) and A1_1, among sexually infected individuals the number of self-declared heterosexual men exceeds the number of women (8 vs. 3 in CRF02_1 and 6 vs. 3 in A1_1). This suggests that at least some of the self-declared heterosexual men within the clusters could in fact be MSM, who, due to social stigma and discrimination, do not declare their real sexual behaviors, as suggested by other authors who found similar discrepancies between self-reported heterosexual behavior and phylogenetic clustering with sequences from MSM (Hué et al., 2014; Hoenigl et al., 2016; Ragonnet-Cronin et al., 2018).

The descriptions of the four clusters here analyzed is in line with those of other non-subtype B clusters reported to have expanded among MSM in Western Europe. However there are some salient features of the clusters here described that should be highlighted: first, the relatively large size of CRF02_1_1 and A1_1, greater than most non-subtype B clusters reported among MSM in Western Europe; second, their wide geographic distribution among different countries, which contrasts with the predominantly within-country clustering found by other authors in Europe (Frentz et al., 2013; Paraskevis et al., 2019); and, third, the rapid expansion of F1_3, with 36 diagnoses in only 4 years.

The expansion of large clusters among MSM in recent years, as here reported, reflects the existence of high risk sexual behaviors, which should prompt public health authorities to implement public health measures aimed at preventing HIV-1 transmission in this population, including behavioral interventions to reduce risky practices, preexposure prophylaxis (Grant et al., 2010; Volk et al., 2015; McCormack et al., 2016), and early diagnosis and treatment of HIV-1 infections (European Centre for Disease Prevention and Control, 2015; United Nations Population Fund, the Global Forum on MSM and HIV, United Nations Development Programme, World Health Organization, United States Agency for International Development, and World Bank, 2015). Prevention of HIV-1 transmission among MSM could also result in a reduction of heterosexually-transmitted infections, which can have their source in MSM networks, as seen in subcluster CRF02_1_3, associated with heterosexual transmission, and as reported by other authors (Oster et al., 2015; Esbjörnsson et al., 2016).

Continued HIV-1 molecular surveillance will be necessary to gain insight in real time on the dynamics of expansion of transmission networks, which will allow to focus prophylactic efforts in populations with the highest risk of HIV-1 acquisition and ongoing transmission (Little et al., 2014; Wang et al., 2015; Poon et al., 2016; Ratmann et al., 2016; Brenner et al., 2017; Chaillon et al., 2017; German et al., 2017; Oster et al., 2018; Wertheim et al., 2018) and to monitor the efficacy of public health interventions aimed at controlling the epidemic (Wertheim et al., 2011; Magiorkinis et al., 2018). HIV-1 molecular surveillance can also provide important information for the design of vaccine immunogens adapted to the major HIV-1 variants actively propagating in different areas, considering the correlation of HIV-1 clades to susceptibility to protective immune responses (Cao et al., 2000; Thomson et al., 2002; Binley et al., 2004; Geldmacher et al., 2007; Seaman et al., 2010; Hraber et al., 2014), and with potential to induce broadly neutralizing antibody responses (Kouyos et al., 2018), and will allow to obtain reagents derived from these variants for use in vaccine-related research (Cuevas et al., 2010; Revilla et al., 2011; Hora et al., 2016). These reagents will also be useful for studies on the biological basis of increased pathogenicity (Baeten et al., 2007; Kiwanuka et al., 2010; Li et al., 2014; Pérez-Álvarez et al., 2014; Kouri et al., 2015; Venner et al., 2016) and transmissibility (Kiwanuka et al., 2009) and diminished response to ARV drugs (Pernas et al., 2014; Cid-Silva et al., 2018) exhibited by some HIV-1 variants.
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Approximately 36.7 million people were living with the human immunodeficiency virus (HIV) at the end of 2016 according to UNAIDS, representing a global prevalence rate of 0.8%. In Brazil, an HIV prevalence of 0.24% has been estimated, which represents approximately 830,000 individuals living with the virus. As a touristic and commercial hub in Latin America, Brazil harbors an elevated HIV genetic variability, further contributed by the selective pressure exerted by the host immune system and by antiretroviral treatment. Through the progress of the next-generation sequencing (NGS) techniques, it has been possible to expand the study of HIV genetic diversity, evolutionary, and epidemic processes, allowing the generation of HIV complete or near full-length genomes (NFLG) and improving the characterization of intra- and interhost diversity of viral populations. Greater sensitivity in the detection of viral recombinant forms represents one of the major improvements associated with this development. It is possible to identify unique or circulating recombinant forms using the near full-length viral genomes with increasing accuracy. It also permits the characterization of multiple viral infections within individual hosts. Previous Brazilian studies using NGS to analyze HIV diversity were able to identify several distinct unique and circulating recombinant forms and evidenced dual infections. These data unveiled unprecedented high rates of viral recombination and highlighted that novel recombinants are continually arising in the Brazilian epidemic. In the pooled analysis depicted in this report, HIV subtypes have been determined from HIV-positive patients in five states of Brazil with some of the highest HIV prevalence, three in the Southeast (Rio de Janeiro, São Paulo, and Minas Gerais), one in the Northeast (Pernambuco) and one in the South (Rio Grande do Sul). Combined data analysis showed a significant prevalence of recombinant forms (29%; 101/350), and a similar 26% when only NFLGs were considered. Moreover, the analysis was able to evidence the occurrence of multiple infections in some individuals. Our data highlight the great HIV genetic diversity found in Brazil and unveils a more accurate scenario of the HIV evolutionary dynamics in the region.
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INTRODUCTION

The first registry of AIDS was reported in the beginning of the 1980s, and until now 77 million people have become infected with human immunodeficiency virus (HIV) and 35 million have died from AIDS-related causes. By 2017, it was estimated that 36.9 million people worldwide were living with HIV (UNAIDS, 2018). Harboring over one-third of the total population of Latin America, Brazil accounts for nearly half of the new HIV infections and of the estimated total of individuals living with HIV/AIDS (48 and 46%, respectively) in the region (UNAIDS, 2018). This scenario, along with the high error-prone rate of the viral reverse transcriptase (RT), high virus replication rates and recombination events, contributes to the remarkable accumulation of genetic diversity in its population during the course of infection, further influenced by selective pressure exerted by the host immune system and by antiretroviral treatment (Roberts et al., 1988; Overbaugh and Bangham, 2001; Zhuang et al., 2002; Santoro and Perno, 2013).

The surveillance of HIV diversity assists to monitor the emergence of new subtypes and the presence of novel strains in a given geographic location (Hemelaar, 2013). The great diversity of HIV-1 group M, which disseminated on a global scale and dominates the current AIDS pandemic, allowed the phylogenetic classification in nine pure subtypes (A–D, F–H, J, and K), sub-subtypes (A1–A5, F1–F2), circulating recombinant forms (CRFs) and unique recombinant forms (URFs) (Robertson et al., 2000). Currently, more than 90 CRFs have been reported in the HIV Sequence Database of the United States Los Alamos National Laboratory1. Recombinant viruses are the result of simultaneous infection by multiple viruses during a single transmission event (co-infection) or from sequential infection at multiple transmission events (superinfection) (Yerly et al., 2004). Molecular epidemiology studies show that the overall distribution of HIV-1 groups, subtypes and recombinant forms is highly heterogeneous, with significant differences in the size of the epidemic and the geographical distribution. Overall, subtype C is responsible for half of the current infections (48%), followed by subtypes A (12%), and B (11%). A high prevalence of recombinant forms, which account for at least 21% of HIV-1 infections worldwide, is also noteworthy (Hemelaar, 2012). As seen in Latin America and the Caribbean countries, subtype B prevails in most parts of Brazil, followed by subtypes F1, C, D, and diverse recombinant forms. Southern Brazil, however, presents a distinct epidemiological pattern, with a higher prevalence of subtypes C, B, and BC recombinants (Cardoso et al., 2009; Machado et al., 2009, 2017; de Medeiros et al., 2011; Almeida et al., 2012; Graf and Pinto, 2013; Velasco-de-Castro et al., 2014; Junqueira and Almeida, 2016; Pessoa et al., 2016; Delatorre et al., 2017; Filho and Brites, 2017; Lima et al., 2017).

Through the progress of next-generation sequencing (NGS) techniques it became possible to expand the study of HIV genetic diversity, evolutionary and epidemic processes, allowing the generation of HIV complete or near full-length genomes (NFLG) and improving the characterization of intra- and interhost diversity of viral populations. Greater sensitivity and accuracy in the detection of viral recombinant forms represents one of the major improvements associated with this development, since most of the previous studies were based on partial HIV genomic sequences, mainly within the pol gene region due to the interest in determining drug resistance mutational patterns, resulting in underestimation of the frequency of recombinant forms (Thomson and Najera, 2005; Hemelaar et al., 2011; Marques et al., 2018). It also permits the characterization of multiple viral infections within individual hosts. Previous Brazilian studies using NGS to analyze HIV diversity were able to identify several distinct unique and circulating recombinant forms and evidenced dual infections (Pessoa et al., 2014b, 2015, 2016; Alves et al., 2017; Marques et al., 2018). In the pooled analysis depicted in this report, we pooled publically available Brazilian sequences obtained by NGS and new genetic data from HIV-positive patients in five states of Brazil with some of the highest HIV prevalence, three in the Southeast (Rio de Janeiro, São Paulo, and Minas Gerais), one in the Northeast (Pernambuco) and one in the South (Rio Grande do Sul). Upon analyzing the HIV subtypes of this large cohort, our study was able to unveil, with unprecedented accuracy, high rates of viral recombination and highlighted that novel recombinants are continually arising in the Brazilian epidemic.



MATERIALS AND METHODS

Study Population and Sample Collection

A total of 84 convenience samples were used for generating the experimental data presented in this study. These were from HIV-1-seropositive patients recruited between February 2016 and December 2017 during the routine services conducted at Sexually Transmitted Diseases/HIV ambulatory at Hospital Federal de Ipanema (HFI) and at Hospital Universitário Clementino Fraga Filho (HU-UFRJ), both located in Rio de Janeiro, southeastern Brazil, and at Hospital Universitário Dr. Miguel Riet Corrêa Jr. (HU-FURG), located in Rio Grande, southern Brazil. Clinical and epidemiological data were obtained through a questionnaire and 10 ml of whole peripheral blood were collected. This research was approved by the Ethics Committees in Research of the Brazilian National Cancer Institute – INCA and of HFI (CAAE 52862016.9.0000.5274), HUCFF-UFRJ (CAAE 56604816.2.0000.5257), and HU-FURG (CAAE 52862016.9.3001.5324). The inclusion criteria were being 18 years or greater, being under first antiretroviral scheme and being upon virological success (undetectable HIV viral load) for the last 12 months. A fraction of this casuistic, 32 patients from HFI, has been previously described (Alves et al., 2017). We pooled these data with all Brazilian HIV-1 data comprising NFLG and partial sequences determined by NGS and publically available (Pessoa et al., 2015, 2016). All studies included in the present report (either experimentally determined herein or retrieved from the literature) used a similar methodology to amplify the HIV NFLG and sequence them in an Illumina MiSeq platform. Multiple infection analyses were also made by de novo assembly as described below.

DNA Extraction and PCR of Proviral DNA

The patients’ genomic DNA containing their HIV-1 proviruses was extracted from whole blood with the Genomic DNA Extraction Kit (Real Genomics, BioAmerica, Inc.) following manufacturer’s instructions. Nested PCR performed using PlatinumTM Taq DNA Polymerase High Fidelity (Life Technologies) was carried out in a Veriti® 96-Well Thermal Cycler (Life Technologies, Carlsbad, United States) for the amplification of HIV NFLGs. The strategies comprised the amplification of four to five fragments, from 2 to 3 kb each, spanning the whole HIV genome (Sanabani et al., 2006b; Ode et al., 2015). After visualization using GelRed (Biotium, Hayward, CA, United States) in 1% agarose gels, duplicated independent PCR-positive products were pooled directly to avoid representativeness of PCR-based errors and their interpretation as minority variants in the population. PCR products were purified with the GFXTM PCR DNA and Gel Band Purification Kit (GE Healthcare, MA, United States) and their concentration was measured in a NanoDrop ND 1000 apparatus (Thermo Fisher Scientific, MA, United States). The purified products were diluted to 4 ng/μL and pooled per patient.

Library Construction and NGS

Libraries were prepared with the Nextera XT DNA Sample Preparation kit (Illumina Inc., San Diego, United States) according to the manufacturer’s protocol, except that the starting material was diluted to 0.4 ng/μL. The library construction consists of a fragmentation step using transposon technology, followed by a PCR step where dual indexes were added to the fragments. After this process, libraries were quantified by qPCR with the KAPA library quantification kit (Kapa Biosystems, MA, United States) or by fluorometric quantitation with the Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, EUA). Libraries were diluted, and pooled prior to sequencing in a MiSeq Illumina platform (2 × 301 cycles paired-end run) (Illumina) with 1% denatured PhiX DNA as a sequencing control.

Data Analysis

The analysis of the obtained files was performed in Geneious v.9.1.3 using the same alignment parameters for a reference-based genome assembly described by Dudley et al. (2014). Reads were assembled using an annotated HIV-1 HXB2 reference sequence and 10 iterations to obtain each viral genome sequence. The presence of multiple infections was investigated by de novo assembly performed with IVA (Iterative Virus Assembler) with default parameters (Hunt et al., 2015). This assembler is based on seed sequences that are iteratively and conservatively extended into a contig using reads that have a perfect match. After this process, the program uses those contig as reference in a reference genome aligner to extend the initial contigs obtained (Hunt et al., 2015). The contig sequences obtained were submitted to a BLAST nucleotide analysis to discard those of human origin and confirmed with the Los Alamos National Laboratories HIV BLAST Tool2. All samples suggestive of multiple infections (more than one contig representing the same genomic region) were re-aligned using their respective IVA-assembled contigs as references in the Geneious program. More restrictive assembly parameters were used, such as allowing mapping of paired reads only when both mapped to the same contig and discarding reads that mapped simultaneously to more than one contig. To investigate if these contigs were derived from the same virus, sequences were submitted to hypermutation analysis using the Hypermut2.0 tool available at Los Alamos HIV Database. The contigs were considered hypermutated if the p-value was ≤0.05 when comparing the number of APOBEC G-to-A signature mutations with the control context. The overlapped region between the contigs obtained per sample was compared to all sequences publically available at the BLASTn Database3. The top 10 hits of each contig were retrieved from this database to construct phylogenetic trees and check its clustering profile.

Phylogenetic Analysis

The consensus sequence for each sample was extracted from the reference-guided assembly described above using the 50% stringency setting and classified using maximum likelihood phylogenetic analysis performed with PhyML v.3.0 and the best model of nucleotide substitution defined with Model Generator (Keane et al., 2006; Guindon et al., 2010). To investigate HIV-1 recombination the bootscaning tool of Simplot v.3.5.1 was used with the following parameters: window = 400 pb; steps = 40 pb; T/t = 2.0; gapstrip = on; replicas = 100; nucleotide substitution model = F84; method = Maximum Likelihood (Lole et al., 1999). Phylogenetic analyses were repeated for recombinant sequences considering the bootscanning breakpoint analysis (data not shown). The sequences obtained in this study were submitted to the GenBank under the accession numbers MK041550-MK041589. The raw sequencing reads were deposited to the Sequence Read Archive (SRA) under the numbers SRR7993842-SRR7993872.



RESULTS

In this study, we included data previously published by our group from patients followed-up at HFI and all HIV-1 sequences obtained by NGS publicly available. A detailed description of the studied populations can be found in their respective articles (Pessoa et al., 2015, 2016; Alves et al., 2017). We focused on the HIV-1 subtype classification, identification of HIV recombinants and multiple infection investigation for our novel patients. As previous published, the patients from HFI were mostly males (75%) with a median age of 38 years at the time of sample collection. Regarding our new cohort, we also found a prevalence of males (67%) among the patients from HU-UFRJ with a median age of 43.5 years. Unlike the other centers, a greater number of female patients (62%) were observed among patients from HU-FURG, with a median age of 43 years. Clinical and epidemiological characteristics of the three cohorts are compiled in Table 1. Regarding antiretroviral treatment, 19 patients from HI (19/32, 59%), four patients from HU-UFRJ (4/12, 33%), and 23 patients from HU-FURG (23/40, 58%), were under the HAART scheme preconized by Brazilian Ministry of Healthy at the time of sample collection, composed of tenofovir (TDF), lamivudine (3TC), and efavirenz (EFV). All schemes used by the patients are described in Table 2.

TABLE 1. Demographic and clinical characteristics of HIV-positive patients.

[image: image]

TABLE 2. Distribution of subtypes and HAART regimen exposure across the 48 HIV-1 genome sequences analyzed.
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Overall, we were successful in sequencing by NGS at least 2 of the 4/5 overlapping PCR fragments of 48 samples from our cohort included in this study (57%, 48/84). Of those, 28 samples (58%; 28/48) had the NFLG obtained. The remaining partial genome sequences had complete Gag CDS (coding sequence) for nine samples (45%, 9/20), Pol CDS for 4 (20%, 4/20), and Env CDS for 12 (60%, 12/20). Six samples from HI, 4 from HU-UFRJ, and 26 from HU-FURG (43%) failed to have more than one viral DNA fragment PCR-amplified and were excluded from further analyses. Of the 302 NGS Brazilian sequences previously available in the literature, which information was also included in this study, 247 were NFLG and 55 were partial sequences (Pessoa et al., 2015, 2016).

HIV-1 consensus sequences were subjected to phylogenetic analysis to determine their subtype/CRF classification. The NFLGs obtained by our group were mostly classified as HIV-1 subtype B (71%; 20/28), followed by subtype C (14%; 4/28), recombinant forms (11%; 3/28), and subtype F1 (4%; 1/28) (Figure 1). Table 2 describes the subtype classification of each sample included. The recombinants were classified as distinct URFs involving subtypes B and F1 based on Simplot analysis (Figure 2). Two of them, HI-11 and HI-32, were already described in our former study (Alves et al., 2017). The sequences of the 20 HIV-1 partial genomes were predominantly subtype B (7/20), C (6/20), and recombinants forms (6/20) (Table 2). A single subtype F1 sample was identified. With respect to the recombinants found in our study and submitted to Simplot analysis, two were identical URF_BF1 and a third one was a unique URF_BF1 previously described (HI-28), and three were distinct URF_BC strains (one of those also described, HI-08) (Figure 2; Alves et al., 2017).
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FIGURE 1. Phylogenetic analysis of HIV near full-length genomes (NFLG) from this study. The maximum likelihood analysis was performed with 1,000 bootstrap iterations. The tree contains 28 HIV-1 proviral sequences obtained from Hospital Federal de Ipanema (HFI), Hospital Universitário Clementino Fraga Filho-UFRJ (HU-UFRJ), Rio de Janeiro, and Hospital Universitário Dr. Miguel Riet Corrêa Jr. (HU-FURG), Rio Grande do Sul (represented in bold) and reference sequences of HIV-1 subtypes (named by subtype, country, year, and GenBank accession number). HI sequences determined in a previous study (Alves et al., 2017) are named with their respective GenBank accession numbers. Only bootstrap values greater than 0.7 are shown.




[image: image]

FIGURE 2. Classification of HIV-1 recombinant viruses. The recombinant patterns were defined by phylogeny and similarity analyses. Each color represents a different subtype: red for subtype B, green for subtype F1, and blue for subtype C. Samples are identified before their respective virus structure and the HXB2 reference genome sequence is at the top of the Figure for reference positioning purpose.



Altogether, the pooled analysis of all Brazilian NGS data, including NFLG (29%, 79/275) and partial sequences (29%, 22/75), showed a significant prevalence of recombinant forms (29%; 101/350). Considering the distribution of the HIV-1 subtypes and recombinant viruses in the five Brazilian states analyzed, three in the Southeast (Rio de Janeiro, São Paulo, and Minas Gerais), one in the Northeast (Pernambuco) and one in the South (Rio Grande do Sul), we could observe a highly diversified pattern of HIV-1 subtype distribution (Figure 3). A higher prevalence of recombinant forms in São Paulo and Rio de Janeiro (30%) could also be found, followed by Rio Grande do Sul (28%), and by Minas Gerais and Pernambuco (27%), although those differences were not significant (data not shown).
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FIGURE 3. Summary of the HIV-1 subtype distribution in the five Brazilian states represented in this pooled analysis (n = 350). Each pie graph represents one state as depicted in the map. HIV-1 subtypes and recombinants are color-coded according to the legend at the bottom of the figure.



De novo analysis generated results suggestive of multiple infections (more than one IVA-contig in the same genomic region) for four samples (HU-UFRJ-03, two contigs; HI-11, two contigs; HI-14, three contigs, and HI-17, five contigs). For three of them (HU-UFRJ-03, HI-11, and HI-14), only one of the contigs generated intact open reading frames (ORFs), while the other contigs presented truncated ORFs showing multiple stop codons, consistent with APOBEC-mediated G-to-A mutations. They were confirmed as hypermutated sequences when compared to the viable sequence from the respective patient in Hypermut (p < 0.05, data not shown). Patient HI-17 had several overlapping regions between the contigs, two of them at the gag-pol region and three at env (Figure 4A). Phylogenetic trees comprising the contigs, the top-ten best hits found in BLASTn searches for each contig and reference sequences were constructed for each overlapping region. Overall, these trees showed different clustering profiles between the contigs and HIV-1 subtype references, suggesting the presence of variants with different HIV-1 subtypes within this samples (Figure 4B). The contigs were then submitted to Simplot analysis to confirm the subtype classification and determine the recombination breakpoint profile. All contigs were confirmed as distinct variants. For the HI-17 patient, the longest contig had the same recombination profile observed for the consensus sequence (URF_BF1), one had a distinct recombination profile comprising B and F1 subtypes, and three were classified as subtype B (Figure 4A). Another two cases of multiple infections with distinct subtypes were described by Pessoa et al., one involving viruses of subclade F1 and subtype B and another involving a CBF1 recombinant and a non-recombinant subtype B (Pessoa et al., 2015, 2016).


[image: image]

FIGURE 4. Different contigs representing HIV-1 sequences found in patient HI-17 through multiple infection investigation with their respective positions along the HXB2 reference genome and phylogenetic classification (A) considering the bootscaning (B) and maximum likelihood phylogenetic analyses. Each color represents a different subtype: red for subtype B, green for subtype F1 and blue for subtype C. Samples are identified before their respective virus structure and the HXB2 reference genome sequence is at the top of the Figure for reference positioning purpose.





DISCUSSION

The present study describes the HIV-1 genetic diversity and molecular epidemiology observed in Brazil using NGS-generated HIV-1 sequences, combining recently published reports and novel data from our group. In comparison to our previous published study with HIV+ patients recruited at HFI, we extended our analysis for three of the nine patients which data could not be obtained in the first study, and obtained NFLG sequences for another five patients (Alves et al., 2017). Concerning the integrity of the open reading frames (ORF), 4.5% (11/247) of the sequences available in the literature, and 25% (7/28) of our sequences displayed mutations and/or insertions and deletions resulting in frameshifts or premature stop codons.

Considering our cohort, a high prevalence of infection by HIV-1 subtype B viruses was found among patients from Rio de Janeiro (79%, 27/34). On the other hand, subtype C was the most prevalent subtype in Rio Grande do Sul, with a similarly high proportion (72%, 10/14), highlighting the regional differences observed in HIV-1 subtype distribution in the country. It is well documented that the overall prevalence of non-B strains, such as URF_BF1, URF_BC, and particularly subtype C and CRF31_BC in the South of Brazil, has been increasing (Santos et al., 2007; Cardoso et al., 2009; Machado et al., 2009; Almeida et al., 2012; Velasco-de-Castro et al., 2014). Similarly to some recently published data using NFLG, the recombinants identified in our cohort did not show any similarity with the CRFs already described (Sanabani et al., 2013; Alves et al., 2017). However, it is worth to mention that two partial sequences from HU-FURG show the same recombinant pattern (14 HU-FURG and 18 HU-FURG) and did not have any evidence of epidemiological linkage between them.

Through the analysis of HIV-1-positive patients in five states of Brazil with some of the highest HIV prevalence, three in the Southeast (Rio de Janeiro, São Paulo, and Minas Gerais), one in the Northeast (Pernambuco) and one in the South (Rio Grande do Sul), we could determine, with unprecedented accuracy, the prevalence of HIV-1 recombinant forms in the Brazilian epidemic and their distribution across the country. The high prevalence of recombinant strains (29%) identified by NGS is supported by the circulation of multiple subtypes and consistent with the hypothesis that novel recombinants are continuously arising in the Brazilian epidemic (Sanabani et al., 2013). Our cohort presented 19% of recombinant sequences, a lower prevalence than 28 and 40% observed in other Brazilian NGS-based studies (Pessoa et al., 2015, 2016). The higher prevalence of recombinant forms when compared to recent Brazilian Sanger sequencing-based studies (ranging from 5 to 16%) can be attributed to the smaller genomic region analyzed in the latter, mostly based only on pol gene, which impairs the accurate classification of recombinants (Librelotto et al., 2015; Moura et al., 2015; da Costa et al., 2016; Dos Anjos Silva et al., 2016; Delatorre et al., 2017; Filho and Brites, 2017; Lima et al., 2017). Some of these studies covering small genomic regions could not find recombinant strains, like the study conducted by Corado et al. (2017) among 73 individuals from Roraima state, northern Brazil. A study conducted by Graf et al. (2016) found a higher proportion of recombinant strains than others Sanger-based studies (21%, 66/317). However, this study used molecular data from more than one gene (HIV-1 pol, env, or both). It should also be noted that 30% of the URF_BC samples were intergenic recombinants whose recombination breakpoints were not documented within these fragments (Graf et al., 2016). The comparison of the estimated prevalence of recombinant virus between the classical Sanger-based approach and the NGS data clearly highlights underestimated rates in the former analyses, mainly associated with the smaller genomic region analyzed, which also implies in the inaccurate detection of the recombinant breakpoints and, therefore, their classification.

HIV-1 NFLG-based studies can unveil an underestimated rate of recombinant viruses in the country. Using NFLG data, several studies have described new Brazilian CRF strains designated as CRF28_BF, CRF29_BF, CRF39_BF, CRF40_BF, CRF46_BF, and CRF31_BC, CRF70_BF1, CRF71_BF1, CRF72_BF1, CRF90_BF1 (De Sa Filho et al., 2006; Sanabani et al., 2006a,b, 2010; Santos et al., 2006; Guimaraes et al., 2008; Pessoa et al., 2014a,b; Reis et al., 2017). An important study conducted by Pessôa et al. evaluated the complete genomes of HIV-1 strains by NGS previously sequenced by Alencar et al. assigned to subtype F1 and showed that 23 of the 24 samples analyzed were BF recombinants, with 4 CRF70_BF1 and 11 CRF71_BF1 novel recombinant types (Alencar et al., 2013; Pessoa et al., 2014b). The same was observed by Marques et al. (2018) where 34 of the 55 sequences analyzed were classified as recombinants. In our cohort, only one sequence was classified as subtype F1 and three as URF-BF1, which corroborates to literature and highlights the higher prevalence of recombinants forms comprising subtype F1.

Regarding molecular diversity, our pooled analysis corroborates the crescent prevalence of non-B strains in the Brazilian epidemic, confirming the phylogenetic intermixing of HIV-1 sequences. The most prominent case comprises subtype C and C-containing recombinant forms expanding from the South of Brazil to other regions (Bello et al., 2012; Graf and Pinto, 2013; Graf et al., 2015). Non-B strains represent 39% of the sequences from São Paulo, 36% from Rio de Janeiro, 33% from Minas Gerais, and 29% from Pernambuco. Subtype B was not found in Rio Grande do Sul, probably because of the small number of samples analyzed in this region.

We also investigated infection by distinct variants using a de novo strategy to obtain sequences from each patient that are subsequently run in one of the reference-guided approaches using this sequence as a reference (see section Data Analysis of Materials and Methods). This strategy was employed by several studies to reduce the influence of a reference genome in the assembly process while investigating multiple infections (Mangul et al., 2014; Aralaguppe et al., 2016; Alampalli et al., 2017; Baaijens et al., 2017). The prevalence of multiple infections observed in our study (2%, 1/48) was similar to the prevalence reported by Pessôa et al. (4%, 1/24 and 2%, 1/47), but both were greater than the prevalence subsequently reported (0.3%, 1/259) (Pessoa et al., 2014b, 2015, 2016, respectively). At this point, it is not possible to infer whether the distinct viral strains resulted from coinfections or the acquisition of a second variant after the establishment of the first one (superinfections).

We are aware that the pooled analysis presented here includes HIV-positive patients with different HIV clinical profiles. While our cohort is composed by patients under first-line HAART and undetectable HIV viral load for at least 12 months prior to collection date attending at sexually transmitted diseases/HIV ambulatory, the studies conducted by Pessôa et al. involved recently infected donors at four blood centers. However, it should be noted that all epidemiological HIV-1 NFLG studies based on NGS conducted in Brazil available in the literature were included in this pooled analysis. However, it should be noted that our convenience samples may have biased the analysis, especially regarding the multiple infection prevalence, which requires analysis from a larger data set.

Like previously described, the inclusion criteria used in this study were very strict and represented an important barrier to enroll a large number of patients. The difficulty at PCR-amplification of archived proviral genomes was also a limitation due to early chronic infection and undetectable HIV viral load. It is also important to mention that HU-FURG samples were incorporated in this study at a later stage. This fact, coupled with the difficulty in the PCR amplification of these samples resulted in a limited number of sequences from Rio Grande do Sul and additional studies are necessary to complement our findings. Another limitation of our study was that only the NFLG sequences (n = 28) were evaluated for ORF intactness, and seven of them (25%) had stop codons due to hypermutation or to frameshift deletions.

The analysis of all Brazilian HIV-1 NFLG obtained by NGS give us a more accurate evaluation of the viral diversity present in this epidemic. Through the subtype analyses conducted in this large cohort, we were able to find high rates of viral recombination, showing that larger viral genomic regions are required for reliable genetic evaluation and thus to establish effective public health policies to assure suitable HIV screening, diagnosis, monitoring and novel strategies based on viral variability. Our data highlight the great HIV genetic diversity found in Brazil and unveils a more accurate scenario of the HIV evolutionary dynamics in the region.
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FOOTNOTES

1http://www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html

2https://www.hiv.lanl.gov/content/sequence/BASIC_BLAST/basic_blast.html

3https://blast.ncbi.nlm.nih.gov/
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Local Epidemics Gone Viral: Evolution and Diffusion of the Italian HIV-1 Recombinant Form CRF60_BC
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The molecular epidemiology of HIV-1 in Italy is becoming increasingly complex, mainly due to the spread of non-B subtypes and the emergence of new recombinant forms. We previously characterized the outbreak of the first Italian circulating recombinant form (CRF60_BC), occurring among young MSM living in Apulia between the years 2009 and 2011. Here we show a 5-year follow-up surveillance to trace the evolution of CRF60_BC and to investigate its further spread in Italy. We collected additional sequences and clinical data from patients harboring CRF60_BC, enrolled at the Infectious Diseases Clinic of the University of Bari. In addition to the 24 previously identified sequences, we retrieved 27 CRF60_BC sequences from patients residing in Apulia, whose epidemiological and clinical features did not differ from those of the initial outbreak, i.e., the Italian origin, young age at HIV diagnosis (median: 24 years; range: 18–37), MSM risk factor (23/25, 92%) and recent infection (from 2008 to 2017). Sequence analysis revealed a growing overall nucleotide diversity, with few nucleotide changes that were fixed over time. Twenty-seven additional sequences were detected across Italy, spanning multiple distant regions. Using a BLAST search, we also identified a CRF60_BC sequence isolated in United Kingdom in 2013. Three patients harbored a unique second generation recombinant form in which CRF60_BC was one of the parental strains. Our data show that CRF60_BC gained epidemic importance, spreading among young MSM in multiple Italian regions and increasing its population size in few years, as the number of sequences identified so far has triplicated since our first report. The observed further divergence of CRF60_BC is likely due to evolutionary bottlenecks and host adaptation during transmission chains. Of note, we detected three second-generation recombinants, further supporting a widespread circulation of CRF60_BC and the increasing complexity of the HIV-1 epidemic in Italy.
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INTRODUCTION

The human immunodeficiency virus (HIV-1) is a well-known moving target. HIV-1 high variability and rapid adaptation impose an additional challenge to its diagnosis, treatment, and prevention (Hemelaar, 2013). However, HIV-1 evolutionary potential can be harnessed to understand its complex dynamics, both at cellular and population level. Thanks to viral diversity, molecular epidemiology allows to track HIV-1 global and local epidemics and provide insights on how to control their further diffusion (Hemelaar, 2012).

The pandemic group M spread worldwide and differentiated over time into nine distinct subtypes (A–D, F–H, J, and K) and 8 sub-subtypes (A1–A6, F1, and F2) (Peeters et al., 2014). In addition to HIV-1 error prone reverse transcriptase and high replicative potential, recombination plays a key role in its variability (Hu and Hughes, 2012). Due to recombination, when two or more subtypes co-circulate among high risk groups in the same geographical area, unique recombinant forms (URFs) emerge and, if they are detected in at least three epidemiologically unrelated patients, they gain the role of circulating recombinant forms (CRFs) (Robertson et al., 1995). The number of identified CRFs has grown dramatically; currently, 98 CRFs have been characterized and their virological and epidemiological data are available at the Los Alamos HIV database1. The first CRFs have been found mainly in central Africa and South America, where multiple subtypes co-circulate at high prevalence (Thomson et al., 2002). In the past few years, some of these recombinant progenies have caused outbreaks (Monno et al., 2012; Gonzalez-Domenech et al., 2018) and in some cases have shown an increased fitness (Rawson et al., 2018). For example, the Cuban CRF19_cpx, has been associated with a higher viral load, a more rapid progression to AIDS (Kouri et al., 2015) and antiretroviral resistance mutations (Kouri et al., 2014). HIV-1 M chimeric forms, URFs and CRFs altogether, are estimated to represent at least 20% of infections globally, with CRF01_AE and CRF02_AG being the most prevalent, accounting for about 13% of all infections (Osmanov et al., 2002). Despite their origin, some CRFs gained epidemiological relevance in previously B subtype-restricted countries with lower HIV-1 prevalence. Within the last years, multiple new CRFs have been identified in European countries such as Russia (Liitsola et al., 1998; Lukashov et al., 1999; Baryshev et al., 2014), Portugal, Spain (Delgado et al., 2002; Fernandez-Garcia et al., 2016), Italy (Simonetti et al., 2014), United Kingdom (Foster et al., 2014), Luxembourg (Struck et al., 2015), and France (Leoz et al., 2013; Recordon-Pinson et al., 2018).

The molecular epidemiology of HIV-1 in Italy, previously a B-restricted area, has become complex, as migratory waves and travels favored the penetration of HIV-1 forms from countries where non-B subtypes prevail (Lai et al., 2012, 2014a,b, 2016). A comprehensive study reported that non-B variants increased dramatically since the beginning of the epidemic with a prevalence of 15.8 and 29.7% of all HIV-1 diagnoses from 2006 to 2016 (Rossetti et al., 2018). After subtype B, the three most abundant pure subtypes in Italy were F, A and C, and CRFs represented almost 50% of non-B forms (Lai et al., 2010). Monno et al. (2012) reported a sudden HIV-1 outbreak among young men-who-have-sex-with-men (MSM) residing in Apulia, a region of southern Italy. This outbreak was caused by an inter-subtype recombinant, which was identified as the first Italian CRF, named CRF60_BC, by a subsequent study (Simonetti et al., 2014). This recombinant form is mostly composed of subtype C with the exception of three fragments from a parental B subtype which covered a part of the 5′ LTR (HXB2 positions 0–462), a small region of RT pol gene (HXB2 positions 2,804–3,037) and the last part of env gene. Nef gene and most of the 3′ LTR (HXB2 positions 8,662–9,548) were also subtype B. At the time of its characterization, the outbreak involved 22 individuals residing in Apulia and additional few patients from Emilia-Romagna, Tuscany and Sicily, all diagnosed between 2009 and 2011.

Here, we present a follow up study in which we investigated the further circulation and evolution of CRF60_BC. We combined epidemiological data with phylogenetic analyses on sequences retrieved in Apulia and those available from a nation-wide database. We observed an increasing population size and evolution of CRF60_BC, whose spread resulted also in novel recombination events. Overall, the present study portrays an increasingly complex and dynamic landscape of the HIV-1 Italian epidemic.



MATERIALS AND METHODS

Patients

We collected sequences and clinical data from patients, harboring CRF60_BC, enrolled at the Infectious Diseases Clinic of the University of Bari. We found additional sequences from the national ARCA cohort. Putative CRF60_BC sequences were searched among those assigned to subtype C or CRF31_BC in pol gene, according to a preliminary subtyping based on BLAST. As the CRF60_BC contains a small portion of B subtype in this region, the BLAST search lead to a subtype misclassification. Sequences were retrieved from the genotypic drug resistance assay performed by the local Services at diagnosis or prior to the start of therapy or at treatment failure. Only the first available resistance genotype was considered for downstream analyses. Genotypic resistance from plasma HIV-RNA was determined by bulk Sanger sequencing using commercially available or homebrew methods, depending on the contributing laboratory.

ARCA is an observational HIV cohort approved by the Regional Ethical Committee of Tuscany (Comitato Etico Area Vasta Toscana Sudest). The study was conducted in accordance with the 1964 Declaration of Helsinki and the ethical standards of the Italian Ministry of Health. The national ARCA database, currently contained demographic and viroimmunological data of 40,654 patients enrolled at 90 Clinical Centers, and at list one sequence before the start of antiretroviral therapy for all subjects. All patients belonging to the ARCA database provided informed consent to have their anonymized data stored on a central server and used for research studies. For all patients, epidemiological data (gender, risk category, country of origin, date of diagnosis, and age) were collected by physicians from medical records and then included in the databases together with virological, immunological, and treatment information through standard procedures cleared by the Southeast Tuscany Ethics Committee. When available, analyses were conducted on multiple HIV-1 regions: protease (PRO), reverse transcriptase (RT), integrase (INT), gp120 and gp41. The estimated time from infection was calculated by computing the fraction of ambiguous nucleotides in the PRO-RT sequences for all patients, as previously reported (Kouyos et al., 2011).

Alignment and Phylogenetic Analysis

BioEdit version 7.2.6.12 was used to manually align query sequences with pure subtypes and CRF reference sequences. The alignment of a comprehensive list of reference sequences of different subtypes (A1, A2, B, C, D, F1, F2, G, H, J, K) was retrieved from the Los Alamos HIV database3. In particular, we included 47, 37, 36, and 37 reference sequences for PRO/RT, INT, gp120, and gp41 fragments, respectively. The evolutionary model that best fitted the data was selected using the information criterion implemented in JmodelTest v2.1.7 (Posada, 2008). We then conducted phylogenetic analyses for subtyping on more than 10,000 sequences from the national ARCA cohort with maximum likelihood approach implemented in MEGA v7.0 program to retrieve additional CRF60_BC circulating in Italy.

The monophyletic nature of the sequences was evaluated by means of the MrBayes program (Huelsenbeck and Ronquist, 2001) using a general-time reversible (GTR) or Hasegawa-Kishino-Yano (HKY) model of nucleotide substitution, a proportion of invariant sites, and gamma distributed rates among sites for PRO, RT, gp120 and gp41 regions, respectively. For INT region HKY plus a proportion of invariant sites was used. The final alignment encompassed 1,259, 1,029, 514, and 858 nucleotides for PRO/RT, gp120, gp41, and INT regions, respectively.

A Markov Chain Monte Carlo (MCMC) search was made for 2 × 106 generations using tree sampling every 100th generation and a highly conservative burn-in fraction of 50% to obtain a better signal of convergence. The analysis was run until reaching the average standard deviation < 0.01. Statistical support for specific clades was obtained by calculating the posterior probability of each monophyletic clade, and a posterior consensus tree was generated after a 50% burn-in.

Pairwise distances were measured with MEGA v7.0 (Kumar et al., 2016), as the p-distance of each taxa from the CRF60_BC sequence harbored by the patient with the oldest time of diagnosis (patient BAV275, year 2005), with variance estimation performed using 1,000 bootstrap replicates. Spearman test of correlation between genetic distance and time of diagnosis was conducted with GraphPad Prism v7.0. Nucleotide differences across CFR60_BC sequences from Apulia were plotted with Highlighter (Keele et al., 2008)4, with sequences sorted according to tree topology; ambiguous IUPAC codes were excluded from the graph.

Similarity and bootscanning plots implemented in Simplot software v3.5.25 were used to identify the subtypes involved in the recombination and their breakpoints to reconstruct recombination pattern. Maximum Likelihood phylogenetic trees were constructed for individual segments identified within each breakpoint with bootstrapping on 1,000 replicates using MEGA v7.0 program. Recombination was also characterized by split decomposition method and neighbor-net network generated with SplitsTree program6. Final trees were visualized and annotated with FigTree v1.4.07.

HIV BLAST tool8 was used to retrieve sequences showing high similarity and the same BC mosaic pattern within the Los Alamos HIV Sequence Database. The prediction of HIV-1 co-receptor usage was performed using Geno2Pheno9.

Phylodynamic Analysis

Dated trees of the CRF60_BC portions (INT, gp120, and gp41) not containing recombination breakpoints were estimated by BEAST software v1.8.4 (Drummond and Rambaut, 2007) using the previously selected models. For this purpose, only sequences with known date of collection were used. Chains were run for 10–30 million generations with sampling every 1,000–3,000 generations. The results were visualized in Tracer v1.5 and uncertainty in the estimates was indicated by 95% highest probability density (HPD) intervals. Convergence was assessed based on the ESS (effective-sample size) value and only parameter estimates with ESS > 300 were accepted. The maximum clade credibility (MCC) tree was then selected from the posterior tree distribution using TreeAnnotator v1.8.4 available in the BEAST software package. Final trees were visualized and edited with FigTree v1.4.0.



RESULTS

Evolution of the CRF60_BC Outbreak in Apulia

We first investigated whether the CRF60_BC had spread further locally, where the original outbreak occurred in 2009–2011. In addition to the 24 sequences previously described (Monno et al., 2012), we retrieved from local clinical centers, 27 new CRF60_BC sequences from patients residing in Apulia. The epidemiological and clinical features of the patients carrying this variant did not differ from those of the initial outbreak (Table 1). Similarly to the patients previously described, these individuals were Italian (100%) with young age at HIV-1 diagnosis (median: 26 years; range: 18–53) and all but one were MSM (25/26, 96%). The majority of these patients had a recent diagnosis in 2012–2017 and a CD4+ T-cell count at diagnosis above 350 cells/μl in 23 out 27 cases (median: 506 cells/μl; range: 46–1,187). Three subjects (BAV718, BAV731, BAV851) had levels of plasma HIV-RNA above 106 copies/ml, suggesting that they were diagnosed before reaching a viral set point. These data support that most of the patients carrying the CRF60_BC variant were infected recently, during the last few years after the initial outbreak. However, we identified three subjects, BAV275, BAV334, BAV420, whose HIV-1 infection occurred before the initial outbreak, as their diagnosis dated back to 2005, 2006, and 2008, respectively (Simonetti et al., 2014). These patients were recorded in the ARCA database after the characterization of CRF60_BC. Last negative test was available for 10 subjects and confirmed a seroconversion time within 12 months in six cases. The analysis of the fraction of ambiguous nucleotides provided strong evidence of a recent infection (<1 year) for 77.8% (n = 21) of subjects. The Bayesian tree of patients from Apulia is shown in Figure 1A. Twelve out 27 (44.4%) recently identified strains showed high similarity with the majority of previous described sequences (15/24, 62.5%). We identified six significant clusters supported by a posterior probability higher than 0.80. Two of them corresponded to known partners or epidemiological links (pp = 1, BA889-BA921, BAV563-BAV564). The largest cluster (pp = 1) involved one of the sequences identified in 2011 and eight newly detected strains (year of diagnosis ranging between 2012 and 2017). Another large cluster (pp = 0.83) included four previously described CRF60_BC sequences and one sequence identified in 2012. The remaining two clusters (pp = 1 and pp = 0.98, respectively) involved two strains each; the first included two new sequences (BA840 and BA753) and the second a previously described strain (BA667) with a new one (BA765).
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FIGURE 1. Evolution of CRF60_BC PRO-RT sequences from Apulia. (A) Bayesian tree of PRO-RT Apulian sequences obtained by MrBayes program. Names of sequences include the year of sampling. The newly identified sequences are shown in red, while those previously described are shown in blue. Posterior probabilities > 0.8 are shown at nodes. (B) Highlighter plot of nucleotide mismatches in the protease and RT regions; sequences are sorted based on the topology of the tree in (A), with the top sequence used as the master. Arrows and boxes indicate non-synonymous changes occurring in known epitopes under cytotoxic T lymphocyte (CTL) pressure. Symbols indicated the sequence clusters present in the tree. (C) Correlation plot of genetic pairwise distances of HIV-1 diagnosis over time.



TABLE 1. Characteristics of patients harboring CRF60_BC.
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The emergence of new cases of HIV-1 infection due to CRF60_BC could be explained both by an increase of diagnoses after the initial outbreak (more effective sampling) and actual onward dissemination. To further understand whether CRF60_BC has been involved in ongoing transmission chains, we looked at sequence diversity and accumulation of mutations over time (Figures 1B,C). We observed the emergence of non-synonymous mutations strongly associated with CD8+ T-cell immune pressure against epitopes in gag (HXB2 position 498) and pol (HXB2 positions 69, 72, 128, and 314) (Addo et al., 2003; Allen et al., 2005). Some mutations were fixed over time, like in the case of the large transmission cluster encompassing sequences from 2011 to 2017, in which we observed reversion to subtype B consensus of a known conserved pol epitope (HXB2 pol 314) associated with HLA-I responses (Addo et al., 2003; Apps et al., 2013). In addition, when we estimated pairwise distances of all sequences (n = 47) from the oldest isolate (2005), we detected a growing overall diversity that strongly correlated with time of HIV-1 diagnosis (r = 0.82, p < 0.0001), further supporting ongoing evolution of CRF60_BC over time.

Diffusion of CRF60_BC Outside Apulia

To investigate the further diffusion of CRF60_BC, we conducted subtyping analyses on the ARCA database retrieving 25 sequences belonging to CRF60_BC (data not shown). Figure 2 shows the Bayesian tree containing 78 sequences: the original and the newly identified sequences from Apulia (total, n = 51), sequences from different Italian regions obtained from the ARCA database (n = 25) and two sequences detected using BLAST search (GU969560 and MF109718).
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FIGURE 2. Phylogenetic tree of CRF60_BC PRO-RT sequences detected in and outside of Apulia. Bayesian tree of PRO-RT CRF60_BC obtained using MrBayes program. Posterior probabilities > 0.8 are shown at nodes. Sequences in blue are from Apulia region, in red those retrieved from other Italian regions and two sequences detected using BLAST search. The brackets highlight the significant sub-clades.



Sequences assigned to CRF60_BC formed a highly supported cluster (pp = 1). Twenty-five sequences were detected across the Italian territory (Rome, Florence, Modena, Arezzo, Fermo, Pavia, Genoa, Perugia, Trento, and Turin). Some sub clusters were observed, containing 2 to 9 strains. Sequences from Apulia segregated alone, except for four sequences. Two strains (BA840 and BA753) grouped significantly (pp = 1) with a sequence from Modena (MOV-MO-1890) while the remaining two (BA889 and BA921) formed a sub cluster with a strain from Perugia (SI-19344) and a sequence detected from a patient in United Kingdom (MF109718). This latter sequence, retrieved by BLAST, had no demographic information apart from the sampling date (November 2013), preventing us to rule out whether the patient acquired the infection in his/her country of origin or abroad. All sequences from Rome (n = 7), with the exception of RM9-03323, formed a significant (pp = 0.82) sub cluster. Three sequences from Tuscany (one from Siena: SI-12520 and two from Florence: FIV-7490 and FIV-7502) significantly grouped (pp = 0.95) with a sequence from central Italy (ANV-1610-229). A second strain was found by BLAST, isolated in Sicily from an African man with unknown risk factors.

The epidemiological characteristics of subjects carrying CRF60_BC residing outside Apulia (Table 1) did not differ substantially from those residing in Apulia. All but one patients were males (22/23, 96%), with a median age of 25 years (range: 21–52), diagnosed from 2009 to 2014 and, for subjects with known risk factors, predominantly MSM (13/14, 92.8%). The last negative HIV-1 test, available only for three patients, suggested a recent seroconversion (less than 12 months) in two cases. However, the analysis of the fraction of ambiguous nucleotides indicated that the majority of patients (59.3%, n = 16) had been infected for more than 1 year.

Emergence of Second Generation Recombinant Forms

Three patients harbored URFs in which CRF60_BC was one of the parental strains, as indicated by the phylogenetic trees shown in Supplementary Figures S1, S2, S3A. Figure 3 shows the bootscan analysis of these sequences and the CRF60_BC bootscan of pol region. Protease and RT regions of two of these sequences clustered significantly with CRF60_BC confirming the recombinant BC pattern, but different recombination patterns were detected in INT for strain TNV-0015 (Figure 3A) and in gp120 for BA712, in which CRF60_BC is subtype C. The bootscan analysis identified a CRF60/G mosaic pattern with two breakpoints at positions 4,848 and 4,907 (as mapped to HXB2 reference) with a 60 base-pair fragment of subtype G in the middle of the integrase region. Recombination analysis on BA712 identified a CRF60/B recombinant with one breakpoint at position 6,710 (Figure 3B). This recombination structure in gp120 resulted in a switch in co-receptor viral tropism from CCR5 to CXCR4. The sequence SRV8810, showed a B/CFR60 mosaicism in the PRO-RT region (Figure 3C) with a portion belonging to B subtype at the 3′ end of protease (position 2,489).
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FIGURE 3. Recombination sites of 2nd generation recombinants involving CRF60_BC. Bootscan analyses of the three unique recombinant forms (URF) in which CRF60_BC was one of the parental strains. Bootscanning plot is performed with the Simplot program using a window between 200 and 350 bp and step size between 10 and 20 bp. (A) Bootscan of TNV-0015 in the integrase portion. (B) Bootscan of BA712 in the GP120 portion. (C) Bootscan of SRV8810 in the PRO-RT portion. (D) Bootscan of CRF60_BC in the PRO-RT portion.



Supplementary Figures S1, S2, S3B,C show the maximum likelihood trees for individual segments identified within each breakpoint confirming the recombination pattern for all recombinants. Despite the presence of TNV-0015 (Supplementary Figure S1C) and SRV8810 (Supplementary Figure S3B) in subtype G and B clades respectively, these clusters are not bootstrap supported due to the limited length of the analyzed fragments.

Phylodynamic Analysis

Evolutionary population dynamics were estimated based on the data sets of non-recombinant regions (gp120 and gp41) of CRF60_BC sequences from Apulia with known data. The INT portion was not evaluated due to the limited availability of sequences. After testing different coalescent priors (constant population size, exponential growth, logistic growth, and Bayesian skyline plot), using both strict and relaxed molecular clock models, the Bayes factor (BF) analysis showed that the relaxed lognormal molecular clock fitted the data better than the strict clock model (2lnBF = 114.5) and the Bayesian skyline plot fitted the data better than the other models. The estimated mean rate of evolution was 7 × 10−3 substitutions per site per year (s/s/y) (95%HPD: 5.1 × 10−3–9.2 × 10−3) and 6.2 × 10−3 s/s/y (95%HPD: 3.4 × 10−3–9.3 × 10−3) for the gp120 and gp41, respectively. The time of the most recent common ancestor (tMRCA) corresponding to the root of the trees was estimated to be 11.4 years before the latest sampling data for both regions (95%HPD: 11–12.85 years), corresponding to mid 2004, very close to the year of diagnosis of the oldest sequence in our data set (BAV275, 2005).

The Bayesian Skyline plot (Supplementary Figure S4) shows the changes in population size at different times from the root of the tree to the time of the most recent samples (year 2016 and 2017). The estimated effective number of infections exponentially grew from the middle of 2006 to 2011, when the initial outbreak was identified; after this period, the curve reached a plateau and remained relatively constant until the latest calendar years.



DISCUSSION

Although the first CRFs have been found in Africa and mainly Central Africa, inter-subtype recombination events have also occurred in other continents, leading to the spread of new CRFs. Several CRFs have been described in Europe, as different non-B subtypes circulate together with the founder B clade and are detected at increasing prevalence almost in all countries (Tebit and Arts, 2011). Several European CRFs show a mosaic structure due to multiple recombination events with different parental subtypes; however, the B clade is the most frequent parental subtype. Indeed, HIV-1 superinfection, which underlies the recombination events, has been frequently reported in MSM due to the numerous risk contacts (Redd et al., 2013). As the B variant had a founder effect within intravenous drug users in some European countries including Italy (Lukashov et al., 1996), some of these CRFs (CRF03_AB and CRF14_BG) mostly segregate in this specific high risk population (Hemelaar, 2013). Some recombinant forms (i.e., CRF05_DF and CRF47_BF) have generated limited epidemics both in frequency and regional dispersion (Fernandez-Garcia et al., 2010), while others (CRF03_AB and CRF14_BG) have had a relevant impact on the HIV-1 epidemic, both in the countries of first detection and neighboring countries (Liitsola et al., 1998; Delgado et al., 2002).

We previously described a new CRF epidemic in a single Italian region (Apulia) mainly involving young MSM seeking sexual partners through on-line dating websites, who acquired HIV-1 infection in 2009–2011 and were diagnosed soon after seroconversion (Monno et al., 2012; Simonetti et al., 2014). The subtype C regions included in CRF60_BC are highly similar to the South American variant, suggesting that CRF60_BC originated in South America where subtypes B and C largely co-circulate and other BC inter-subtype recombinants have been documented (Hemelaar, 2013). Alternatively, CRF60_BC might have originated in Italy where, subtype C, mostly harbored by recent immigrants and Italian individuals who traveled to endemic regions, accounts for 13% of non-B variants (Lai et al., 2010). Additionally, our group recently conducted a phylogeographic analysis revealing that the occurrence of subtype C in Italy is related to the South American variant, likely due to transmission chains among MSM (Lai et al., 2014a). To follow-up the epidemic potential of the originally described CRF60_BC, we traced its spread through a large Italian database collecting HIV-1 sequences prospectively.

CRF60_BC was originally limited to the Apulia region but then reached distant regions of Italy. Increased sequence diversity after the initial outbreak suggests evolutionary bottlenecks along the transmission chains and adaptation to the host immune pressure. This observation is supported by the fact that some mutations, predominantly non-synonymous mutations, were fixed overtime and that the growing diversity among strains significantly correlates with the time of HIV-1 diagnosis. In this study, most CRF60_BC variants circulate among young MSM who recently acquired HIV-1 infection during the 2005–2017 period. These characteristics did not differ from those reported for patients described in the initial outbreak, indicating that CRF60_BC circulation is actually closely linked to MSM. Due to the higher prevalence in this population and HIV-1 increasing genetic diversity, the MSM population might become a new recombination hotspot, as observed in previous studies in China reporting several CRFs among MSM population (Han et al., 2013; Wu et al., 2013; Zhang et al., 2014). Noteworthy, the number of sequences identified so far is three fold higher compared to our first report.

In addition, we detected three second-generation recombinants which further support a widespread circulation of CRF60_BC, all of which showed recombination in different portions of the HIV-1 genome. In one case, the recombination pattern involved subtype G, an uncommon subtype that is present only at 6% of non-B subtype strains (Lai et al., 2010). In another case, recombination in gp120 entailed the coreceptor switch to CXCR4, despite the recent acquisition of HIV-1 infection in 2012 confirmed by CD4+ T-cell count and viral load measure at diagnosis. By identifying new recombinant forms with a BC pattern in MSM, we demonstrated that these individuals are likely to represent a preferential group that may give rise to HIV-1 recombinants.

The finding of a patient carrying CRF60_BC diagnosed in 2005 indicates that the circulation of this strain probably began in the early 2000s. The phylodinamic analysis set the origin of CRF60_BC in the mid 2004 (range: 2003–2005) suggesting that this subject could be one of the first cases of CRF60_BC. The exponential growth of infections sustained by CRF60_BC was observed in 2006–2011 period when most patients were identified, suggesting a rapid spread among young MSM with recent infection through Italy.

This study has some limitations. First, information related to studied patients was not always available or complete. Second, the data set in the current study may not be representative of the entire country and we may have missed a number of recently infected individuals present in additional local networks. Regarding the unique recombinants, additional studies involving single genome amplification and full-length genome sequencing, are required to extend the characterization of the recombination patterns and to exclude the role of superinfection. Despite our analysis might represent an underestimate, our data strongly suggest that CRF60_BC gained epidemic importance, spreading in multiple Italian regions and increasing its population size in very few years (2007–2013), among young MSM.

This is valuable information for public health agencies developing strategies to prevent the HIV-1 epidemic to spread into a more complex epidemiological landscape. In addition, our results further highlight the need for better prevention campaigns in young MSM, who represent a population with a poor control of HIV-1 transmission (Volz et al., 2018). Finally, future studies should continue to focus on transmission clusters and pay special attention to recombinant forms, as these variants not only reflect the changing landscape of HIV-1 diversity, but can also unveil the onset of new epidemic bursts.
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Recombination is one of the main processes shaping the evolution of HIV-1, with relevant consequences for its epidemiology. In fact, Circulating and Unique Recombinant Forms (CRFs and URFs) cause 23% of current infections. The routine analyses of antiretroviral resistance yield partial pol gene sequences that can be exploited for molecular epidemiology surveillance but also to study viral diversity and to detect potential recombinant samples. Among the pol sequences derived from a large sample dataset from the Comunitat Valenciana (Spain), we identified nine putative recombinant samples. We aimed at fully characterizing these samples and performing a detailed analysis of the corresponding recombination events. We obtained nearly full-genome sequences and used jpHMM and RDP4 to detect and characterize recombinant fragments. We assessed the confidence of these inferences by likelihood mapping and phylogenetic placement with topology congruence tests. Next, we performed a phylogenetic analysis of each putative recombinant fragment to determine its relationships to previously described recombinant forms. We found that two samples related to CRF44_BF whereas the rest corresponded to new URFs (two URF_AD, one URF_BG that can constitute a new CRF resulting from subtype B and CRF24_BG, and two URF_cpx composed of A, G, K, H, and J subtypes). These URFs have a complex recombination pattern that cannot be determined accurately. They seem to have arisen by successive recombination events among lineages, including other CRFs. Our results highlight the usefulness of routine surveillance analysis for the detection of new HIV-1 recombination forms and, at the same time, the need for full-genome sequencing and recombination detection guidelines to properly characterize this complex process.

Keywords: HIV-1, nearly-full genome, recombination, phylogeny, CRFs, URFs


INTRODUCTION

The high genetic variability of HIV-1 is one of the main hurdles to control the current epidemic of this virus. This diversity is the result of high mutation (Abram et al., 2010), replication (Rodrigo et al., 1999), and recombination rates. The recombinogenic nature of HIV-1 is well-known, as this virus has one of the highest rates known (Rodrigo et al., 1999; Shriner et al., 2004). Recombination has important evolutionary consequences for viruses and has been associated with the expansion of viral host ranges, the emergence of new variants, increases in pathogenesis and virulence, the alteration of tropisms, the immune escape, and resistance to antivirals (Martin et al., 2011; Simon-Loriere and Holmes, 2011). In addition, recombination also plays an important role in HIV-1 epidemiology. Up to date, 91 circulating recombinant forms (CRFs) have been described (Los Alamos National Laboratory1). CRFs are recombinant HIV-1 genomes that share the same recombination breakpoints (BPs) between the same parentals and have been found in at least three non-epidemiologically related individuals. If a recombinant form does not fulfill the requirements to be considered a CRF, it is called a unique recombinant form (URF). RFs can also be classified according to their mosaic structure: they are denoted as complex (cpx) if they are composed by three or more subtypes or second-generation recombinants (SGRs) if they result from a recombination event in which pre-existing RFs are involved. RFs account for 23% of the current infections and are responsible for almost half of total infections in areas such as Central Africa (Hemelaar et al., 2019).

HIV-1 subtyping is still dominated by the partial sequencing of the pol gene used in routine analyses of antiretroviral resistance mutations. However, the development of whole genome sequencing (WGS) and its reducing costs have led to a substantial increase in the availability of complete HIV-1 genomes. This is partially responsible for the increased reporting of RFs world-wide. This increase also results from the mixing of newly formed HIV-1 variants, resulting in a complex and dynamic epidemiology (Hemelaar et al., 2019). Spain is one of the western European countries with the highest prevalence of HIV-12. Subtype B is responsible for 82–88% of the infections in this country followed by RFs, which cause about 9–10% of cases (Yebra et al., 2012). In fact, the three CRFs described from Spanish samples so far, CRF14_BG, CRF47_BF, and CRF73_BG (Delgado et al., 2002; Fernández-García et al., 2010, 2016), involve the B subtype. Apart from these, only a few studies with complete HIV-1 genome sequences have been done in this country using non-B subtypes (Casado et al., 2003; Sierra et al., 2005; Holguin et al., 2008; Cuevas et al., 2010). Hence, the prevalence of recombinant forms in Spain, as in many other countries, might be underestimated (Yebra et al., 2012).

The pol sequences obtained in the analyses of resistance mutations can be used to gain insight into the population dynamics and evolution of the corresponding lineages. These analyses can also identify sequences that are not neatly included in any of the major subtypes or sub-subtypes of HIV-1. They may represent new variants or RFs, relevant for the epidemiological characterization of the viral population. There is no standard procedure to detect recombination in HIV-1 and different methods have been used so far (a comprehensive list of recombination analysis software3). Due to this lack of standardization and the intrinsic difficulties in identifying recombinant events, some authors have postulated that several methods should be used to obtain a precise picture of recombination (Posada, 2002). The hallmark of recombination is the presence of fragments with different ancestries in the same genome. Therefore, the ultimate test for recombination should be based on revealing a statistically significant lack of phylogenetic congruence among portions of the recombinant genomes (Pérez-Losada et al., 2015). In order to test the statistical significance of alternate topologies, the corresponding multiple alignments must incorporate adequate levels of genetic variation. Consequently, analyses of the phylogenetic signal should also be included in this procedure. This is most relevant for small recombinant regions in which an insufficient phylogenetic signal may lead to wrong inferences of phylogenies (Jia et al., 2014).

During routine analyses of resistance mutations in HIV-1 samples from the Comunitat Valenciana (Spain) (Patiño-Galindo et al., 2017), we detected several samples whose partial pol sequences did not cluster with high support in any sub-subtype. Our aim here is to describe their full genomic characterization and to perform an in-depth analysis of recombination using different methods and confirm them by means of phylogenetic congruence tests.



MATERIALS AND METHODS

Samples

From 2010 to 2013, about 1,800 serum samples of individuals infected with HIV-1 were screened for antiretroviral resistance mutations in our laboratory (Patiño-Galindo et al., 2017). For this purpose, a partial region (1,302 nt) of the pol gene was sequenced. The phylogenetic analysis of this region revealed nine samples with a suspected recombinant nature because they did not cluster with high enough bootstrap support with reference sequences of pure subtypes and representative CRFs (data not shown). These nine samples, all from Spanish patients that attended hospitals of the Comunitat Valenciana (Spain), were subjected to nearly-WGS.

Extraction, Amplification, and Sequencing

RNA was extracted from sera using the NucliSENS® EasyMag® automated platform (bioMérieux, Marcy, L’Étoile, France). Reverse transcription (RT) of RNA was performed in two adjacent genome regions to improve yield. The first hemigenome was obtained by priming with IN-T-A2 (Thomson et al., 2002) in the vif gene (nts: 5192–5218, HXB2, GenBank Accession No. K03455). The second hemigenome was obtained with UNINEF7′ (Nadai et al., 2008), close to the 3′ end of the viral RNA (nts: 9605–9632, HXB2). The conditions for RT and PCR were slightly modified from Nadai et al. (2008). RNA (4 μL) was reverse transcribed in a total volume of 20 μL with 500 uM dNTP, 2.5 uM primer, 1x RT buffer, 40 U RNasin® (Promega, Madison, WI, United States), 10 mM DTT and 200 U of SuperScriptTM III reverse transcriptase (InvitrogenTM, Carlsbad, CA, United States). Reagents and RNA were incubated for cDNA synthesis at 50°C for 2 h, followed by 85°C for 5 min.

Next, four overlapping regions were amplified using first-round PCRs and, if needed, nested-PCRs (Figure 1). The first amplicon consisted of about 3 kb from 5′ LTR U5 to the middle of pol (nts: 571–3554, HXB2). The second amplicon, of 2.1 kb, covered from the second half of pol to the start of vif (nts: 2930–5042, HXB2). The third amplicon, of approximately 1.4 kb, covered until env gp160. Lastly, the fourth amplicon consisted of 3.9 kb from env gp160 to the end of nef (nts: 5582–9511, HXB2). The reaction volume was 25 μL, containing 1x PCR buffer, 350 uM dNTP mixture, 0.4 uM of each primer and 2.5 U TaKaRa Ex Taq® (Takara Bio, Shiga, Japan). Cycling conditions were 94°C for 2 min and then 10 cycles of (94°C 10 s, 60°C 30 s, 68°C 3 min), and 20 cycles of (94°C 10 s, 55°C 30 s, 68°C 3 min) followed by 68°C for 10 min. Nested-PCRs were done with the same conditions as above but adding 1.5 μL of the previous PCR product with appropriate primers.
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FIGURE 1. Sequencing strategy by the nearly full-length RT-PCR method. The locations of the primers used are relative to the reference genome, HXB2. cDNA synthesis was done in two reactions and a strategy of four overlapping amplicons was followed by PCR.



Positive PCR products were purified with a High Pure PCR Product Purification Kit (Roche Applied Science, Indianapolis, IN, United States) and sequenced using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, United States) in an ABI 3730xl DNA sequencer (Roche, Nutley, NJ, United States). The set of primers used in this study is available upon request. We obtained the consensus nearly full-length genome (8.9 kb) by assembling the sequence readings that passed the default quality filter of Pregap4 (Bonfield et al., 1995; Nadai et al., 2008) along with visual inspection of polymorphic regions. For genomes with more than one contig, scaffolding was done after comparison with the closest reference genome available at the Los Alamos National Laboratory (LANL) database. The final sequences have been deposited in the GenBank with Accession Nos. MK095228–MK095236.

Recombination Analysis

The mosaic recombinant structure of the samples was screened using two different strategies. Firstly, breakpoints (BPs) were determined with the default jpHMM options (Schultz et al., 2010). Secondly, we obtained recombination events and BPs that were supported by at least three of the seven selected tests implemented in RDP4: RDP (Martin and Rybicki, 2000), GENECONV (Padidam et al., 1999), BootScan (Martin et al., 2005), MaxChi (Smith, 1992), Chimaera (Posada and Crandall, 2001), SiScan (Gibbs et al., 2000) and 3Seq (Boni et al., 2007). Default parameter values were used except for window size that was increased to 60 nt in RDP, to 120 in MaxChi and Chimaera, and to 500 in BootScan and SiScan, as suggested (Lemey et al., 2009).

For jpHMM we used the nine sequences obtained above. To avoid confounding effects between recombinant samples, we used a separate alignment for each sample in RDP4. These alignments consisted of one sequence of each ‘pure’ subtype and sub-subtypes A1, A2, F1, and F2 (from RIP Alignment4) and each putative recombinant sample using the option -add of MAFFT v.7 (Katoh and Standley, 2013).

After detecting recombination, we wanted to further contrast the confidence of each recombination event independently. For this, we used a slightly modified phylogenetic congruence testing pipeline. The corresponding BPs of each detection strategy delimited sequence regions that were extracted and independently aligned using MAFFT v.7 (Katoh and Standley, 2013) (option –add) with the RIP reference alignment detailed above. This partial alignment was used to reconstruct a reference maximum likelihood (ML) tree using IQ-TREE v.1.6.5 (Nguyen et al., 2015) with the best evolutionary model (GTR+F+I+G4) determined by the same software (Kalyaanamoorthy et al., 2017). To test the phylogenetic congruence of the recombinant fragments in each genome, we constructed all possible alternative trees by clustering each sample with all the (sub-)subtypes in the reference alignment. For this, we used the R packages ape (Paradis and Schliep, 2018) and phytools (Revell, 2011). The 11 alternative trees for each sample were used for Expected Likelihood Weights (ELWs) (Strimmer and Rambaut, 2002) topological congruence test with the partial alignment corresponding to each fragment. This test assigns relative support values to the alternative topologies based on the likelihood values of the corresponding alignments. These tests were performed with IQ-TREE v.1.6.5 using 10,000 RELL replicates. Additionally, the level of phylogenetic signal of each partial alignment was also assessed by means of likelihood mapping with the evaluation of 1,000 random quartets using IQ-TREE v.1.6.5. A proportion higher than 0.25 of unresolved quartets was considered to represent a lack of phylogenetic signal (Strimmer and Rambaut, 2002; Lemey et al., 2009).

Next, each fragment of the recombinant samples was further characterized by phylogenetic analysis with representative sequences of HIV-1, including RFs, as above. The alignment was obtained from LANL database (RIP v.2017, 145 sequences) but adding, with MAFFT v.7, all the URFs identified as such (resulting in a total of 226 sequences). Then, new ML trees were built with 1,000 bootstrap replicates. The closest relatives (CRs) of each fragment were determined considering as CRs the minimum set of sequences that grouped with the fragment of interest with a bootstrap support value higher than 70%.

Finally, the inferred mosaic structure from the above analyses was drawn using the ggplot2 library in R (Wickham, 2016). These analyses, except the execution of RDP4, have been integrated into a publicly available pipeline accessible at https://github.com/BBeamud/PhyloRecomb/.



RESULTS

We obtained nearly complete genome sequences of seven samples, but our sequencing strategy failed to yield enough information in two cases. Between 86 and 92% of the reference genome (HXB2) length was covered in our samples. The per base coverage ranged from 2.44 to 4.53. In four of these genomes, it was not possible to assemble all the sequencing reads into a single contig due to hypervariability in the env gene. This is reflected in the proportion of undetermined bases of each sequence that were used for scaffolding (Table 1). For the incomplete genomes, we obtained 41% (sample 678) and 49% (sample 3164) of the reference genome length with coverage depths of 1.64 and 1.66, respectively. Additional sequencing of these two samples was not possible due to lack of biological material.

TABLE 1. Summary statistics of the near complete genomes obtained for the 9 HIV-1 samples studied.
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Recombinant mosaic structures were obtained by two strategies. Firstly, we considered the recombination events and their defining BPs supported by at least three of the methods tested in RDP4. Additionally, we considered the BPs reported by jpHMM. These two programs assign a subtype for each fragment. All the strategies revealed putative recombination events in all the samples, but the total number of such events differed among them. To facilitate the comparison between detection strategies, we retained as major parental (MP) the subtype with most genomic nucleotides assigned. In addition, we considered the same recombination event if the minor assigned subtype and the inferred BPs were similar ( ± 200 nt) in both sides for both strategies. A total of 42 recombination events were detected but only eight were shared by the two strategies. Of the 34 remaining events, 21 were detected exclusively by jpHMM and 13 by RDP4. There were substantial differences in the performance of the methods implemented in RDP4, with a minimum of 3 (GENECONV) and a maximum of 19 (MaxChi and 3Seq) detected events (Table 2). Shared events had an average length of 1454.9 nt with a difference in the start and end positions of 14.9 and 59.0 nt, respectively. The shared events detected by RDP4 were on average 11.9 nt shorter than those detected by jpHMM. On the contrary, unique events by jpHMM and RDP4 had lengths of 513.6 and 1399.4 nt. Surprisingly, some large events detected by RDP4 were not shared with jpHMM. This was due to RDP4 failing to detect several events of the minor subtypes and reporting them as unique, larger recombination events (Table 3, samples 2011, 2104, 3011, and 3164).

TABLE 2. Support of each putative recombination event detected by the different methods implemented in RDP4.
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TABLE 3. Recombination events detected by jpHMM and RPD4 and phylogenetic analysis of the studied samples.
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To further corroborate these events, we performed ELW congruence tests and likelihood mapping analyses for each fragment. A recombination event was considered verified only when the tree with the sample fragment grouped with the minor subtype identified had a relative support value, as determined by ELW, larger than 0.5 than that of the second-best tree. Additionally, we considered fragments with less than 0.25 unresolved quartets reliable for phylogenetic inferences. All the events jointly detected by jpHMM and RPD4 were verified by ELW tests and phylogenetic signal. However, 15 out of the 21 events detected only by jpHMM were corroborated, regardless of their phylogenetic signal, whereas only 3 of the 13 events detected only by RDP4 were verified. For the latter, the main discrepancies were observed in the assigned subtype whereas for jpHMM a high proportion of cases with low phylogenetic signal was observed (Table 3). A summary of true positive, false positive and false negative recombination events, detected by the different methods implemented in RDP4 and jpHMM, is shown in Figure 2. The overall best performance corresponds to jpHMM, with 23 corroborated events of the 29 detected with this method. The worst performing method was GENECONV with only two corroborated events of the three detected.
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FIGURE 2. Summary of true positive (TP), false positive (FP) and false negative (FN) recombination events detected by the different methods used in this study according to the results of ELW tests. RDP, GENECONV, BootScan, Maxchi, Chimaera, SiScan, and 3Seq were analyzed with RDP4.



Different mosaic structures were observed in the samples considering verified events. In particular, we observed two BF recombinants, two AD recombinants, three BG recombinants, and two complex recombinant forms. These mosaic structures were refined with the reconstruction of ML trees for each fragment based on the analysis of closest relatives (CRs) with 226 representative sequences of HIV-1. We performed these analyses for all the major and minor parental fragments although the results of the former analyses are not shown for simplification (Table 3).

The two BF recombinants corresponded to samples 79 and 93. They showed the same pattern and similar BPs by both jpHMM and RDP4. A single recombination event of subtype B was detected and verified in the region located between nucleotides 2,466 and 3,708 (all the positions reported are referred to HXB2). This structure resembles that of CRF38_BF (Ruchansky et al., 2009) although the CRs analyses of the recombinant fragments of samples 79 and 93 showed that they are related to CRF44_BF (Delgado et al., 2010) (Table 3). The latter has three recombination events (all of subtype B) that were not detected by jpHMM nor RDP4. We re-analyzed samples 79 and 93 by performing congruence analyses with the reference breakpoints of CRF44_BF5 to confirm it relatedness. The results of the ELW tests showed a lack of congruence for the three recombination events with their grouping with subtype B, thus corroborating them (Figure 3). Hence, the CRs analyses allowed us to classify samples 79 and 93 as CRF44_BF, despite their initial identification as CRF38_BF.
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FIGURE 3. Recombination analyses of samples 79 and 93 with recombination BPs determined by different sources (jpHMM, RDP4 and CRF44_BF reference BPs) and phylogenetic congruence (ELW) tests. The black line represents the proportion of unresolved quartets, which correspond to the inverse of the phylogenetic signal.



Samples 678, 703, and 724 are BG recombinants, with G being the major parental with a single B recombination event. A similar situation to that in BF recombinants was found in this group, except for two recombination events detected only by RDP4, 703_2R (U|D) and 724_2R(H), which were not verified by ELW and phylogenetic signal tests. CRs analyses showed that the G fragment was related to CRF24_BG whereas the B fragment grouped consistently with pure B sequences or CRF51_01B (Table 3). To confirm that samples 678, 703, and 724 were indeed CRF24_BG we proceeded as above, with the BPs defined at the LANL database for this CRF. In this case, the results of the ELW tests did not reveal four different B recombination events, as in CRF24_BG, but recognized only the single B event detected jointly by RDP4 and jpHMM (Figure 4). It is important to note that in the case of sequence 678, the comparisons were limited because only a partial genome was obtained.
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FIGURE 4. Recombination analyses of samples 678, 703, and 724 with recombination BPs determined by different sources (jpHMM, RDP4, and CRF24_BG reference BPs) and phylogenetic congruence (ELW) tests. The black line represents the proportion of unresolved quartets, which correspond to the inverse of the phylogenetic signal.



The two AD recombinants corresponded to samples 2011 and 2014 with A subtype being the major parental and with four and three fragments of subtype D, respectively. Initially, more recombination events of other subtypes were identified by jpHMM and RDP4. However, they were discarded based on the results of the ELW congruence tests. RDP4 failed to detect three events that were detected by jpHMM and further verified by tree-topology and phylogenetic signal (Figure 5). CRs analyses showed that the A portion corresponded to sub-subtype A3 whereas the D fragments clustered with D ‘pure’ or CRF19_cpx sequences (Table 3). Despite small discrepancies, 2011 and 2014 present a similar recombination pattern but, to our knowledge, no similar pattern has been reported to the databases yet.
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FIGURE 5. Recombination analyses of samples 2011 and 2104 with recombination BPs determined by different sources (jpHMM and RDP4) and phylogenetic congruence (ELW) tests. Values for inconclusive results by RDP4 are arbitrarily represented as 0.5. The black line represents the proportion of unresolved quartets, which correspond to the inverse of the phylogenetic signal.



The genome sequences derived from samples 3011 and 3164 were identified as complex forms, composed by more than two ‘pure’ subtypes: A, G, H, J, and K for 3011 and A, H, J, and K for 3164. For both samples, the A subtype was considered as the major parental although, in this case, there is little difference between the portion of the genome covered by the different subtypes. As before, the description of 3164 is limited because about only half of its genome sequence was obtained. These recombinant forms were very complex both in the detection and verification results (Figure 6). A total of 16 and seven different recombination events were detected for samples 3011 and 3164, respectively. JpHMM detected 10 events in sample 3011, which were different from the five events detected by RDP4. Only one event, 3011_7(K), was detected simultaneously by both methods (Table 3). None of the seven events detected in sample 3164, five by jpHMM and two by RDP4, was shared by the two methods.
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FIGURE 6. Recombination analyses of samples 3011 and 3164 with recombination BPs determined by different sources (jpHMM and RDP4) and phylogenetic congruence (ELW) tests. Values for inconclusive results by RDP4 are arbitrarily represented as 0.5. The black line represents the proportion of unresolved quartets, which correspond to the inverse of the phylogenetic signal.



Most of the events detected by jpHMM in sample 3011 (7/11) showed a low phylogenetic signal, with more than 25% of unresolved quartets (Table 3) whereas only one event detected by RDP4 in this sample failed this test. A similar result was observed for sample 3164, with three of the five events detected by jpHMM presenting low phylogenetic signal and with one of the two events detected by RDP4 also failing this test. This low signal might also affect subtyping inferences, with several discrepancies between the subtypes identified by jpHMM or RDP4 and those inferred as most likely by the phylogenetic congruence analyses (Table 3). Finally, the results of CRs analyses presented several cases of unclear relatedness. For instance, fragments of the major subtype of these two samples grouped within clade A but also with distinct URFs and complex forms, such as CRF45_cpx. The G and J fragments grouped with other complex forms, such as CRF13_cpx and CRF27_cpx. Finally, recombinant fragments of subtype H clustered with ‘pure’ H sequences or CRF04_cpx and those of subtype K were related to K ‘pure’ sequences (Table 3). Altogether, the mosaic structure of these genomes could not be determined unambiguously. Samples 3011 and 3164 showed important discrepancies between them and at present, no CRFs_cpx with these patterns has been reported to the databases.



DISCUSSION

In this study, we have described seven nearly-complete and two partial genomes of different HIV-1 recombinant forms, detected in infected individuals from Comunitat Valenciana (Spain). We have performed detailed analyses to characterize their recombination events. Firstly, we identified putative recombinant fragments using different methods, jpHMM and seven of those included in RDP4. In a second phase, we corroborated the recombinant fragments by evaluating their phylogenetic signal, testing their topological congruence and analyzing their closest relatives using a comprehensive dataset of HIV-1 sequences including representatives of all the subtypes, CRF and URFs.

Two samples, 79 and 93, were initially identified as CRF38_BF based on the results of jpHMM and RDP4. However, our additional analyses of closest relatives and ELW congruence test revealed that both were related to CRF44_BF, a recombinant form first described in Chile in 2010 (Delgado et al., 2010), but already circulating in Madrid (Spain) in 2005 to 2007 (Gonzalez-Alba et al., 2011). These samples were obtained in 2012 and 2013, thus indicating that this recombinant form was actively circulating in Spain a few years later. BF recombinants might be a larger family than previously thought with differences in the location of breakpoints or length of the inserted fragments (Cevallos et al., 2017). This hypothesis is confirmed in this study, providing two additional BF genomes that were not properly characterized based on the breakpoints reported by two detection methodologies but identified with additional analyses. Subsequent mutations or differences in methodology might prevent the detection of the actual mosaic structure of additional recombinant forms in this family. Thorough phylogenetic analyses, including congruence tests, should always be performed to reliably infer the recombination structure of HIV-1 samples.

The three BG recombinants shared a similar mosaic structure, which was further verified in our subsequent analyses. They might constitute a SGR resulting from a new recombination event between CRF24_BG and subtype B. CRF24_BG was firstly identified in Cuba in 2007 (Sierra et al., 2007; Cevallos et al., 2017). However, it was found in several Spanish individuals in Madrid a few years ago (Gonzalez-Alba et al., 2011). This, along with the high prevalence of subtype B and the origin of two other BG recombinant forms, CRF14_BG and CRF73_BG (Delgado et al., 2002; Fernández-García et al., 2016), in the Iberian Peninsula, suggests a scenario that fits well with the previous hypothesis as well as with the subsequent formation of new RFs with these subtypes.

Samples 2011 and 2014 might represent a new URF_AD, originated from several recombination events of ‘pure’ A3 and D sequences. In Spain, A and D subtypes are not frequent as they represent less than 1% of total infections (García et al., 2011; Gonzalez-Alba et al., 2011; Yebra et al., 2012; Patiño-Galindo et al., 2017) and no CRF_AD has been reported in this country so far. Hence, it is likely that this URF_AD has emerged in an endemic area for these subtypes and arrived in Spain by immigration.

Lastly, samples 3011 and 3164 represent complex forms composed of A, G, K, H and J subtypes that could not be identified accurately. Most of these subtypes, except G and A, are extremely rare in Spain (García et al., 2011; Gonzalez-Alba et al., 2011; Yebra et al., 2012; Patiño-Galindo et al., 2017). More specifically, in the Comunitat Valenciana, a previous analysis of the partial pol sequences of the 1,800 samples at the origin of this study revealed an important number of non-B infections (16.2%) but they did not include subtypes K, H, or J (Patiño-Galindo et al., 2017). These new URFs are an example of the enormous complexity of the recombination process in HIV-1 as several CRF_cpx are involved. The presence of CRFs from West-Central Africa, such as CRF9_cpx, CRF13_cpx, CRF27_cpx or CRF45_cpx, previously reported in Spain (Niama et al., 2009), might reflect an increased prevalence and generation of subsequent unique mosaic viruses in diverse geographical areas.

There are substantial differences in the performance of the eight methods used to detect recombination (Figure 2). The combined use of jpHMM and some (in our case at least three) methods implemented in RDP4 improves the reliable detection of recombination events: all the common events were further corroborated by ELW and phylogenetic signal analyses. This result agrees with previous suggestions of using several, methodologically different approaches to detect recombination events in HIV-1 (Posada, 2002). For those cases in which an event is not detected by one methodology, but it is positive according to others, additional corroboration analyses should be performed. In this case, 18 events detected by only jpHMM or RDP4 were later corroborated by ELW and phylogenetic signal analyses.

In general, RDP4 and jpHMM performed well for samples with one single recombination event. However, more false positive and negative events as well as cases of subtype misidentification were found for both programs with increasing complexity of the recombinant structures. Both methods showed the largest number of discrepancies in the detection of complex forms. The difficulties for the precise identification of the origin of these fragments were also evidenced by unresolved results in the congruence tests. Because some of these fragments are very short, they may not have enough phylogenetic signal to differentiate between subtypes. This poses problems for the two methods used to detect them. In addition, the paucity of complete sequence information about ‘rare’ subtypes makes the detection and verification of recombinants, especially those involving complex forms, a difficult task.



CONCLUSION

We have identified nine recombinant forms circulating in the Comunitat Valenciana (Spain). Two of them are related to CRF44_BF but the rest correspond to new URFs. Some samples of this study revealed a complex recombination nature and origin. This might suggest that, apart from the endemic areas that exhibit the highest levels of genetic diversity and therefore represent recombination hotspots, other regions could be sources of recombinant progeny due to the increasing global gene flow (Foster et al., 2014). To better understand the viral diversity and dynamics, as well as the real impact of recombination on them, more efforts should be devoted to obtaining complete genome sequences and to perform in-depth analyses of recombination.

The present study highlights the utility of surveillance analyses of HIV-1 for additional goals to identify resistance mutations, such as studying genetic diversity and characterizing new recombinant forms. A thorough analysis of partial genome sequences obtained in the surveillance of antiretroviral resistance mutations may provide the best starting point for the discovery and characterization of new recombinant forms in HIV-1.
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FOOTNOTES

1 http://www.hiv.lanl.gov

2 http://apps.who.int/gho/data/node.main.620?lang=en

3 http://bioinf.man.ac.uk/robertson/recombination/programs.shtml

4 https://www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html#RIP

5 https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/breakpoints.html#CRF44
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Exploring the characteristics of the HIV-1 envelope glycoprotein (env) gene in a natural HIV-1 infected individual, with broadly neutralizing activity, may provide insight into the generation of such broadly neutralizing antibodies and initiate the design of an appropriate immunogen. Recently, a chronically HIV-1 infected patient with broadly neutralization activity was identified and a VRC01-class neutralizing antibody DRVIA7 (A7) was isolated from the patient. In the present study, 155 full length HIV-1 env gene fragments (including 68 functionally Env clones) were amplified longitudinally from the plasma of six time points spanning over 5 years in this donor. Viral features were analyzed by comparing Env clones of different time points, as well as 165 Chinese HIV-1 subtype B env sequences from HIV Sequence Database (Chinese B_database). Shorter V1 length, less potential glycan and a lower ratio of NXT: NXS in gp160 were observed in the first five time points compared to that from the last time points, as well that from the Chinese B_database. A sequence analysis and a neutralization assay of Env-pseudoviruses showed that the increasing diversity of env sequences in the patient was consistent with the appearance and maturation of A7 lineage antibodies. The potent neutralization activity and viruses that escaped from the neutralization of the concurrent autologous plasma, are consistent with higher residue variations at the antibody recognition sites. Almost all viruses from the plasmas were neutralization-resistant to VRC01 and A7 lineage antibodies. For a chronically HIV-1 infected individual over 10 years, we found that greater viral diversity, short V1 sequences and less potential N-linked glycosylation (PNGS) in V1, might be associated with the development of broadly neutralizing antibody responses.
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INTRODUCTION

HIV-1 was identified as the pathogen of acquired immunodeficiency syndrome (AIDS) three decades ago (Gottlieb and Schroff, 1981; Barre-Sinoussi et al., 1983; Gallo et al., 1983; Dalgleish et al., 1984); however, the development of efficient and safe vaccines is still under way (Moore, 2018; Burton, 2019). The extreme virus diversity contributes to the main challenge for HIV-1 vaccines development. HIV-1 contains four groups: M, O, N, and P, and the dominant group M is further subdivided into nine distinct subtypes and increasing circulating recombinant forms (Robertson et al., 2000; Richman et al., 2003; Hemelaar, 2012). Broadly neutralization antibodies (bNAbs) targeting Env can protect animal models from the challenge of SHIV-1, neutralize most global circulating strains, and accelerate elimination of HIV-1-infected cells (Lu et al., 2016; Julg et al., 2017), therefore, eliciting bNAbs is an important goal of HIV-1 vaccines. However, in numerous pre-clinical and clinical trials of HIV-1 vaccines, bNAbs have not been successfully induced thus far (Burton and Hangartner, 2016; Kwong and Mascola, 2018).

Despite immune strategies to prevent HIV-1 infection have not been discovered, a recent study showed that broadly neutralizing activity can be detected in about 50% of HIV-1 infected individuals (Hraber et al., 2014), indicating that the human immune system indeed has the ability to elicit a bNAbs response. Before 2009, only four bNAbs were available; b12, 2F5, 4E10, and 2G12 (Muster et al., 1993; Buchacher et al., 1994; Conley et al., 1994; Trkola et al., 1996). Recently, with the wide utilization of new technologies such as single cell antibody cloning techniques, micro-neutralization assay, and B cell repertoire analysis (Simek et al., 2009; Walker et al., 2009, 2011; Huang et al., 2013; Zhu et al., 2013), hundreds of bNAbs were successively isolated from HIV-1-infected individuals (Burton and Hangartner, 2016; Wu and Kong, 2016). BNabs isolated in the natural HIV-1 infection provide a prototype that could be elicited by vaccines (Van Gils and Sanders, 2013; Bonsignori et al., 2017; Haynes and Mascola, 2017). A few studies tracing the evolution of bNAbs from the time of HIV-1 infection have revealed that viral and antibody evolution led to the induction and maturation of the bNAbs lineage (Liao et al., 2013; Gao et al., 2014; Bonsignori et al., 2016). However, given the huge diversity of HIV-1 and high complexity of the interaction between HIV-1 and the immune system, the development pathway of bNAbs was not all identical, even for a class of bNAbs in different individuals (Zhou et al., 2015). Thus, further exploring the general characteristics underlying the development of bNAbs would provide insights into efficient vaccines.

In our previous study, a long-term non-progressor (LTNP) DRVI01 with broadly neutralization activity was identified (Hu et al., 2012), and DRVIA7(A7), a VRC01-like broadly monoclonal neutralizing antibody targeting CD4 binding site (CD4bs) was isolated from this patient (Kong et al., 2016). Systematic analysis of the development of A7 over 5 years showed that the heavy chain of the antibody rapidly matured within 2 years, while the barrier of glycans of the gp120 protein blocked the development of the light chain of the antibody. However, the viral Env characteristics of DRVI01 have not been elaborated in detail.

In the present study, 155 full length HIV-1 env gene fragments were amplified longitudinally from the DRVI01 plasma of six time points spanning 5 years. Viral features were analyzed by comparing Env clones of different time points, as well as 165 Chinese HIV-1 subtype B Env sequences from the HIV Sequence Database (Chinese B_database). Sixty-eight functional Env clones were expressed as pseudoviruses to test neutralization sensitivities to autologous plasmas, representative bNAbs and A7 lineage reconstituted antibodies, respectively. The mutations of critical residues in the contact region of VRC01 were also analyzed. The results showed that for a chronically HIV-1 infected individual over 10 years, the greater viral diversity, short V1 sequences and less potential N-linked glycosylation (PNGS) in V1, might be associated with the development of broadly neutralizing antibody responses.



MATERIALS AND METHODS

Study Subject

The samples described in this study were collected from an HIV-1-infected Chinese patient, DRVI01 who became HIV-1 infected by clade-B’ strain during commercial plasma donation between 1992 and 1995 (Hu et al., 2012; Kong et al., 2016). We collected the blood sample of the patient every 6 months between 2005 and 2010. The patient was antiretroviral treatment (ART)-naive, and the range of viral load of six time points ranged from 74,200 to 310,000 copies/ml and the CD4+ T cell count ranged from 335 to 769 cells/μl (Table 1). DRVI01 was identified as a broadly cross-reactive neutralizer, whose plasma exceeded a 95% neutralizing breadth against a panel of 25 viruses at all six time points. From PBMC of the subject, five neutralizing antibodies (NAbs) with limited neutralization breadth (all <40% breadth), including a VRC01-like neutralizing antibody DRVIA7, were isolated (Kong et al., 2016). The study was reviewed and approved by the Institutional Review Board of the National Center for AIDS/STD Control and Prevention, Chinese Center for Disease Control and Prevention. The subject provided written informed consent before blood and data collection.

TABLE 1. Characteristics of DRVI01 donor
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Viral RNA Extraction, cDNA Synthesis, and Single-Genome Amplification

Viral RNA was extracted from the plasma using a QIAamp viral RNA mini kit (Qiagen, Valencia, CA) and subjected to first-strand cDNA synthesis immediately using the SuperScript III reverse transcriptase (Invitrogen Life Technologies, Grand Island, NY). Single-genome amplification (SGA) of the full-length gp160 gene was performed as described previously (Wu et al., 2012). Briefly, the synthesized cDNA was serially diluted and distributed in replicates of 12–16 PCRs in Thermo Grid 96-well plates, to identify a dilution where PCR-positive wells constituted about 30% of the total number of reactions. The SGA criteria of fewer than 30% positive results was acquired, and most of the wells contained amplicons derived from a single cDNA molecule in the suitable dilution.

DNA Sequencing, Alignment, and Phylogenetic Analyses

SGA products were sequenced on an ABI 3770 Sequencer (Applied Biosciences). The full-length gp160 gene fragments for each amplicon were assembled and edited using Sequencher 4.1 (Gene Codes, Ann Arbor, MI). All chromatograms were inspected for sites of mixed bases (double peaks), which would provide evidence of priming from more than one template or the introduction of a PCR error in early cycles. Any sequence with evidence of double peaks was excluded from further analysis.

Phylogenetic and evolutionary analysis was conducted using MEGA 6. The env sequences were aligned using Gene Cutter.1 The nucleotide sequences together with B.CN.RL42.U71182, a Chinese B’ reference, were initially aligned and then checked by hand using BioEdit. The protein phylogenetic tree was built by the Neighbor-Joining method with the Jones–Taylor–Thornton model. After gap striping, the nucleotide phylogenetic tree was reconstructed by the maximum-likelihood method with GTR+Γ4+I substitution model. The reliability of internal nodes was assessed by a bootstrap test (1000 replicates). Genetic diversity of the Env variants from all time points was indicated as mean gene distances, which were calculated by MEGA 6.0 with the Bootstrap method and Kimura 2-parameter model.

Variable Region Length and Gp160 PNGS Analyses

After the amino acid sequence alignment, the variable region length and the number of PNGS were determined using the online tool Variable Region Characteristics for V1, V2, V3, V4, V5.2 For comparison, a set of pre-aligned 165 HIV-1 subtype B Env protein sequences from China (Chinese B_database) were downloaded from the Los Alamos HIV database3 on June 15, 2017. The criteria for this data set were subtype B, intact gp160 sequences, Chinese, and one sequence per donor. The comparison of length variation and the V1 (aa 131–149), V2 (aa 158–197), V3 (aa 296–331), V4 (aa 385–418), and V5 (aa 460–471) loops in gp120 between different time points and the Chinese B_database were calculated by counting the number of amino acids. The number of PNGS and number of NXT or NXS motifs (X is any amino acid residue except proline) were identified using the N-Glycosite at the Los Alamos HIV database website.4

Antibodies Used in the Study

BmAbs PGT121, PGT135, 2G12, 10E8, 12A21, and VRC01 were received from NIH AIDS Research and Reference Reagent Program (Trkola et al., 1996; Zhou et al., 2010; Walker et al., 2011; Huang et al., 2012, 2016). The heavy chains of A7 reconstituted antibodies were derived from DRVIA7H variants of 2006 and 2009, the light chains of antibodies were from a VRC01 light chain and 2009 DRVIA7L repertoire (Kong et al., 2016). We selected four reconstituted A7 antibodies in addition to DRVIA7 with a neutralization breadth ranging from 24 to 88% and the characteristics of A7 antibodies referred to Kong et al. (2016).

Pseudovirus Preparation, Titration, and Neutralization Assays

Pseudoviruses were prepared, titrated as previously described (Li et al., 2005). Briefly, exponentially dividing 293T cells were cotransfected with Env/Rev expression plasmid and an Env-deficient HIV-1 backbone vector (pSG3△Env). Pseudovirus-containing supernatant was harvested 48 h post-transfection, and filtered (0.45 μm pore size) and single-use aliquots (1 ml) were stored at -80°C. The 50% tissue culture infectious dose (TCID50) of a single-thawed aliquot of each pseudovirus batch was determined in TZM-b1 cells.

Neutralization was measured as a reduction in Luc reporter gene expression after a single round of virus infection in TZM-bl cells, as described previously (Li et al., 2005). Briefly, 200 TCID50 of pseudovirus was incubated with serial threefold dilutions of plasma sample or antibodies for 1 h at 37°C. Freshly TZM-b1 cells were added. One set of control wells received cells only, and another set received cell plus pseudovirus. Following 48 h incubation, 150 μl culture was removed and 100 μl luciferase reporter gene assay system reagent (Bright-Glo; Promega) was added and incubated 2 min. 150 μl lysate from each well was transferred to 96-well black solid plates for measurement of luminescence using a luminometer (PerkinElmer Life Sciences). The 50% inhibitory dose (ID50) was defined as either the plasma dilution or sample concentration at which relative luminescence units (RLU) were reduced 50% compared to virus control wells.

Statistical Analyses

SPSS software was used in the data analyses. Differences in the number of amino acids and potential N-linked glycans in the Env protein were compared using a one-way ANOVA, and the independent-samples T test was used between groups. Differences were considered significant if P< 0.05. The two-sided Fisher’s exact test was used to determine the difference of relative loss of specific PNGS between groups.



RESULTS

Phylogenetic Analyses of the GP160 Genes

Env protein is the major target of NAbs. HIV-1 can escape the neutralization of NAbs with substitution, insertion or deletion in Env. To examine the Env evolution in DRVI01, SGA was used to isolate env genes from plasma samples. Around 20 (14–34) intact env genes (about 10 functional) were derived from each time point (Table 1). The virus diversity increased gradually from 2005-7 to 2009-12, and compared with those of the first three time points, significantly higher env diversification were found in the later three time points (Table 1).

Phylogenetic analysis was performed to examine the relationship of these Env sequences, both protein sequence tree (Figure 1A) and nucleotide sequence tree (Figure 1B) displayed similar clustering mode. Most of the sequences formed distinct time-specific lineages, with a fraction of sequences intermingled. The phylogenetic trees, especially the nucleotide sequence one, showed that a main viral population and a minor viral population evolved in parallel in the patient for more than 4.5 years, and the latter was not eliminated over time. The gene distance of all time points for all sequences is 0.028876 ± 0.002026 (mean ± SE). The distances of minor branch and main branch were 0.01963 ± 0.00144, 0.02372 ± 0.00152, respectively. Compared with the minor population, the main viral population showed higher diversity, which may reflect the better adaptation of HIV-1 in response to host selective pressures (Figure 1B). However, no differences in neutralization sensitivity of viruses between the main and minor branches were observed (Table 3).
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FIGURE 1. Phylogenetic tree of HIV-1 envelope sequences. A total of 155 gp160 sequences from an HIV-1-infected donor DRVI01 were aligned with the reference sequence B.CN.RL42.U71182. The tree was constructed based on sequence distance and rooted at B.CN.RL42.U71182 for visualization. (A) The protein phylogenetic tree was built by the Neighbor-Joining method with the Jones–Taylor–Thornton model. (B) The nucleotide phylogenetic tree was reconstructed by the maximum-likelihood method with GTR+Γ4+I substitution model. The tree showed that a main viral population and a minor viral population have evolved in parallel in the patient for more than 4.5 years, and the latter is not eliminated over time. The gp160 sequences were color coded as follows: black, June 2005; red, October 2005; yellow, 2006; green, 2008; blue, May 2009; purple, December 2009. The horizontal branch scale is indicated for each tree.



Significantly More Potential PNGS and the NXT:NXS Ratio of Gp160 at the Later Time Points

Env uses multiple mechanisms to escape from host immune response, including amino acid substitutions, insertions in the variable domains and increasing PNGS on its outer surface. In this study, we compared the amino acid length, PNGS and ratio of NXT:NXS at the six time points to observe the features of gp160. The results showed the length of gp160 was relatively constant (Figure 2A), however, the number of PNGS in gp160 were significantly more at 2009-12 time point than those at the first five time points (Figure 2B). It has been reported that NXS motifs have a two to three times lower probability of becoming glycosylated than NXT motifs (Kaplan et al., 1987; Gavel and Heijne, 1990). The actual extent of glycosylation of a given Env molecule may therefore not entirely equal to the total number of PNGS. In the study, we found the ratio of NXT: NXS in gp160 at the first four time points (07/2005–03/2008) were significantly lower than those at the last two time points (05/2009, 12/2009) and the Chinese B_database (all P< 0.05) (Figure 2C). Altogether, amino acid substitutions and increasing PNGS are likely the main ways that viruses adapt the host immune response in the patient.
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FIGURE 2. (A) Comparison of amino acid length of gp160, which indicted no significant differences in amino acid length of gp160 among different time points. (B) Comparisons of glycan number of gp160 in six time points, which showed an increasing glycan number from 07/2005 to 12/2009 and the glycan number in gp160 from 12/2009 was significantly higher than the first five time points (07/2005–05/2009) (all P < 0.05). (C) Ratio of NXT:NXS of gp160 in six time points and Chinese B_database. NXT: NXS ratios in gp160 from the first four time points were significantly lower than those from two time points in 2009 and Chinese B_database (all P < 0.05).



Shorter V1 Length and Fewer PNGS in V1 at the First Five Time Points

To observe the features of the Env sequences from different time points, we further compared variable regions length and numbers of PNGS and the ratio of NXT:NXS from six time points as well as the Chinese B_database. The results showed that a shorter V1 region and fewer numbers of PNGS in V1 at the first five time points compared with those at 2009-12 time point and Chinese B_database (Figure 3). Heavily glycosylated V1V2 loop locates in the apex of Env spike were observed, and the loop can obstruct the exposure of co-receptor and CD4 binding sites (Wyatt et al., 1995; Rusert et al., 2011). In general, an increase of the length of V1V2 and the number of PNGS would help viruses escape autologous antibody neutralization and shield the more conserved domains associated with receptor binding (Van Gils et al., 2011; Wu et al., 2012). Our results were inconsistent with previous reports, as the length of theV1V2 loop was not significantly increased in the subject, after a HIV-1 infection over 10 years. Some studies considered that early HIV-1 variants with shorter variable V1V2 loop correlated with the development of later cross-reactive neutralizing activity (Rademeyer et al., 2007; van den Kerkhof et al., 2013). At the first four time points, the lower ratio of NXT:NXS indicated lower probability of glycosylation, combining with shorter V1 length and fewer PNGS may favor exposure of interior conservative epitopes on Env and the binding of the B cell receptor to interior epitopes.
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FIGURE 3. Comparisons of sequence length and glycan number between DRVI01 and Chinese B-database. Compared with that of Chinese B_database, the V1 region lengths of time points 07/2005, 10/2005, 04/2006, 03/2008, 05/2009 were significantly shorter (all P < 0.05); the V1 length of 12/2009 was the longest among six time points. As well, the glycan numbers in V1 of Chinese B_database and12/2009 were more than that of five time points (all P < 0.05). The V2 length of two time points in 2009 and Chinese B_database were slightly increased than that of the first four time points.



Increasing Env Diversity Consistent With the Development of A7 Antibodies

Co-evolution of the virus-antibody in the HIV infection lead to the induction and development of bNAbs, and Env diversification in contact residues of bNAbs preceded the development of the neutralization breadth (Liao et al., 2013; Bonsignori et al., 2016). Therefore, the characteristics of evolutionary modes of contact residues of gp120 and VRC01 in HIV infection could provide valuable insight in designing the sequential immunogens. Loop D plays an important role in the interaction of VRC01 and gp120, and recurrent mutations in loop D were found in VRC01-resistant viruses (Zhou et al., 2010; Li et al., 2011). By longitudinally tracking the evolution of Env from six time points, we found that the dominant variants presented more mutations in loop D at a later time point (Figure 4). Interestingly, the highest diversification of loop D was found at the 2006-04 time point, and the time coincided with the emergence of the A7 lineage, suggesting that the diversification of loop D could be associated with the induction of the A7 lineage. The CD4 binding loop was one of the critical contact regions of VRC01 and gp120. Mutations in this region could result in the loss of the capability of virus infection. In our study, the CD4 binding loop exhibited lower diversification, spanning all six time points. The V5/β24 loop was another contact region of VRC01 and gp120. Variants in the region were observed in the VRC01 resistant isolates (Zhou et al., 2010; Li et al., 2011). In line with our observation in loop D, most of the mutations in V5/β24 were focused in the tip of the V5 loop, and more diversification in V5 were found in the dominant variants at a later time point (Figure 4).
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FIGURE 4. Amino acid evolutionary modes located in the contact regions of gp120 and VRC01 including loop D (276–283), CD4 binding loop (364–374) and V5/β24 loop (458–467) in six time points (HXB2 numbering is indicated). Different amino acids sequences in three contact regions were sorted and denoted percentage in 155 Env sequences of six time points, and – (dashed) represents same residues with HXB2. The sequences were color coded as follows: black, June 2005; red, October 2005; yellow, 2006; green, 2008; blue, May 2009; purple, December 2009. The dominant variants presented more mutations in loop D at later time point, and the highest diversification of loop D was found at 2006-04 time point. CD4 binding loop exhibited lower diversification spanning all six time points, and more diversification in V5 was found in the dominant variants at later time point.



Altogether, three main contact regions of VRC01 and gp120 presented multiple mutations at all six time points. Higher residue variation at antibody recognition sites indicated that the viral and antibody evolution might lead to induction and maturation of A7 lineage antibodies.

Antibody-Based Selection Pressure Driving Ongoing Viral Evolution

Plasma from six time points of DRVI01 exhibited potent neutralization activity and can neutralize over 95% of viruses in a panel of 25 pseudoviruses (Kong et al., 2016). To observe the interaction between viruses and autologous plasmas, the neutralization sensitivity of the functional Env variants of five time points was measured against autologous plasma samples (Table 2). In line with a previous observation, autologous plasmas can potently neutralize viruses from earlier time points but cannot neutralize viruses from concurrent and later time points (Bunnik et al., 2008; Moore et al., 2009a,b; Wu et al., 2012). The results indicated that even a robust immune response can efficiently neutralize autologous viruses; HIV-1 managed to escape the neutralization of NAbs by mutations over time. Consistent with phylogenetic analysis, antibody-based selection pressure drove the ongoing viral evolution.

TABLE 2. Neutralization sensitivity of the Env pseudoviruses against autologous plasmas
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Neutralization Sensitivity of the Pseudoviruses Against the bNAbs Consistent With Variation in Critical Residues

The neutralization sensitivity of the Env pseudoviruses from different time points was tested against six bNAbs including PGT121, PGT135, 2G12, VRC01, 10E8, and12A21; and the mutations of critical residues in these bNAbs epitopes were analyzed for each Env variant (Table 3 and Supplementary Table 1). Almost all pseudoviruses were found to be resistant to VRC01 and 12A21, suggesting the presence of CD4bs antibodies pressure over the study period, which was consistent with the strong CD4bs antibodies specificity and isolation of a VRC01-class antibody A7 from the subject (Kong et al., 2016). Binding interface of VRC01 on gp120 largely located in Loop D, CD4 binding loop and V5/β24; viruses can abrogate VRC01-mediated neutralization by key residue mutations in these regions (Zhou et al., 2010; Li et al., 2011; Lynch et al., 2015). In our study, all the Env clones from DRVI01 presented mutations in the contact regions for VRC01, in particular, residues in loop D and the V5/β24 loop displayed continuous mutations (Supplementary Table 1).

TABLE 3. Neutralization sensitivity of the Env pseudoviruses against bNAbs and reconstituted A7 lineage antibodies
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It has been reported that single or combined mutations at position 279/281/282 were the common escape pathway of HIV-1 under immune pressure of VRC01-class antibodies (Li et al., 2011; Lynch et al., 2015). In our study, the 279E mutation was mainly observed at the first three time points, the position gradually shifted to E279K at later time points. Residues A281 was relatively constant at the first two time points, a mutation in position 281 emerged at the third time point, and the position was substituted to D/E/T in all of the isolates at three later time points. In contrast, a K282R mutation presented at the first two time points, the position K282 was relatively constant at the later four time points. Mutations and insertion within the V5/β24 loop were mainly observed in the tip of V5 loop, which had been considered to be unchangeable to neutralization sensitivity of VRC01. For Env clones from DRVI01, more substitutions and insertions in V5 loop were found at the later four time points with a trend of gradually increasing diversification over time. Almost all of Env clones presented a mutation N462T, and combined with N460 produced a PNGS, which may be a potential obstruction to the interaction between VRC01 and Env (Guo et al., 2012). Altogether, continuous mutations within loop D and the V5 loop resulted in viruses evasion from VRC01-class antibodies, more changes in loop D and the V5 loop were attended by the emergence of the A7 antibody, suggesting that the diversification in contact residues may be associated with the induction and development of A7 lineage antibodies.

In contrast, we found that almost all pseudoviruses were highly sensitive to PGT121, PGT135, 2G12, and 10E8 (most of IC50 < 0.5 μg/ml), which were consistent with the observed indistinguishable variants in critical residues of these bNAbs at different time points (Table 3 and Supplementary Table 1).

All Env Pseudoviruses Were Resistant to DRVIA7 Lineage Antibodies

DRVIA7(A7), a VRC01-like antibody, was isolated from the patient’s PBMC of 2009 time point. Longitudinal tracing of the B cell repertoires across 2006, 2008, and 2009 showed that the heavy chain of the antibody matured rapidly in 2 years, and the functional precursors of the A7 lineage heavy chain might emerge in 2006 (Kong et al., 2016). To search for the functional Env with the binding ability to the early stage A7 lineage, we tested neutralization sensitivity of Env pseudoviruses to five A7 lineage reconstituted antibodies. Our results showed that all of the Env pseudoviruses from DRVI01 were resistant to five A7 reconstituted antibodies (Table 3), which indicated that functional Env clones binding to the A7 lineage may be relatively rare. The results were consistent with the sequence analysis that all of the isolates from DRVI01 contained mutations in critical contact regions of VRC01 (Supplementary Table 1).



DISCUSSION

In a previous study, a VRC01-like antibody A7 was isolated from an HIV-1-infected individual with potent neutralization activity (Kong et al., 2016). Longitudinal analysis of B cell repertoires across 2006, 2008, and 2009 revealed that the A7 heavy chain rapidly matured within 2 years, reached peak in 2008, and declined in 2009 due to stalled light chain maturation. In this study, we isolated 155 full length Env sequences (including 68 functional Envs) from six sequential plasma samples of the patient, using SGA, to explore the characteristics of Env associated with A7 development.

Diversification of Env was associated with the induction and maturation of bNAbs, which provided a wealth of antigenic stimulation for the immune system, and increased the probability of activating B cell precursors of bNAbs (Wibmer et al., 2013; Doria-Rose et al., 2014; Bhiman et al., 2015). In the present study, although neutralization breadth had already reached a plateau in 2005 (Kong et al., 2016), the continuous evolution of NAbs was observed to be attended by an active mutation of the virus through six time points. Gene distance and phylogenetic analysis of gp160 sequences exhibited a trend of continuous evolution. Diversification of Env gradually increased from time point 2005-10, and diversification of Env in time points 2008-3, 2009-5, and 2009-12 was significantly higher than that of the first three time points, which was consistent with emergence of A7 lineage precursors in 2006. The results indicated a continuous active interaction between the virus and the immune system in the patient.

Sequence analysis showed a shorter V1 region, lower PNGS and a lower ratio of NXT:NXS in the first five time points compared with those in time point 2009-12 and the Chinese B_database. V1V2 loop locates in the apex of the functional Env spike, and displays high amino acid variability (Wyatt et al., 1995). HIV-1 may escape from neutralization by means of a conformational mask, glycan shield, and so on (Van Gils et al., 2011). Deletion of V1V2 loop or diminishing the glycan in V1V2 could increase the neutralization sensitivity of autologous plasma and NAbs, indicating that the V1V2 loop plays an important role in the shield of the vulnerability site of the Env spike (Cao et al., 1997; Pinter et al., 2004; Bontjer et al., 2009). The Virus could escape the neutralization of NAbs by increasing the length of the V1V2 loop and number of the glycan in V1V2 (Van Gils et al., 2011; Wu et al., 2012). Some studies observed a correlation between shorter V1, lower PNGS and the induction of bNAbs, which could be explained by reducing the shield in inner vulnerability sites of the Env spike (Rademeyer et al., 2007; Bunnik et al., 2010; van den Kerkhof et al., 2013). Env V1 mutations were found to be adjacent to contact residues for CD4 and VRC01, insertions in V1 would inhibit the access to the CD4bs in the trimer (Liao et al., 2013). A shorter V1 region and lower PNGS retaining at the first five time points from DRVI01 may favor the development of Nabs.

The development of bNAbs was shown to correlate with continuous mutations directly in or adjacent to the NAbs/Env contact region, which allowed sufficient somatic hypermutation of BCR and focuses the B-cell response to the conserved vulnerability sites on Env (Sather et al., 2009; Klein et al., 2012; Liao et al., 2013). Loop D, CD4 binding loop and V5 loop play important roles in VRC01 binding with gp120 (Zhou et al., 2010; Li et al., 2011; Lynch et al., 2015). In the study, longitudinally tracking the evolution of DRVI01 env genes showed that more mutations presented in loop D and V5 regions over the five time points. All 155 Env clones contained three PNGS in positions 276, 460, and 463, which could obstruct the binding of the germlines of VRC01-class antibodies with the Env spike (Li et al., 2011; Guo et al., 2012; Wang et al., 2015). Previous longitudinal tracing of the A7 lineage development inferred the birth date of the A7 precursor B cells shortly before time point 2006 (Kong et al., 2016), it could be postulated that the Env variants prior to that time point may activate the precursor B cells of A7 lineage, though it could not be isolated by SGA in our study. Additionally, we observed that the diversification and mutations in loop D and the V5 region began to arise from the 2006 time point, variants with different modes alternatively appeared over time. The results indicated that viruses escaping neutralization of VRC01-class antibodies, by means of mutating NAbs contact residues, could drive the breadth of NAbs.

The robust immune responses driving continuous escape mutants facilitated the development of bNAbs (Liao et al., 2013; Wibmer et al., 2013; Gao et al., 2014; Bonsignori et al., 2016). In the present study, neutralization sensitivity of the Env isolates against autologous plasma and a few well-known bNabs was analyzed to observe virus-antibody interactions. The plasma of DVRI01 presented potent and broad neutralization activity (Hu et al., 2012; Kong et al., 2016). As expected, almost all Env isolates from the patient escaped neutralization by concurrent autologous plasma. The results indicated that the strong autologous neutralizing selection pressure continuously drove the viruses to escape. Neutralization sensitivity of the Env pseudoviruses against a few bNAbs showed that all Env clones were VRC01-resistant, suggesting the presence of strong immune pressure from the VRC01-class antibodies in the patient. In contrast, PGT121, PGT135, 10E8, and 2G12 which target the glycans in the V3 region, MPER, and the glycans in outer gp120, respectively, could potently neutralize all Env clones, which were in line with the conserved critical residues of these bNAbs epitopes over the study period, indicating a lack of immune pressure of the above four bNAbs in the patient.

The functional Env clones binding germline precursors of bNAbs have been considered as potential virus strains initiating the development of bNAbs. In the present study, however, all Env pseudoviruses derived from DRVI01 plasma were proven to be neutralization-resistant toward the five reconstituted A7 lineage antibodies, suggesting that the virus strains associated with the development of the A7 lineage were not dominant. Our previous analysis of the germline gene usage also displayed that IgHV1-2, the germline family of DRVIA7 heavy chain, were significantly lower than IgHV4-34 and IgHV4-39 across the 2006, 2008, and 2009 time points, indicating that DRVIA7 did not constitute a major lineage within the repertoire (Kong et al., 2016). Dynamic antibody evolution revealed that A7 lineage precursors emerged in 2006, but all viruses isolated before 2006 were resistant to A7 lineage antibodies, suggesting that immune pressure of VRC01-class antibodies already presented prior to 2006. The results were consistent with an Env sequences analysis which showed many mutations already presented in loop D and V5 at the two 2005 time points. Therefore, the immune pressure of VRC01-class antibodies presented prior to the timeframe studied could result in failure in isolating the Env clones capable of binding A7 lineages.

In summary, we acquired 155 intact env sequences from a Chinese chronically HIV-1-infected individual with potent neutralization activity. Both the sequence and neutralization analysis showed that the gradually increasing diversification of the Env sequences was associated with the development of the A7 lineage; the robust neutralization activity of plasmas and the escaped mutants from autologous plasmas were consistent with more mutations in the contact region of Nabs, which suggests a continuous co-evolution of Env and Nabs. Additionally, sequences analysis observed a few characteristics that could facilitate the recognition of CD4bs antibodies, which contained shorter V1, lower PNGS and a ratio of NXT:NXS at the first five time points.

There were several limitations in the study. First, the subject DRVI01 was infected over 10 years, the early samples of infection were unavailable for the study. Second, the precursor of the heavy chain of the A7 lineage was inferred to emerge before 2006, but the unmutated common ancestor (UCA) had not been identified in previous studies. Third, we could not identify the Env variants capable of binding the A7 lineage antibodies.
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The human immunodeficiency virus-type 1 (HIV-1) subtype B has probably been circulating on the island of Hispaniola since the 1960s, but information about the early viral history on this Caribbean island is scarce. In this study, we reconstruct the dissemination dynamics of early divergent non-pandemic subtype B lineages (designated BCAR) on Hispaniola by analyzing a country-balanced dataset of HIV-1 BCAR pol sequences from Haiti (n = 103) and the Dominican Republic (n = 123). Phylogenetic analyses supported that BCAR strains from Haiti and the Dominican Republic were highly intermixed between each other, although the null hypothesis of completely random mixing was rejected. Bayesian phylogeographic analyses placed the ancestral BCAR virus in Haiti and the Dominican Republic with the same posterior probability support. These analyses estimate frequent viral transmissions between Haiti and the Dominican Republic since the early 1970s onwards, and the presence of local BCAR transmission networks in both countries before first AIDS cases was officially recognized. Demographic reconstructions point that the BCAR epidemic in Hispaniola grew exponentially until the 1990s. These findings support that the HIV-1 epidemics in Haiti and the Dominican Republic have been connected by a recurrent bidirectional viral flux since the initial phase, which poses a great challenge in tracing the geographic origin of the BCAR epidemic within Hispaniola using only genetic data. These data also reinforce the notion that prevention programs have successfully reduced the rate of new HIV-1 transmissions in Hispaniola since the end of the 1990s.

Keywords: HIV-1, subtype B, non-pandemic, origin, phylodynamics, Haiti, Dominican Republic


INTRODUCTION

The island of Hispaniola, shared by Haiti and the Dominican Republic, included in 2016 around 217,000 people living with the human immunodeficiency virus-type 1 (HIV-1), the etiologic agent of the acquired immunodeficiency syndrome (AIDS) (UNAIDS, 2013, 2017). Initially, AIDS cases recognized in Haiti (Pape et al., 1983) and the Dominican Republic (Koenig et al., 1987) mostly involved men who had sex with men, but these countries now have generalized epidemics predominantly driven by heterosexual sex (Figueroa, 2008). Despite the high HIV prevalence rates reported for the general population in Haiti (2.1%: 1.9–2.3%) and the Dominican Republic (1.0%: 0.7–1.4%) in 2016, significant declines of the HIV incidence rates were observed in both countries over the last decade (UNAIDS, 2013, 2017).

The HIV-1 epidemic in Hispaniola is dominated by subtype B (Nadai et al., 2009; Myers et al., 2012; Lopez et al., 2015). Genetic evidence suggests that the subtype B epidemic in Hispaniola, as in many other Caribbean countries, is mainly driven by the transmission of multiple early divergent non-pandemic subtype B lineages (designated “BCAR”), although the worldwide disseminated “BPANDEMIC” lineage also circulates (Cabello et al., 2014, 2015; Divino et al., 2016; Bello et al., 2018). The early dissemination dynamics of the HIV-1 subtype B epidemics between Haiti and the Dominican Republic remain largely unknown. Previous evolutionary analyses pointed that subtype B probably entered in the Americas through Haiti around the mid-1960s and then moved to other countries (Gilbert et al., 2007; Junqueira et al., 2011; Worobey et al., 2016), but no or very few (n < 15) subtype B sequences from the Dominican Republic were included in those studies. Another study with a large number of HIV-1 sequences from the Dominican Republic has shown that subtype B virus circulates in this country since the early 1960s (Lopez et al., 2015), a result comparable to the estimated age of the Haitian epidemic. This study, however, may have traced the age of the Haitian subtype B ancestor rather than of the Dominican one, given that it assumed that all subtype B infections in the Dominican Republic resulted from a single introduction and that the hypothesis of multiple independent viral introductions from Haiti was not formally tested.

The objective of this work was to reconstruct the early spatiotemporal dynamics of dissemination and demographic history of non-pandemic HIV-1 BCAR lineages on the island of Hispaniola and to estimate the current degree of geographic compartmentalization of the BCAR epidemic between Haiti and the Dominican Republic.



MATERIALS AND METHODS


HIV-1 Subtype B pol Haitian Sequences

A total of 127 new HIV-1 subtype B pol sequences covering the complete protease (PR) and the first part of the reverse transcriptase (RT) regions (nucleotides 2253 to 3275 of reference strain HXB2) were obtained from adult patients at Port-au-Prince, Haiti, who underwent HIV genotyping tests at the Virology Laboratory of the University Hospital of Martinique (Fort-de-France, Martinique) between 2009 and 2014. All patients provided written informed consent and samples were anonymized as recommended in the study protocol approved by the Comité National d’Ethique du Ministère de la Santé Publique et de la Population de Haiti (13/07/2009). Only one sequence per subject was selected and all sites associated with major antiretroviral drug resistance were removed.



HIV-1 Subtyping and Lineage Assignment

The subtype initially assigned to new Haitian sequences by the REGA HIV subtyping tool v.2 (de Oliveira et al., 2005) was confirmed by performing a maximum likelihood (ML) phylogenetic analysis with HIV-1 group M subtype reference sequences (Supplementary Table S1). We also tested for recombination using the Recombination Detection Program (RDP) v4.9 (Martin et al., 2005) with the default settings. Only statistically significant (p < 0.05) events supported by at least two methods were considered. HIV-1 subtype B pol sequences from Haiti were then aligned with subtype B sequences representative of the BPANDEMIC and the BCAR clades (Supplementary Table S2) selected from a previous study (Cabello et al., 2014) and subjected to ML phylogenetic analysis for lineage classification. The ML trees were reconstructed with the PhyML program (Guindon et al., 2010) using an online web server (Guindon et al., 2005) under the best fit nucleotide substitution model selected with the SMS tool (Lefort et al., 2017), the SPR branch-swapping algorithm of heuristic tree search, and the approximate likelihood-ratio test (aLRT) (Anisimova and Gascuel, 2006) of reliability tree topology. The ML trees were visualized using the FigTree v1.4 program (Rambaut, 2009).



Analysis of Population Subdivision by Country

The HIV-1 BCAR pol sequences from Haiti identified here were aligned with BCAR sequences from Haiti (n = 12) and the Dominican Republic (n = 123) previously characterized (Cabello et al., 2014). A Bayesian phylogenetic tree of the BCAR dataset from Hispaniola was reconstructed under the best-fit nucleotide substitution model (GTR + I + G) using the MrBayes program (Ronquist et al., 2012). Two chains were run for 25 × 106 generations, and stationarity (constant mean and variance of trace plots) and good mixing (effective sample size > 200) for all parameter estimates were assessed using TRACER v1.7 (Rambaut et al., 2018). The degree of phylogenetic mixing of BCAR sequences obtained from both countries was then quantified using the BaTS program (Parker et al., 2008), which estimates phylogeny-trait associations using the Association Index (AI) (Wang et al., 2001), the Parsimony Score (PS) (Wang et al., 2001), and the maximum clade (MC) statistics. Results were considered significant for p < 0.01.



Phylodynamic Analyses

The evolutionary rate, the age of the most recent common ancestor (TMRCA), the spatial diffusion pattern, and the rate of population growth (r, year−1) of BCAR lineages in Hispaniola were jointly estimated using a Bayesian Markov Chain Monte Carlo (MCMC) approach implemented in BEAST v1.8 (Drummond et al., 2002; Drummond and Rambaut, 2007). Regression analyses using the TempEst program (Rambaut et al., 2016) revealed that the BCAR pol dataset compiled here did not contain a sufficient temporal signal for reliable time-scale estimations [X-intercept (TMRCA) < 1910]. Thus, Bayesian MCMC analyses were performed using a relaxed uncorrelated lognormal molecular clock model (Drummond et al., 2006) with a uniform prior distribution on the substitution rate (1.7–3.0 × 10−3 subst./site/year), based on previous estimates (Hue et al., 2005; Zehender et al., 2010; Chen et al., 2011; Mendoza et al., 2014). Migration events were reconstructed using a reversible discrete phylogeographic model (Lemey et al., 2009) with a CTMC rate reference prior (Ferreira and Suchard, 2008). The number of location transitions (viral migrations between countries) throughout the evolutionary history was estimated using Markov jump counts (O’Brien et al., 2009). Changes in effective population size through time (Ne) were estimated using the non-parametric Bayesian skyline (BSKL) (Drummond et al., 2005) and Bayesian Skygrid (BSKG) (Gill et al., 2013) models. Estimates of the r were obtained under the best-fit parametric model selected using the log marginal likelihood estimation (MLE) based on the generalized stepping-stone sampling (GSS) method (Baele et al., 2016). Six MCMC chains were run for 200 million generations and then combined to ensure stationarity and good mixing as described above. The MC credibility (MCC) tree was summarized with TreeAnnotator v1.8 and visualized using the FigTree v1.4 program.



Statistical Analyses

Gender and age group of Haitian individuals infected with different subtype B lineages were compared using Fisher’s exact test or χ2 implemented in Stata 13 software. Statistical significance was defined as p < 0.05.




RESULTS

All new HIV-1 pol sequences from Haiti obtained here (n = 127) were confirmed as non-recombinant subtype B by ML phylogenetic analysis (Supplementary Figure S1) and RDP recombination analysis (data not shown). The HIV-1 subtype B Haitian sequences were combined with viral strains representative of the BCAR diversity in different Caribbean islands (n = 200) and of the BPANDEMIC diversity in the US and France (n = 300) (Supplementary Table S2) as previously characterized (Cabello et al., 2014). The ML phylogenetic analysis revealed that most subtype B Haitian sequences (n = 91, 72%) were intermixed among basal non-pandemic BCAR lineages, whereas the remaining ones (n = 36, 28%) branched within the well-supported (aLRT = 0.89) BPANDEMIC clade (Figure 1). Analysis of the epidemiological characteristics of Haitian subjects showed that both BCAR and BPANDEMIC viral lineages circulated among males and females of different age groups (Supplementary Table S3). No significant differences were observed in the frequency of subtype B lineages according to gender (p = 0.82) or age group (p = 0.45), although subjects infected with BCAR strains had a relative younger mean age (36.0 years) as compared with those infected with the BPANDEMIC clade (40.1 years) (p = 0.03).
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FIGURE 1. Classification of the HIV-1 subtype B sequences from Haiti among pandemic (BPANDEMIC) and non-pandemic (BCAR) lineages. ML phylogenetic tree of HIV-1 subtype B pol sequences (~1,000 nt) from Haiti (n = 127; green tips) together with representative sequences of the BPANDEMIC (US = 165, France = 135; gray tips) and the BCAR (Caribbean = 200; black tips) lineages. Node support (aLRT) for subtype B and BPANDEMIC monophyletic groups are indicated. Shaded boxes highlight the position of the BCAR and BPANDEMIC lineages. Tree was rooted using HIV-1 subtype D reference sequences (red tips). The branch lengths are drawn to scale with the bar at the bottom indicating nucleotide substitutions per site.
 

A closer inspection of the phylogenetic relationship among BCAR sequences confirm that sequences from Haiti and the Dominican Republic were highly intermixed with each other and are usually basal to sequences from other Caribbean islands (Supplementary Figure S2). Most sequences from other well-sampled islands like Jamaica and Trinidad and Tobago, by contrast, branched in country-specific subclades that were nested within the Hispaniola BCAR diversity. Very few sequences from Hispaniola (<1%) branched within Trinidadian and Jamaican clusters, confirming that most BCAR infections in Hispaniola resulted from internal viral dissemination and not from re-introductions of viral strains from other Caribbean islands. To investigate the phylogeographic structure of the HIV-1 epidemic within Hispaniola, BCAR pol sequences from Haiti here identified (n = 91) were combined with Haitian (n = 12) and Dominican (n = 123) BCAR pol sequences identified in a previous study (Cabello et al., 2014) and analyzed using BaTS. Analyses of population subdivision rejected the null hypothesis of panmixis (i.e., complete intermixing of sequences from Haiti and the Dominican Republic) (Supplementary Table S4), demonstrating that despite frequent viral intermixing between both countries, the geographic subdivision of the HIV-1 BCAR sequences from Hispaniola was greater than expected by chance.

The same dataset of BCAR pol sequences from Haiti (n = 103) and the Dominican Republic (n = 123) was then subjected to Bayesian phylogeographic analyses. Reconstruction of the spatiotemporal dissemination dynamic traced the TMRCA for the HIV-1 BCAR epidemic in Hispaniola at 1967 (95% HPD: 1961–1972), but failed to uncover its precise epicenter (Figure 2). After combining six independent Bayesian MCMC runs, the root location of the HIV-1 BCAR ancestor in Hispaniola was traced with equal probability [posterior state probability (PSP) = 0.50] to Haiti and to the Dominican Republic. The difficulty to trace the location of the BCAR root into a single country was also evidenced when the results obtained from independent Bayesian MCMC runs were visualized separately (Supplementary Table S5). Quantification of BCAR flux between countries using Markov jump counts support a mean of 18 viral migrations from Haiti to the Dominican Republic and 9 viral migration events from the Dominican Republic to Haiti. These viral migrations started in the early 1970s and were homogenously distributed between the mid-1970s and the mid-2000s (Supplementary Figure S3). The Bayesian phylogeographic analysis also revealed 20 country-specific (14 Dominican and 6 Haitian) BCAR monophyletic subclades with relative high node support [posterior probability (PP) > 0.70] (Figure 2). The Dominican BCAR subclades mostly arose between the mid-1970s and the early 1980s (Supplementary Table S6) and together comprised 55% (n = 68) of BCAR sequences from the country.


[image: image]

FIGURE 2. Spatiotemporal dissemination of HIV-1 BCAR lineages in Hispaniola. Time-scaled Bayesian MCC tree of HIV-1 BCAR pol sequences from Haiti (n = 103) and the Dominican Republic (n = 123) combined with subtype D reference sequences from the Democratic Republic of Congo (DRC; n = 10). Branches are colored according to the most probable location state of their descendent nodes as indicated in the legend on the left. Shaded boxes highlight the position of BCAR clades only composed by sequences from Haiti or the Dominican Republic (identified by numbers) and that displayed both high clade (PP ≥ 0.70) and location state (PSP ≥ 0.90) node supports. Circles at internal nodes are colored according to the corresponding PP node support as indicated in the legend on the left. Branch lengths are depicted in units of time (years). The tree was rooted under the assumption of a relaxed molecular clock.
 

HIV-1 BCAR sequences from Haiti (n = 103) and the Dominican Republic (n = 123) were finally used to reconstruct the demographic history of this viral epidemic in Hispaniola. Reconstruction of population dynamics with the BSKL coalescent-based model suggested that the BCAR epidemic in Hispaniola experienced an initial phase of fast exponential growth until the beginning of the 1990s, followed by a stabilization of the Ne (Figure 3A). The BSKG model, however, supported a longer exponential growth phase until the late 1990s, followed by an epidemic decline that extended until the most recent coalescent event around the mid-2000s (Figure 3B). The UNAIDS epidemiological data, in agreement with the BSKG model, indicate a growth in the number of new HIV infections in Hispaniola until the early 2000s and a subsequent phase of decline extending until the most recent date (Figure 3C). To estimate the growth rate of the BCAR epidemic at the initial phase, three parametric coalescent models (logistic, exponential, and expansion) were compared. According to the best-fit logistic growth coalescent model (Supplementary Table S7), the mean growth rate of the BCAR epidemic during the first decades of expansion in Hispaniola was 0.50 (95% HPD: 0.37–0.65).
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FIGURE 3. Population and epidemiological dynamics of the HIV-1 BCAR epidemic in Hispaniola. (A,B) Plots showing the median (solid blue lines) and the 95% HPD intervals (dashed blue areas) estimates of the effective number of HIV-1 BCAR infections (Ne, y axis) along time (years, x axis) in Hispaniola under the BSKL and BSKG models. The median Ne estimates provided by the logistic growth (LG) parametric model (dark gray line) and their 95% HPD (pale gray area) are co-plotted in both graphics. (C) Plot summarizing the number of new HIV cases in adult (>15 years old) populations from Haiti and the Dominican Republic according to the UNAIDS estimations (http://aidsinfo.unaids.org/). The dashed vertical lines indicate the time of the last coalescent event.
 



DISCUSSION

This study confirms that the HIV-1 subtype B epidemic in Haiti is mostly driven by dissemination of early divergent non-pandemic BCAR lineages (Cabello et al., 2014). The relative prevalence of BCAR lineages among HIV-1 subtype B infections in Haiti (72%) closely matches that estimated in the neighboring Dominican Republic (74%) (Cabello et al., 2014). Together, Haiti and the Dominican Republic host the largest population (~160,000 people) of BCAR-infected individuals in the Americas. Our results reveal a high degree of phylogenetic intermixing of the HIV-1 BCAR sequences from Haiti and the Dominican Republic, consistent with the historical intense cross-border population mobility (Cohen, 2006; Rojas et al., 2011), but also support some level of geographic structure within Hispaniola. We estimate that nearly 55% of BCAR infections in the Dominican Republic probably occurred within local transmission networks.

Previous evolutionary analyses (Gilbert et al., 2007; Junqueira et al., 2011; Worobey et al., 2016) support that the HIV-1 subtype B arrived in Haiti earlier than in any other American country. Here, we tested the hypothesis of the Haitian origin of subtype B epidemic by using for the first time a geographically balanced HIV-1 BCAR dataset of Haitian (n = 103) and Dominican (n = 123) sequences. Our Bayesian phylogeographic analysis traced the root location of the BCAR epidemic into Haiti and the Dominican Republic with the same posterior probability. This result revealed the complexity to uncover the geographic origin of the subtype B epidemic within Hispaniola by using only genetic data, probably due to the continuous cross-border viral movements between countries since the very early epidemic times. Thus, integration of non-genetic information (such as HIV incidence and prevalence data and human flows) into phylogeographic inference (Graf et al., 2015) would be probably indispensable to resolve the precise location of the HIV-1 BCAR ancestor within Hispaniola.

Although phylogeographic analyses conducted here support the Haitian or Dominican origin of subtype B with the same probability, some epidemiological and historical data favor the Haitian origin hypothesis. The first AIDS cases were recognized in Haiti (1978–1979) a few years before those of the Dominican Republic (1983) and, by the early 1980s, HIV seroprevalence among Haitians was higher than among Dominicans (Pape et al., 1983; Koenig et al., 1987). Furthermore, the estimated TMRCA of the BCAR ancestor at around the late 1960s coincides with the return of Haitian professionals from the Democratic Republic of Congo (Gilbert et al., 2007), a country with an established HIV epidemic by that time (Worobey et al., 2008). By contrast, we found no similar historical link supporting relevant human flows between the Dominican Republic and the Democratic Republic of Congo during the 1960s.

Some epidemiological studies suggested that HIV-1 transmission between populations in Haiti and the Dominican Republic was uncommon during the early years and that tourists were the most likely source of first virus transmissions to Dominicans (Pape et al., 1983; Koenig et al., 1987). Our phylogeographic analysis, however, supports that HIV-1 BCAR strains have been disseminated between Haiti and the Dominican Republic since the early 1970s and that several BCAR transmission networks were already established in the Dominican Republic by mid-1970s, nearly a decade before the first AIDS cases were officially recognized in the country. The overall time scale here obtained for the BCAR epidemic is fully consistent with that recovered in previous studies (Gilbert et al., 2007; Junqueira et al., 2011; Cabello et al., 2014; Worobey et al., 2016), supporting the reliability of our TMRCA estimates. These results clearly indicate that HIV-1 BCAR strains have been disseminated between Haitian and Dominican populations quite frequently since the early 1970s onwards.

While the BSKL model supports a stabilization of the BCAR epidemic in Hispaniola from the early 1990s onwards, the BSKG reconstruction supports a sustained expansion until the late 1990s and a subsequent decline until the most recent coalescent event. The pattern here recovered by the BSKG model is consistent with the reported decline in HIV incidence in Haiti and the Dominican Republic since the late 1990s (UNAIDS, 2013, 2017), which is likely partially driven by changes in sexual behavior since the mid-1990s (Halperin et al., 2009). This finding is in agreement with previous studies that described that the BSKG model may uncover some aspects of the population history undetected by other Bayesian models (Gill et al., 2013; Mir et al., 2018). The mean growth rate estimated here for the BCAR epidemic in Hispaniola during the first decades (0.50 year−1) is similar to those estimated for BCAR and BPANDEMIC lineages spreading in American countries with generalized heterosexual epidemics (0.35–0.45 year−1) (Cabello et al., 2014; Mendoza et al., 2014; Mir et al., 2015; Bello et al., 2018).

A drawback to consider in our study is the relative small size of our sample. According to the UNAIDS, the number of people living with HIV was estimated at around 150,000 in Haiti and 67,000 in the Dominican Republic in 2017. Assuming that 70–75% of those infections probably correspond to BCAR viruses, a very small fraction (<1%) of BCAR-infected people living in those countries was included in our study. This low sampling density does not provide adequate power to assess HIV-1 clustering in generalized epidemics and could produce misleading results (Novitsky et al., 2014). The second limitation of our study is the lack of meta-data (such as city of origin, age, sex, or potential risk behavior) for most of the HIV-infected individuals included in our analysis, avoiding the identification of trends between individuals linked within the same local cluster. Finally, it is unclear whether our sample truly represents the whole diversity of HIV-1 BCAR in Haiti because most Haitian individuals here analyzed were from the capital city (Port-au-Prince).

In summary, this study highlights that the HIV-1 epidemic in Haiti is mainly driven by dissemination of early divergent non-pandemic BCAR strains. Our findings revealed that the HIV-1 BCAR epidemics in Haiti and the Dominican Republic are highly connected by intensive bidirectional viral dispersal since the early 1970s and that local BCAR transmission was already established in both countries when the first AIDS cases were officially recognized. Despite the use of a geographically balanced BCAR dataset, probabilistic Bayesian phylogeographic models cannot uncover the root of the subtype B epidemic in Hispaniola by using only genetic sequence information. Our findings support that both national and bi-national coordinated prevention measures are necessary to further control the HIV-1 dissemination in Haiti and the Dominican Republic.
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Median age [years (IQR')]
Gender (N, %)
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Female

Transmission risk group
(N, %)

Heterosexuals

MsSm*

PWID®

Other/unknown

Spanish autonomous
community of sampling
(N, %)

Andalusia

Madrid

Valencia

Catalonia

La Rioja

Navarre

Basque Country

Balearic Islands

Galicia

Canary Islands

Total (N, %)

Total population

35.6 (29.3-43.6)

233 (58.8)
163 (41.2)

158 (39.9)
62 (15.7)
1(0.2)

175 (44.2)

240 (60.6)
76 (19.2)
22 (5.6)

1(0.2)
396 (100)

Subset of the total

population

36.2 (29.4-43.6)°

230 (58.8)
161 (41.2)

156 (39.9)
60 (15.4)
1(0.2)
174 (44.5)

1(0.2)
391 (100)

"IQR, interquartile range; N = 313 (of 396 individuals); N = 309 (of 391
individuals); *MSM, men having sex with men; °PWID, people who inject drugs.
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Other/unknown
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sampling
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Canary Islands

Odds ratio

1.01
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1.04
0.45
0.48
0.47
1.19
0.33
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95% Conf.
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- ==

= =

<

P-value

0.506

0.732

<0.001

0.153

0.749
0.948
0.152
0.299
0.277
0.823
0.381

The model was fit to a subset of the original data (N = 391), consisting of 304
complete observations. *Reference category: TMSM, men having sex with men;
2PWID, people who inject drugs.
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Age at diagnosis [years]
Median [IQR] (r)

Year of diagnosis
Median [IGR] ()

Country of origin [%; ()]
Italy

Cote d'Avoire

United Kingdom

Unknown

Modality of transmission
Men-who-have-sex-with-men
Other

Unknown

©D4 count*[cell/ul]

Median [IGR] (r)

PVL at sequencing [copies/mL]
Median [IGR] (r)

Time from seroconversion [%; (n)]
Seroconversion within 12 month
Chronic

Estimated age of infection**[%; (n)]
<1 year

>1 year

*At the time of sequencing; **As in Kouyos et

CRF60_BC
(Monno etal., 2012)
(n=24)

100 (24)

917 22)
83(2)

25 [25-25)24)

2010 [2010-2011)(24)

100 (24)

83.3 (20)
167 (4)

4655
[393.3-659.5](24)

7,700
3.150-32,500}(24)

54.5(6)
455(5)

75(18)
25(6)

(2011

CRF60_BC new
from Apulia
(n=27)

100 (27)

100 (27)

26 (22.5-29](27)

2013
[2012-2015](27)

100 (27)

926 (25)
37(1)
37(1)

[420-672.5)27)

8,000
[4.700-26,000](27)

60 (6)
40 (4)

77.8(21)
222(6)

CRF60_BC new
outside Apulia
(n=27)

81.4(22)
148 (4)

25 [25-34.5](12)

20185
[2013-2014](11)

59.2 (16)
37(1)
37(1)
333(9)

40.7 (1)
37(1)

55.5(15)

570 [467-637](13)

24,197 [7,528-
56,582.5((12)

66.7 (2)
383 (1)

407 (1)
59.3 (16)
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Patient

1-HI

2-HI*
3-HI

4-Hl

5-HI

6-HI

8-HI

11-HI
12-HI
13-HI
14-HI
15-HI
16-HI
17-HI
18-HI
19-HI
20-HI
21-HI
22-HI
23-HI
26-HI
27-HI
28-HI
29-HI

Subtype/
URF

HAART
Regimen

AZT+3TC+NVP
AZT+3TC+EFV
TOF4+3TC+EFV
TDF4+3TC+EFV
AZT+3TC+ATV
AZT+3TC+ATV/r
TDF4+3TC+EFV
TOF+3TC+EFV
TDF4+3TC+EFV
TDF4+3TC+EFV
AZT+3TC+LPV/r
TDF4+3TC+EFV
AZT+3TC+FPV/r
AZT+3TC+ATV/r
TOF4+3TC+EFV
AZT+3TC+EFV
TOF+3TC+EFV
TDF+EFV+FTC
TDF4+3TC+EFV
TDF+3TC+EFV
TDF4+3TC+EFV
TDF+3TC+EFV
TDF4+3TC+EFV
TOF+3TC+EFV

#The near full-length genomes are represented in bold.

Patient

31-HI
32-HI

2-HU-UFRJ

3-HU-UFRJ
4-HU-UFRJ
6-HU-UFRJ
7-HU-UFRJ
9-HU-UFRJ
10-HU-UFRJ
12-HU-UFRJ
1-HU-FURG
2-HU-FURG
3-HU-FURG
6-HU-FURG
7-HU-FURG
8-HU-FURG
10-HU-FURG
12-HU-FURG
13-HU-FURG
14-HU-FURG
16-HU-FURG
17-HU-FURG
18-HU-FURG
20-HU-FURG

Subtype/
URF

HAART
Regimen

TDF+3TC+EFV
TDF+3TC+EFV
TDF+3TC+EFV
AZT+3TCHEFV
AZT+3TCHEFV
AZT+3TCH+EFV
AZT+3TCHEFV
AZT+3TC+AZT/r
TDF+3TC+EFV
TDF+3TC+EFV
TOF+3TC+EFV
TDF+3TC+EFV
AZT+3TCH+EFV
TOF+3TC+AZT/r
TDF+3TC+DRV/r
TDF+3TC+ATV
TDF+3TC+EFV
TDF+3TC+EFV
TDF+3TC+EFV
AZT+3TC+AZT/r
TDF+3TC+EFV
AZT+3TC+LPV/r
TDF+3TC+EFV
TDF+3TC+EFV





OPS/images/fmicb-10-00749/fmicb-10-00749-t001.jpg
Characteristic

Males (%)

Age (years)

(median; IQRs0)

Median baseline CD4+ T-cell counts
(cells/mm?®; IQRs0)

Median baseline D8+ T-cell counts
(cells/mm?; IQRso)

Median time since HIV diagnosis
(years; IQRso)

Median time from HIV diagnosis to start of ARV treatment

(years; IQRso)
Median treatment time
(years; IQRso)

TInformation available for only two patients (1201 and 1033 cells/mmq). 2Data based on 31 patients. NA, information not available. IQRso, interquartile range.

HI HU- UFRJ
(n=32) (h=12)
24 (75%) 8(67%)
3 435
(31.5-45.25) (@1-52)
7125 1471
(606.5-856)
657.5 NA
(529-1047.25)
a7 133
(89-6.5) @.7-148)
1.2 1.7
0.6-2.82 (0.1-5.3)
3.1 9.34
(2.4-39) “6-11.4)

HU-FURG
(n =40)

15 (38%)
43
(85-49.5)
7805
(680.75-938.5)
848
(750.5-1053)
483
(2.42-10.9)
088
(025-3.2)
383
(@2-4.77)
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Technical negative control
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Qt Q2 Q2
3 0.16 0.043 0.14 10
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Specimen Country  HIVgroupor Viralload Library Library Total  HIVreads

Msubtype  (Logso)  input type. reads
(copies)

45916 Cameroon  HIV-1CRFO2 531 41345 SSllxGen 8303330 8,043,055
A1699  Cameroon  HIV-1F2 5.04 21587 HIVSMARTxGen 5380619 5,336,115
A1786  Cameroon  HIV-1G 473 10573 HIVSMARTxGen 108242 93856
8128065F  South HIV-1C 450 6226 HIVSMARTxXGen 243571 282511

Afiica
144267 Cameroon  HIV-AG 4038 2110 HIVSMARTxGen 247,845 219,844
A1185  Cameroon  HIV-1 CRFO1 387 1450  HIVSMARTxGen 96320 69,459
5056135  Senegal HIV-1C 367 921 HVSMARTxGen 517,740 454,502
57727t Cameroon  HI-1A 367 921 HIVSMARTxGen 111,404 94008
42-877 Uganda HIV-1D 366 900  HIVSMARTxGen 313662 279,983
112-11%  Cameroon  HIV-1 F2 363 840  HIVSMARTxGen 204740 158815
Pa142 DRC HIV-1 At 329 383 HIVSMARTxGen 814501 24
2528 DRC HIV-1 A1 3.26 358 HIV SMART-xGen 563,492 0
PBS70- DRC HIV-1 At 324 342 HIVSMARTxGen 1322 0
233
PBS369- DRC HIV-1 At 3.18 297 HIVSMARTxGen 947,145 30
87
47517 Cameroon HIV-1 A 3.00 262 HIVSMARTxGen 288092 1758
669-17  Cameroon  HIV-1CRF22 293 172 SSlil-xGen 119,116 38,654
129268 Cameroon  HIV-1 D 282 173 HIVSMARTxGen 441846 40,680
84455  Cameroon  HIV-1B/02 277 155 HIVSMARTxGen 224916 2,542
5020-19  Cameroon  HIV-1C 276 151 HIVSMARTxGen 602884 1,444
4188-11 Cameroon  HIV-1 CRF11 275 148 HIV SMART-xGen 702,804 516
10047105267 Thailand HIV-1 CRFO1 272 138 HIV SMART-xGen 893,628 149,379
193-6 Cameroon  HIV-1A 265 117 HIVSMARTxGen 370450 496
961-00% Cameroon  HIV-1 CRF37 243 4l HIV SMART-xGen 229,794 197
363241 Cameroon  HIV-1 CRF13 nd na  HVSMARTxGen 133,832 117,148
1173-31 Cameroon HIV-1 CRF37 nd n/a HIV SMART-xGen 51,448 38,288
9505343F  Senegal  HIV-1 CRF06 nd na  HVSMARTxGen 99,834 37,446
814-43t ‘Cameroon HIV-1 URF nd n/a HIV SMART-xGen 486,500 438,989
7708 Cameroon  HIV-1 URF nd na  HIVSMARTxGen 5,649,660 5,605,300
AB260T  Cameroon  HIV-1 group O nd na  HIVSMARTxGen 8,587,083 7,390,731
296 Cameroon  HIV-1 group O nd na Sslli-xGen 17,777,038 17,243,456
10808 Cameroon  HIV-1 group O nd n/a SSll-xGen 115400 8312
1095-04  Cameroon  HIV-1 group O nd n/a SSll-xGen 255480 77,095
122551 Cameroon  HIV-1 group O nd n/a SSllxGen 1,067,940 805,255
126-12  Cameroon  HIV-1 group O nd n/a SSll-xGen 284,826 46,947
20-02 Cameroon  HIV-1 group O nd na SSll-xGen 308604 174,250
136-16  Cameroon  HIV-2 group B nd n/a SSll-xGen 6,068 2,922

" Genome completed (100%) with Sanger.
* Genome coverage increased with Sanger but still incomplete.

% HIV
reads

96.87
90.17
86.71
95.46

88.70
T2,
87.79
84.38
89.26
7187
0.29

0

0

0.31

0.74
32.45
9.21
1.13
0.24
0.07
16.72
0.13
0.09
87.53
74.42
37.51
90.42
99.21
86.07
97.00
7.20
30.18
75.40
16.48
56.45
48.15

‘Genome

Avg

coveraged% coverage

100
100
83
95

93
79
100
79
100

20
51
53
18
12
12
42
14
10
85
n
91
93
100
%
100
22
52
100
56
%
75

depth

108,492.77
70,686.38
1,247.45
3,017.97

2,941.81
940.92
6,237.01
127821
3,820.33
2,236.33
0.34
o
o

0.42

21.24
500.50
579.49

28.16

6.80
5.58
2,126.61
3.37
1.45
1,478.12
524.27
484.82
5,872.10
74,539.08
80,634.90
220,976.08
119.92
972.67
9,803.67
483.94
2,183.30
36.03

Standard
deviation

214,888.09
117,687.56
2,496.38
8,065.69

4,593.91
2,784.90
9,850.11
3,069.71
5,495.33
3,634.36
0.70
o
0

1.13

73.91
1584.65
2,232.28
121.64
60.30
22.09
10,928.35
14.69
9.31
4,140.94
1,836.32
945.49
11,973.02
135,007.96
117,442.21
354,818.32
422.06
4,214.80
16,268.08
1,313.88
3,462.81
47.93
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Specimen
D

8119636

02-421-10

PBS1342"

PBS1191

PBS888

70641
PBS5635T
P40s

PBS1189%

sot

87-2580"
PBS6126

2049%

PBSO724*

PBS1196

2106
P4039

P3844

“Previously published data reported in Berg et al. (2016).
¥ Genome completed (100%) with Sanger.

Country

Cameroon

Cameroon

Senegal

South
Africa

Cameroon

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

DRC

Group or
M

subtype

HIV-10

HIV-1N

HIV-2A

HIV-1C

HIV-1
CRF02

HIV-1 URF

HIV-1 A1

HIV-1D

HV-1G

HIV-1F1

HIV-1 A1
basal

HV-1G

HIV-1 A1

HIV-1
CRF37
basal

HIV-1A1

HIV-1 A2

HIV-1 A1

HIV-1 A1

HIV-1K

Viral
Load

8.08

761

6.95

5.62

5.78

5.31

521

4.98

4.96

485

4.67

431

4.02

3.77

3.76

3.58

4.67

Input

copy no.

8019

20667

nt

7333

28356

8870

85260

643

6177

3830

*Genome coverage increased with Sanger but stillincomplete.

Library type

*HIV-SMART
SSlil-xGen
*HIV-SMART
SSlll-xGen
“Ovation single cell
ssii
SSlll-xGen
*HIV-SMART

sslll
SSlli-xGen
*HIV-SMART

ssii
SSlll-xGen
HIV-SMART
HIV-SMART-xGen
sslll
SSlli-xGen
HIV-SMART
HIV-SMART-xGen
ssii
SSlli-xGen
HIV-SMART
HIV-SMART-xGen
ssii
SSlll-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART

HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART

HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART

HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen
HIV-SMART
HIV-SMART-xGen

Total
reads

1,336,488
1,477,954
1,664,286
2,033,250
3,029,490
37,384
342,284
5,446,060

586,936
400,458
1,418,404

412,134
9,776
662,360
691,384
3,432,778
786,548
411,612
2,156,988
1,276,656
3,068,286
1,037,832
2,172,982
4,632,564
1,699,092
1,361,666
9,759,614
1,256,489
574,273
2,206,004
1,238,978
1,978,086
522,902
1,662,501

237,883
2,200,708
529,218
149,709
28,606
2,720,263

10,689,440
107,044
2,010,039
605,867

85,628
1,664,865
1,356,794

419,163
398,324

37,076

1,883,082

HIV reads

50,865
1,436,992
155,741
2,020,867
40,402
162
331,623
367,224

15800
393,350
42,153

80
7,131
3511

669,074
1,005
747,840
2,067
1,504,919
306
3,313,601
208
1,880,055
257
925,860
51,646
9,158,341
12,653
522,043
4,676
629,912
2,260
463,644
1,731

218,072
5,741
221,335
1156
11,644
1,677

9,321,568
1
1,061,113
51

45,233
598
1,054,751
132
228,302
7
992,447

% HIV
reads

3.80
97.23
10.00
99.39

1.33

0.41
96.89

6.74

2.69
98.23
297

0.02
72.94
053
96.77
003
95.07
0.50
69.77
0.02
83.50
0.02
86.52
0.01
54.49
3.79
93.84
101
90.91
0.20
50.84
0.1
88.67
0.10

91.67
0.26
41.82
0.08
40.70
0.06

87.20
0.00
52.79
0.01

52.83
0.04
77.80
0.03
57.32
0.02
52.7

Genome

coverage% coverage

100
100
100
100
100
72

100

100
61

37
82
86

88

97
51
100
45
96
56
100
54
96

388888

82
86

96
96
9
100
73

100
80
100
kal
100

97

Avg.
depth

986
14,576
3,422
22,538
573.43

3,400
6,481

156
4,042
1,201

4
78
19

8,673
1
8,746
7
17,823
2
36,912
2
25,171
2
10,689
947
193,337
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Characteristic Local outbreak Other (n = 106) Univariate logistic Multivariate logistic

(n=191) regression regression
OR (95% CI) p OR (95% CI) P
AIDS Reference Laboratory (% (n)]
Antwerp 61.3(117) 18.9 (20) 6.80 (3.86-11.99) <0.0001
Brussels 16.7 (32) 59.4 (63) 0.14 (0.08-0.24) < 00001
Leuven 17.3(33) 47(5) 422 (1.59-11.16) 0.0037
Ghent 47@© 17.0(18) 0.24 (0.10-0.56) 0.0009
Region [% (1))
Flanders 833 (159) 40,6 (43) 7.28(4.23-12.53) <0.0001
Gender (% (n))
Male 97.4 (186) 415 (44) 52.42 (19.90-138.08) < 00001
Age at diagnosis [years)
Median (IQR) 3429, 41] (190) 3427, 40] (92) 1.03 (1.00-1.06) 0.0343
Diagnosis date [dd-mm-yyyy]
Median [IQR] (n) 09-05-2012 24-1-2008 1.33 (1.23-1.45) <0.0001
[21-08-2010, [8-4-2002,
23-11-2013] (190) 31-10-2011) (92)
Infection stage at diagnosis (% ()
Acute 10.1(16/158) 2.2(1/45) 4.96 (0.64-38.45) 0.1256
Recent 52.5(83/158) 13.3 (6/45) 7.19 (2.88-17.95) <0.0001
Chronic 37.4 (59/158) 84.5(38/45) 0.11 (0.05-0.26) < 00001
Unknown 17.2(39) 57.5(61)
Country of birth [% (1)
Belgium 77.8 (123/158) 22.5(18/80) 12.10 (6.35-23.08) <0.0001 2.01 (1.06- 0.0316
Other 22.2 (35/158) 77.5 (62/80) 3.78)
Unknown 17.2(39) 24.5(26)
Probable country of infection [% (n)]
Belgium 95.2 (120/126) 42.9 (18/42) 26.67 (9.59-74.15) <0.0001
Other 4.8(6/126) 57.1 (24/42)
Unknown 34.0 (65) 60.4 (64)
Sexual risk group % (n))
Homosexual contacts 69.2 (110/159) 9.7 (7/72) 20.85 (8.92-48.73) <0.0001 < 00001
Bisexual contacts 18.2 (29/159) 7.0(5/72) 2.9 (1.11-8.08)
Heterosexual contacts 12.6 (20/159) 83.3(60/72) 003 (0.01-0.06) 0.0308
Men-having-sex-with-men 87.4 (139/159) 16.7 (12/72) 34.8 (16.0-75.6) < 00001 7.82 (3.80-
Unknown 16.8(32) 32,1 (34) < 00001 16.11)
Viral load at sequencing [logto
copies/mi) Median [IQR] () 5.18[4.61-5.79] (191) 4.36[3.75,4.92)(101)  2.36(1.78-3.13) <0.0001
CD4-+ at sequencing [cells/j]
Median QR (r) 488 [358-645 (184) 334 [175, 528 (89) 1.00 (1.00-1.00) < 00001
CDB+ at sequencing [cells/j]
Median [IQR] (n) 1059 [697-1598) (173) 1041 [778,1390) (67) 1.0 (1.00-1.00) 0.2980

A univariate and multivariate logistic regression analysis was performed to identify socio-epidemiological variables that were associated with the local HIV-1 F1 outbreak
in Belgium (n = 191). A p-value of < 0.05 was considered to be significant. Abbreviations: n, number, IQR, interquartile range, OR, odds ratio, Cl, confidence interval.
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Cluster 1
Subcluster 1
Subcluster 2
Un(subjoluster
Al

HIV-1 subtype B
Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5
Cluster 6
Uncluster
Al

HSX, Heterosexuals; MSM, men who have sex with men; IDUs, intravenous drug users; MTCT, mother-to-child transmission;

Sequence, N (%) Transmission route

HSX,N (%) IDUs,N (%) MSM,N (%) MTCT,N (%)

768 (100) 389 (100) 323 (100) 6(100) 44 (100)

380 (49.5) 205(54.0)  144(37.9) 2(05) 24(63)
90 (11.7) 41(45.5) 45 (50.0) 0 4(45)

298 (38.8) 143(480) 134 (45.0) 4(13) 16(5.4)

768 (100) 389(100)  823(100) 6(100) 44 (100)
9(11.7) 2(222) 0 7(7.8) -
8(10.4) 5(62.5) 1(12.5) 2(250) -

19 (24.7) 5(26.9) 4@1.) 10 (62.6) -
462 1(25.0) 3(75.0) 0 B
9(11.7) 2(22.2) 1(11.1) 6(66.7) -

15 (19.5) 11(73.4) o 4(26.6) -

13 (16.8) 5(38.5) 2(16.4) 6(46.1) -

77 (100) 31(40.3) 11(14.3) 35 (45.4) -

2Value for the difference between clusters (subclusters).
©MSM and unknown transmission route were not considered in the analysis; Pearson’s chi-squared test.
CFisher’s exact test (two-tailed).

P-value®
Unknown, N (%)

0.136°
6(100)
5(19)

0

103)
6(100)

0004°

TMRCA [95% HPD]

1,998.3 [1,996.4-1999.9]
1,999.3 [1,998.2-2,000.3]
2,000.4 [1,999.2-2,001.5)

1,986.6 [1,980.1-1,993.4]
1,983.4 [1,975.8-1,991.2)
1,980.6 [1,977.0-1,995.3]
1,993.1 [1,986.6-1,999.7)
1,988.9 1,982.6-1,994.6]
1,986.5 [1,979.9-1,993.6]

TMRCA, time to the most recent common ancestor.
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Sequence name Fragment (subtype) Breakpoint!

1 2 3 1 2
MOW177762 2,253-3,440 (CRF02) 3,454-3,553 (B) 3447 £6
MOW212318 2,253-2,322 (B) 2,454-3,553 (CRF02) 2,383+ 65
MOW105047 2,253-2,957 (B) 3,029-3,563 (CRF02) 2993435
MOW206415 2,253-2,544 (A67?/B) 2,562-3,352 (AB) 3,404-3,553 (B) 2,548 +£3 3,378 £ 25
MOW212381 2,253-2,374 (B) 2,450-3,553 (A6) 241237
MOW191857 2,263-3,397 (A6) 3,421-3,558 (B) 3,409 11
MOW179103 2,253-3,433 (A6) 3,461-3,553 (B) 3,447 £13
MOW270119 2,263-2,736 (AB) 2,769-3,069 (B) 3,107-3,553 (A6) 2,747 £ 11 3,088+ 18
MOW26246 2,253-2,312 (B) 2,402-3,553 (A6) 2,357 + 44
MOW102645 2,253-2,462 (B) 2,482-3,553 (A6) 2472+9
MOW103145 2,253-2,375 (B) 2,517-3,553 (A6) 2,446 £ 70
MOW109184 2,258-2,374 (B) 2,441-8,553 (A6) 2,408 + 33
MOW284149 2,263-2,699 (A6?A1) 2,733-3,423 (A6) 3,433-3,553 (B) 2716+ 16 3428+4
MOW119218 2,253-3,272 (A6) 3,204-3,553 (B) 3,283+ 10
MOW126388 2,253-3,386 (A6) 3,406-3,553 (B) 3396 +9
MOW125543 2,253-2,474 (A6) 2,528-2,925 (B) 3,061-3,553 (A6) 25501 +26 2,993 + 67
MOW127873 2,253-3,452 (A6) 3,488-3,553 (B) 3470 17
MOW170294 2,253-2,312 (B) 2,358-3,553 (A6) 2,336 +22
MOW173915 2,253-2,397 (B) 2,457-3,553 (A6) 2,427 29
MOW129062 2,253-3,405 (A6) 3,422-3,491 B) 3,501-3,553 (AG?/Ad) 341348 3496+ 4
MOW178169 2,253-3,300 (A6) 3,398-3,553 (B) 3349+ 48
MOW189742 2,263-3,340 (A6) 3,422-3,553 (B) 3,381 40
MOW230737 2,253-3,402 (A6) 3,422-3,553 (B) 3412:+9
MOW236022 2,253-3,295 (A6) 3,333-3,553 (B) 3314+ 18
MOW243257 2,253-3,343 (A6) 3,399-3,553 (B) 3371 +27
MOW23690 2,253-3,327 (A6) 3,367-3,456 (B) 3,486-3,553 (A6) 3347 £ 19 3371+ 14
MOW257204 2,253-2,362 (B) 2,440-3,553 (A6) 2,401 + 38
MOW259399 2,253-3,430 (A6) 3,440-3,553 (B) 3435+ 4
MOW262312 2253-2312(B) 2,374-3,553 (A6) 2,343+30
MOW263861 2,253-2,321 (B) 2,459-3,553 (A6) 2,390 + 68
MOW18862 2,253-2,786 (CRF02) 2,815-2,965 (A6) 3,011-3,563 (CRF02) 2,800 + 14 2988 +22
MOW269550 2,253-2,312(B) 2,382-3,553 (A6) 2347 £34
MOW273948 2,253-3,304 (A6) 3,386-3,553 (B) 3361 +24
MOW283088 2,253-2,399 (B) 2,457-3,553 (A6) 2428+28
MOW285258 2,253-2,666 (B) 2,734-3,553 (A6) 2,700 + 33
MOW302647 2,253-2.313 (B) 2,457-3,553 (A6) 2385+ 71
MOW316504 2,253-2,948 (A6) 2,990-3,221 (B) 3,03-3,553 (A6) 2,969 + 20 3,057 +£35
MOW328606 2,253-3,342 (A6) 3,398-3,553 (B) 3370+ 27
MOW243074 2,253-3,392 (A6) 3,422-3,553 (B) 3,407 + 14
MOW328087 2,253-3,406 (A6) 3,422-3,553 (A6) 341427
MOW231027 2,253-3,307 (B) 3,401-3,471(B) 3,489-3,553 (B) 3,354 + 46 3354+8

*Breakpoint locations (fragment coordinate) correspond to with HXB2 (K03455) numbering. Two HIV-1 sequences (MOW267311 and MOW262544) with multiple recombination points
are not represented.
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Characteristic Total (n = 260) Bcar (n = 162)

Sampling interval (years) 2007-2012 2007-2012
HIV diagnosis*

1980-1999 17 (7%) 10 (6%)
2000-2005 35 (13%) 25 (15%)
2006-2012 202 (78%) 123 (76%)
Unknown 6 (3%) 4 (2%)
Age group (years)"*

18-24 23 (9%) 14 (9%)
25-34 89 (34%) 56 (35%)
35-44 72 (28%) 49 (30%)
>44 76 (29%) 43 (26%)
Sex**

Male 113 (43%) 65 (40%)
Female 147 (57%) 97 (60%)
Mode of transmission*

Homosexual/Bisexual 14 (5%) 4(2%)
Heterosexual 229 (88%) 150 (93%)
Others 1(<1%) 0
Unknown 16 (6%) 8 (5%)
Geographic location®

Cayenne 193 (74%) 123 (76%)
Saint Laurent du Maroni 54(21%) 31(19%)
Others 4(2%) 3(2%)
Unknown 9(3%) 5 (3%)
Country of birth**

French Guiana 31 (12%) 18 (11%)
Haiti 56 (22%) 32 (20%)
Suriname 52 (20%) 32 (20%)
Guyana 33 (13%) 28 (17%)
France 33 (13%) 21 (13%)
Brazil 27 (10%) 15(9%)
Others 13 (5%) 7 (4%)
Unknown 15 (6%) 9(6%)
Clinical condition*

Asymptomatic (A) 194 (75%) 119 (73%)
Symptomatic (8) 24(9%) 18 (11%)
AIDS (C) 33 (13%) 20 (12%)
Unknown 9 (3%) 5 (3%)
Viral load (copies/ml)*

<LD 10 (4%) 7 (4%)
51-2,000 42 (16%) 32 (20%)
2,001-10,000 70 (27%) 48 (30%)
>10,000 138 (53%) 75 (46%)
CD4 count (cells/mi)**

350-500 133 (51%) 85 (52%)
>500 127 (49%) 77 (48%)

*Fisher's exact test. **Pearson’s chi2. P values < 0.05 are in bold.

Beanoemic (1 = 98)

2007-2012

7(0%)

10 (10%)

79(81%)
2(2%)

48 (49%)
50 (51%)

10 (10%)
79 (81%)
1(1%)
8(8%)

70 (71%)
23 (23%)
1(1%)
4(4%)

75 (76%)
6(6%)
13 (13%)
4(4%)

3(3%)
10 (10%)
22 (22%)
63 (64%)

48 (49%)
50 (51%)

0.67

0.03





OPS/images/fmicb-10-00320/inline_1.gif





OPS/images/fmicb-09-02150/crossmark.jpg
©

2

i

|





OPS/images/fmicb-10-00320/inline_2.gif





OPS/images/fmicb-10-00320/crossmark.jpg
©

2

i

|





OPS/images/fmicb-10-00320/fmicb-10-00320-g001.gif





OPS/images/fmicb-10-00320/fmicb-10-00320-g002.gif
333333

B o cmoesmernn






OPS/images/fmicb-10-00320/fmicb-10-00320-t001.jpg
Age (years)
<30
30-35
>35

Gender
Male
Fermale

Risk group
HsX
MSM
IDUs
MTCT
Unknown

Sampling years
2011
2012
2013
2014
2015
2016

HSX, heterosexuals; MSM, men who have sex with men; IDUs, intravenous drug users; MTCT, mother-to-child transmission.

Total
(N = 896, 100.0%)

170 (19.0)
332 (37.0)
394 (44.0)

524 (58.5)
372(415)

446 (49.8)
38(4.2)
357 (30.8)
49(5.5)
6(0.7)

101 (11.3)
139 (15.5)
102 (11.4)
185 (20.6)
232 (25.9)
187 (15.9)

As
(N = 763,85.1%)

143 (84.1)
289 (87.1)
331 (84.0)

424 (80.9)
339 (91.1)

384 (86.1)
6(15.8)
323 (90.5)
44(89.8)
6(100.0)

91(90.1)
117 84.2)
87 (85.9)
160 (86.4)
192 (82.8)
116 (84.7)

B
(N =68,7.6%)

15(8.8)
21(63)
328.1)

61(11.6)
7019

28(6.3)
29(76.3)
13.1)

4(3.9
1180)
8(7.8
15 8.1)
18(7.8)
12 88)

HIV-1 subtypes

URF_A6/B
(N =38,4.2%)

7@.4)
13(39)
18 (4.6)

23 (4.4)
15 (4.0)

17 38)
1(26)
17 (4.8)
3(6.1)

3(8.0)
760
439
4@2)
14(6.0)
6(4.4)

CRF02 AG
(N =11,1.2%)

1(0.6)
5(1.5)
5(13

408
7019

8(1.8)
308

101.0
2(1.4)
201
4(1.7)
2(1.4)

Others?
(N =16,1.8%)

4(2.4)
4(12)
8(2.0)

12(2.3)
a(.)

9(20)
2663
3008
2.1

22.0)
2(1.4)
3(8.0)
422
a(1.7)
107

2HIV subtype AT (6.2%), C (6.2%), G (18.8%), F1 (6.2%), CRFO1_AE (6.2%), CRF03_AB (12.6%), CRF63_02A1 (12.5%), and non-A6/B URFs (31.3%).
bValue for the difference between HIV-1 subtypes; HIV-1 <others:> subtypes were not considered in the analysis.
“Pearson’s chi-squared test.

9Pearson’s chi-squared test (Yates's correction).

P-value®

0.883¢

<0.001¢

0.0014

0.542¢
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Sample date CD4+ T cells Viral load Mean env No. of env No. of

(cell/pl) (copies/ml) distance + SD sequences functional Env

(%) clones
2005-7-12 475 1.27E4+05 3.06 +£1.35 29 14
2005-10-18 438 2.28E+04 317 +£1.21 25 12
2006-4-6 335 7.42E+04 3.48 +1.63 34 15
2008-3-20 747 3.29E+05 4.79 £+ 2.042 32 18
2009-5-12 512 2.68E+05 5.26 4+ 2.22° 14 N/A
2009-12-25 769 3.10E+05 5.36 + 2.36° 21 9

ab.cCompared with 2006-4-6, 2005-10-18, and 2005-7-12, all P < 0.05.
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(Maldarelli et al., 2013) (Pérez-Losada et al., 2017) This study Total

Number of individuals 33 1,659 303 1,996
Number of sequences 1,387 1,659 303 3,349
Median age (years) 365 46 39 44.79
Age range (years) 195,515 10, 82 202,75 10,82
Quartiles (years) 286,419 34,54 31.8,465 30, 50
RAGEETHNICITY
Black NA 1,394 (84.0%) NA 1,394 (69.9%)
White NA 138 (8.3%) NA 138 (6.9%)
Hispanic NA 76 (4.6%) NA 76 (3.8%)
Other NA 22 (1.3%) NA 22(1.1%)
Unknown 33 (100%) 29 (1.8%) 303 (100%) 365 (18.3%)
SEXATBIRTH
Male NA 1,117 (67.3%) NA 1,117 (66.0%)
NA 542 (32.7%) NA 542 (27.2%)
33 (100%) 0(0%) 308 (100%) 336 (16.8%)
Male 31(93.9%) 1,117 (67.3%) 229 (75.6%) 1,377 (69.0%)
Female 2(6.1%) 543 (32.7%) 72 (23.8%) 617 (30.9%)
Transgender 0(0%) 0(0%) 2(0.7%) 2(0.1%)
Unknown 0(0%) 0(0%) 0 (0%) 0(0%)
COUNTRYOFBIRTH
NA 114 (6.9%) NA 114 (5.7%)
NA 50 3.01%) NA 50 (2.5%)
33 (100%) 1,495 (90.1%) 303 (100%) 1,831 (91.8%)
NA 1,368 (82.5%) 303 (100%) 1,671 (83.8%)
NA 127 (7.7%) 0(0%) 127 (6.4%)
NA 28 (1.7%) 0(0%) 28 (1.4%)
NA 0(0%) 0(0%) 0(0%)
Unknown 33 (100%) 136 (8.2%) 0(0%) 169 (8.5%)
HIVRISKFACTOR
MSM 0(0%) 637 (38.4%) 138 (45.5%) 775 (38.8%)
DU 0(0%) 86(5.2%) 6(1.98%) 92 (4.61%)
Heterosexual 0(0%) 568 (33.6%) 152 (50.2%) 710 (35.6%)
Sex 33 (100%) 0(0%) 2(0.7%) 35 (1.75%)
Other 0(0%) 378 (22.8%) 3(1.0%) 381(19.1%)
Unknown 0(0%) 303 (18.3%) 2(0.7%) 305 (15.3%)
Median CD4 count 401 498 2745 419
(cells/yul)
VIRALLOAD (COPIESML)
<200 NA 129 (7.8%) 39 (12.9%) 168 (%)
200-399 NA 32 (1.9%) 4(1.3%) 36 (%)
400-9,999 NA 245 (14.8%) 63 (208%) 308 (%%)
>10,000 NA 371 (22.4%) 154 (50.8%) 525 (%)
Unknown 33 (100%) 882 (53.2%) 43(14.2%) 958 (48.0%)
ARTEXPOSURE
Experienced 0(0%) 1,005 (60.6%) 0(0%) 1,005 (50.4%)
Naive 0(0%) 106 (6.4%) 308 (100%) 400 (20.4%)
Unknown 33 (100%) 548 (33.0%) 0(0%) 581(29.1%)
ARTREGIMENTYPE
Single Class
NRTI NA 5(0.3%) NA 5(0.3%)
NNRTI NA 2(0.1%) NA 2(0.1%)
Pl NA 6(0.4%) NA 6(0.3%)
ENH NA 4(0.2%) NA 4(0.2%)
INT NA 7(0.4%) NA 7 0.4%)
Dual Class NA 59 (3.6%) NA 59 (3.0%)
Multiple Class NA 1,465 (87.7%) NA 1,455 (72.9%)
Unknown 33 (100%) 121 (7.3%) NA 154 (7.7%)
DRM Present 438 (31.6%) 647 (39.0%) 185 (61.1%) 1,270 (37.9%)
_
33 (100%) 1,559 (93.9%) 225 (74.3%) 1,817 (91.1%)
c 0(0%) 32(1.9%) 16 (5.3%) 48 (2.4%)
D 0(0%) 7(0.4%) 4(13%) 11(0.6%)
8 recombinant 0(0%) 38 (2.3%) 21(6.9%) 50 (2.9%)
Other 0(0%) 23 (1.4%) 37 (12.2%) 60 (3.0%)
SEQUENGINGDATE
1987-1994 1(3.0%) 0(0%) 0(0%) 1(0.05%)
1995-2000 14 (42.4%) 0(0%) 7 (2.3%) 21(1.1%)
2001-2005 18 (64.5%) 0(0%) 45 (14.9%) 63 (3.2%)
2006-2010 0(0%) 0(0%) 112 (37.0%) 112 (5.6%)
2011-2015 0(0%) 1,659 (100%) 139 (45.9%) 1,798 (90.1%)

DG, District of Columbia; MD, Maryland; VA, Virginia; MSM, men who have sex with men; injection drug users; ART, antiretroviral therapy; DRM, drug resistance mutations; NRTI,
nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors; Pl, protease inhibitors; ENH, enhancers; INT, integrase inhibitors.
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SEX
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1987
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N, number of sequences; h, number of haplotypes; S, number of polymorphic sites; =, nucleotide diversity; 6 (W), Watterson’s genetic diversity.
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Trait HIV-TRACE clusters  RAXML phylogenetic
containing =1 clusters containing =1
individual (% of total) individual (% of total)

Total clusters. M 215
s
2 individuals 37(202) 144 (67.0)
3 individuals 4(9.8) 44 (205)
4 individuals 0(0.0) 16.1)
5+ individuals 0(0.0) 16.(7.4)
18(31.7) 120 (55.8)
124 8(3.7)
1(2.4) 783
82(78.0) 129 (60.0)
7(17.4) 15(7.0)
373 14.(65)
5(12.2) 67(31.2)
10 (24.4) 108 (50.2)
37(78.7) 179 (83.3)
bamseT
(Maldarelli et al,, 2018) 7 (17.1) 15(7.0)
(Pérez-Losada et ., 2017) 32 (78.0) 195 (90.7)
This study 16(39.0) 68(31.6)
Black 27 (65.9) 177 82.3)
Hispanic 6(14.6) 18 (8.4)
Other 1(24) 8(3.7)
Unknown 12 (29.3) 73 (34.0)
White 3(7.9 26 (12.1)

HRH, high risk heterosexual; IDU, injection drug user; MSM, men who have sex with men;
M&I, men who have sex with men and injection drug user; SEX, sexual activity (general).
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1987 1990 1996 1997

Number of sequences (total) 38 1 22 49

Protease PR Major 0 0 0 0 o 0 2 22 1 0 0 0
PR Accessory o 0 0 0 o 0 2 2 1 1 1 1
PR SDRMs 0 o o o o 0 22 44 2 0 0 0
Reverse Transcriptase NRTI 0 0 0 0 0 0 2 8 7 0 0 0
NNRTI o 0 o 1 1 1 22 4 5 0 0 0
RT SDRMs 0 0 0 1 1 1 2 11 10 0 o 0
PITSMs o 0 0 o 0 0 1 1 1 0 0 0
NRTI TSMs 0 0 o o 0 0 1 1 1 4 o 0
NNRTI TSMs 0 0 0 0 o 0 0 0 0 0 o 0
1998 1999 2000 2001
Number of sequences (total) 19 17 350 220
Protease PR Major 1 1 1 o 9 o 3 3 3 3 3 3
PR Accessory 1 1 1 0 0 0 1 1 1 0 o 0
PR SDRMs 1 1 o o 0 3 3 3
Reverse Transcriptase NRTI 17 18 3 19 20 4 189 139 1 18 13 3
NNRTI 1 1 21 21 1 4 3 2
RT SDRMs 17 19 4 17 17 1 142 1423 13 13 3
PITSMs 0 0 0 0 0 o o 0
NRTI TSMs 0 0 o o 9 0 1 1 1 0 o 0
NNRTI TSMs 0 0 0 o o 0 1 1 1 1 1 1
2002 2003 2004 2005
Number of sequences (total) 254 158 183 8
Protease PR Major o 9 0 0 o 0 1 1 1 0 0 0
PR Accessory 4 4 4 o 0 ) 2 2 2 2 2 2
PR SDRMs 0 0 o 0 1 1 1 0 0 0
Reverse Transcriptase NRTI 29 3 7 2 3 2 20 24 2 4 6 5
NNRTI 7 7 6 54 54 4 7% 8 9 1 1 1
RT SDRMs 0 83 8 5 6 3 24 28 6 3 5 4
PITSMs 0 0 0 0 0 0 2 2 2 0 0 0
NRTI TSMs 1 1 1 1 1 1 20 20 1 1 1 1
NNRTI TSMs 1 1 1 o o 0 o 0 0 0 0 0
2006 2007 2008 2009
Number of sequences (total) 5 14 15 23
Protease PR Major 1 4 4 0 9 0 1 4 4 1 1 1
PR Accessory 2 2 2 3 3 3 4 6 6 3 3 3
PR SDRMs 2 5 5 0 0 0 3 7 6 1 2 2
Reverse Transcriptase NRTI 2 11 9 3 6 6 5 9 7 5 10 8
NNRTI 2 2 2 4 5 3 6 9 7 7 10 6
RT SDRMs 3 12 10 5 10 8 6 12 8 7 16 10
PITSMs 0 0 0 o o 0 o 0 0 0 o 0
NRTI TSMs 1 2 2 1 1 1 [ 0 0 3 3 3
NNRTI TSMs 1 1 1 1 1 1 o 0 o 2 2 2
2010 2011 2012 2013
Number of sequences (total) 23 585 431 295
Protease PR Major o 0 0 8 6 2 25 48 20 6 87 12
PR Accessory 3 3 2 2 el 20 24 8 16 14 19 11
PR SDRMs 0 0 0 3 79 28 31 s7 20 17 97 13
Reverse Transcriptase NRTI 9 10 7 131 226 64 89 171 57 65 131 44
NNRTI 11 15 9 166 258 55 126 191 51 8 138 40
RT SDRMs 11 17 10 191 877 51 140 276 48 90 212 42
PITSMs o 0 0 16 16 7 10 10 6 8 9 4
NRTI TSMs 0 0 0 25 27 9 16 16 6 17 2t 7
NNRTI TSMs 2 2 1 6 7 6 7 8 5 4 4 2
2014 2015
Number of sequences (total) 151 121
Protease PR Major 10 20 16 5 6 3
PR Accessory 7 10 9 1 1 1
PR SDRMs 0 22 13 5 7 4
Reverse Transcriptase NRTI 26 49 29 21 32 16
NNRTI 35 51 23 30 38 15
RT SDRMs % 8 3 3 50 17
PITSMs 3 3 2 0 0 o
NRTI TSMs 4 5 3 2 3 3
NNRTI TSMs 0 0 0 4 4 4

N, number of sequences with 1 DRM; TM, total number of mutations; UM, number of unique mutations; PR Mejor, DRMs that make a major contribution to recuced susceptibilty
to protease inhibitors; PR Accessory, DRMs that contribute to reduced susceptibilty in combination with PR Mejor DRM; PR SDRMs, protease surveillance drug resistant mutations;
NRTI, nucleoside reverse transcriptese inhibitors; NNRTI, non-nucleoside reverse trenscriptase inhibitors; RT SDRMs, reverse transcriptase surveilance drug resistent mutations; PI
TSMs, protease inhibitor treatment-selected mutations; NRTI TSMs, nucleoside reverse transcriptase inhibitors treatment-selected mutations; NNRTI TSMs, non-nucleoside reverse
transcriptase inhibitors treatment-selected mutations.
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Gender N %

Male 312 81
Female 73 19
Transmission route

MSM 302 78.4
Heterosexual 68 17.6
PWID 15 3.8
Unknown

Place of residence

Urban area 315 81.8
Rural 70 18.8
Unknown

CDC disease stage

A 175 45.5
B 93 241
C 117 30.4
Unknown

OSTI

Positive 87 22.6
Negative 298 77.4
Unknown

Median age

Male 34.2

Female 39.5

MSM, men who have sex with men; PWID, people who inject drugs; CDC, Center
for Disease Control; OSTI, other sexually transmitted infections.
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Cluster/ N Gender Transmission route Region Country of origin’
Subcluster
™M ND MSM MSx HT PWID ND BC GA NA MD AR LR CV CL CM Spain LAm Other ND
CRFO21 67 58 18 12 18 31 3 3 10 15 53 10 4
1 49 47 1 28 12 5 %6 3 1 9 6 40 72
1117 17 1 4 1 15 2 14 2 1
12 7 % 3 1 3 16 6 1
3 10 5 10 9 8 1 1
Al1 54 50 1 3% 6 6 6 22 18 3 37 10 5 2
1 30 27 18 4 3 6 18 1 19 5 5 1
2 16 15 1 12 1 2 15 1 13 2 1
21 10 10 8 1 9 1
F13 36 36 7 10 3 30 3 3 29 6 1
(i 14 14 5 6 3 4 9 10 1 3
1 8 8 5 2 1 7 6 1 1
2 4 4 3 1 4 3 1

Years of
HIV-1
diagnosis

2008-2018
2008-2018
2008-2018
2016-2018
2016-2018
2006-2018
2013-2017
2009-2018
2016-2018
2014-2018
2009-2017
2012-2017
2009-2015

*Only data from samples processed by the authors are included. TCountry of which the individual is native. ND, no data. HT, heterosexual. MSx, male, unspecified sexual.
BC, Basque Country. MD, Madirid. GA, Galicia. NA, Navarre. AR, Aragon. CL, Castilla y Ledn. CM, Castilla-La Mancha. CV, Comunidad Valenciana. LR, La Rioja. LAm,

Latin American country.
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Gender

Male

Female
Transgender/Unknown
Age (years)
Primary Language
English

Spanish

Bilingual
Other/Unknown
Ethnicity

Black

White

Asian

Latino
Other/Unknown
Hispanic ancestry
No

Yes

Unknown

Mode of transmission
Heterosexual

PWID

MSM

MSM/PWID
Unknown

Drug Resistance Mutation

Pl
NRTI
NNRTI

Clustered Sequences

Cluster Picker
(n=66)

32 (48.48%)
25 (37.88%)*
9 (13.64%)
45.2 (1.1)
47 (71.21%)
5 (7.58%)
3 (4.55%)
11 (16.67%)
39 (59.09%)*
7 (10.61%)
1 (1.52%)
8 (12.12%)

1(16.67%)

48 (72.73%)*
9 (13.64%)
9 (13.64%)

29 (43.94%)*
19 (28.79%)*
4 (6.06%)
5 (7.58%)
9 (13.64%)

17 (25.76%)
38 (57.58%)
1 (16.67%)

HIV-TRACE
(n=61)

31 (50.82%)

18 (29.51%)*

12 (19.67%)
43.8(1.2)
39 (63.93%)
4 (6.56%)
2 (3.28%)
16 (26.23%)

2
1

3 (37.7%)*
4 (22.95%)
4 (6.56%)
6 (9.84%)
14 (22.95%)

40 (65.57%)
9 (14.75%)
12 (19.67%)

23 (37.7%)*

12 (19.67%)*

11 (18.03%)
2 (3.28%)
13 (21.31%)

8(13.11%)
22 (36.07%)
4 (8.56%)

Total (n=316)

190 (60.13%)
49 (15.5%)
77 (24.37%)

41.7 (0.5)

185 (58.5%)
26 (8.2%)
2 (3.8%)
93 (29.4%)

65 (20.6%)
101 (32.0%)
13 (4.1%)
46 (14.6%)
91 (28.8%)

187 (59.2%)
53 (16.8%)
76 (24.1%)

74 (23.4%)
30 (9.5%)
106 (33.5%)
7 (8.5%)
79 (25.0%)

87 (27.5%)
186 (58.9%)
74 (23.4%)

Data are n (%) or mean (SE). MSM, men who have sex with men; PWID, people who
inject drugs, injection drug users; Pl, protease inhibitor; NRTI, nucleoside reverse
transcriptase inhibitors; NNRTI, non- nucleoside reverse transcriptase inhibitors.

*p < 0.05 (cluster vs. non-clustered comparisons for each method).
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Patient ID Fiebig stage Subtype Visit! PMBC Plasma

Logio HIVDNA2 envclones = (%) Hsy Unique sequences (%) R5 tropic (%) Logio HIVRNA® env haplotypes = (%) Hsy RS tropic (%)

VA0S I C PreagT <16 14 16 0.6 46.6 100 6.9 7 2.7 02 100
12p87 <1.6 1 - 00 100 100 <16 - - - -

VAO9 Vv F1 Preart 2.8 17 05 04 26.6 100 4.1 2 1.0 00 100
12aRT 1.7 15 0 00 6.7 100 <16 - . - N

VA17 v B Preaat 4.0 15 01 03 26.6 100 6.5 2 03 01 100
12RT 25 15 05 02 26.6 100 <16 . - . =

VA21 v B Preaat 2.9 16 06 02 25 93.7 4.7 2 03 01 100
12p87 1.9 14 0 01 14.3 100 <16 - = - .

VA32 v B Preart 3.4 15 01 03 20 100 6.6 1 - 00 100
M12ar7 2.4 18 01 03 222 100 <16 - . - -

VA36 W B Preaat 2.9 15 01 04 21.4 100 4.8 1 - 00 100
M12a57 1.9 11 01 03 27.3 100 <16 - - - -

VA37 v B Preart 3.1 17 02 06 412 100 50 1 - 00 100
M12ar7 2.7 16 01 02 25 100 <16 - - - -

VA38 v C PrearT 3.5 18 06 07 50 100 6.1 8 05 04 100
M12ag7 2.4 16 02 04 375 100 <16 - . . -

VA40 v B PreaT 3.8 17 02 06 375 94.1 7 2 03 01 100
M12a5T 2.3 10 0 o1 20 100 <16 . - . =

VAL v Fi PreaT 2.3 15 01 02 26.6 100 4.7 2 03 01 100
M12ar7 <16 13 01 03 30.8 100 2.7 - . . -

" Preasy: before cART start, M124a7: 12 months on suppressive cCART; 2 expressed as HIV-1 DNA copies/ 108 PBMC; 3 expressed as HIV-1 RNA copies/mL.
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HET080
HET116
HSH187
HSH430
HET446
HET463
HSH502
HET510
HET521

HET545
HET573
HSH595
HET607
HET809
HET810
HSH851
HSH876
HSH878

Age/Gender

50/F
23/M
31M
40M
31/F
19/M
27M
40/F
26/F
40M
37/F
28/M
32M
29/M
31/F
21M
27TM
22/M

NRTI

V75M
L210W, T215D

D67N, K219Q
M41L, T215D
K70R

V75M
F77L
T2158
L21ow

M184v

Resistance mutations

NNRTI

V106M
K103N

V106M
K103N

K103N
K103N, P225H

Pl

M4l
N88D

M48l, V82T, L9OM

HIV-1 Subtype

TV OVIVDDDOO DD D@D Y

@

Co-infection

Lifetime syphiis®

Lifetime syphilis®
Hepatitis B”

Lifetime syphilis®
Lifetime syphiis? Hepatitis B>

Hepatitis B®

Lifetime syphiis? Hepatitis B>
Lifetime syphilis®

HET, sample obtained from heterosexual individual; HSH, sample obtained from men who have sex with men; ID, sample identification; NNRTI, Non-Nucleoside Reverse
Transcriptase Inhibitor; NRTI, Nucleoside Reverse Transcriptase Inhibitor; Pl, Protease inhibitor. 2Lifetime syphilis: anti-Treponema pallidum positivity in ELISA. ®Hepatitis
B: anti-HBc total and/or HBsAg seroposivity in ELISA.
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Figure 2 Figure 3 Transmission

cluster
Sequence Cluster number alRT Sequence Cluster number aLRT Genetic distance confirmation
Subtype HIV-1 B
HSH645 1 098 HSH645 1a 099 18 Confirmed
HSHB84 HSHB84
HSHB76 BRMS57
HSH878 HSH878 b 093 Confirmed
HSH543 HSHB76 35
HET220 BRMS171
HET673 HSH543 1c 09 60 Not confimed
HETO75 HET220
HET673 not confirmed
HETO75 not confirmed
HET141 2 0.95 HET141 2 0.94 Confirmed
HETB42 HETB42 42
HET737 HET737
HET362 3 091 HET362 3 093 58 Not confimed
HET622 HET622
HET219 HET219 not confirmed
HSH187 4 0.93 HSH187 4 095 3.4 Confirmed
HSH595 HSH595
HETB07 BRMS58
BRMS14_10
HET607
HSH152 5 1 HSH152 5 1 Confirmed
HSH430 HSH430 39
BRMS40
HSH408 6 0.92 HSH408 6a 1 13 Confirmed
HSH862 HSHB62
HSH871 HSH871 b 0.99 1.4
HET850 BRMS97 Confirmed
BRMS99
HET850 not confirmed
HET671 7 1 HET671 7 1 26 Confirmed
HET438 HET438
HET517 8 1 HET517 8 1 39
HET797 HET797 Confirmed
HSH703 HSH703
HETS62 9 0.93 HETS62 9 0.96 36
HET188 BRMSS5 Confirmed
BRMS05
HET188 not confirmed
HSH143 10 0.93 HSH143 not confirmed Not confirmed
HET437 HET437 not confirmed
HSH239 11 0.92 HSH239 11 095 Confirmed
HSHO66 HSHO66 4.4
HET694 HET694
HSH8g1 12 096 HSHB81 12 093 33 Confirmed
HET249 HET249
HET814 HET814 not confirmed
HSH874 HSHB74 not confirmed
HET367 HET367 not confirmed
HET757 13 1 HET757 13 1 13
HSHB67 HSH867
HSHB75 HSH875 Confirmed
HSH716 HSH716
HSH717 HSH717
HSH53 14 098 HSH53 14 0.99 1.9 Confirmed
HSHo4 HSH94
HSH240 HSH240 not confirmed
HET111 15 098 HET111 15 096 36
HSH109 HSH109 Confirmed
Ms34
HET38 16 098 HET38 16 094 37 Confirmed
HET510 HET510
HET462 17 1 HET462 17 0.98 34 Confirmed
HET631 HET631
HET801 HET801
Ms02
Ms46
Figure 2 Figure 4 Transmission
cluster
Sequence Cluster number alRT  Sequence Cluster number aLRT Genetic distance _ confirmation
Subtype D
HET463 18 1 HET463 18 1 34 Confirmed
HSH761 HSH761
Sub-subtype F1
HSHO0B 19 1 HSH006 19 0.97 4.0 Confirmed
HSH264 HSH264
HSH265 HSH265
HSH387 HSH387
HSH534 HSH534
BRO7SP153
HET256 20 0.99 HET256 20 1 36 Confirmed
HET318 HET318
HET361 HET361
BRMS38
HET140 21 092 HET140 21 1 48 Not confirmed
HSH739 HSH739
HET796 HET796
BRGO4074
BRGOB051
Recombinant BD
HET45 22 1
HET46
Recombinant BF
HET643 23 1
HET122
HET483
HET793 24 0.99
HET353

HET: sample obtained from heterosexual individual; HSH: sample obtained from men who have sex with men.
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Variable N (%) Subtype B Sub-subtype F1 Subtype C

Gender

Male 93 (62.0) 64 (63.4) 10 (66.7) 7 (68.3)
Female 57 (38.0) 37(36.6) 5(33.3) 5(41.7)
Age (years)

18-29 49 (32.7) 33(32.7) 3(20.0) 6 (50.0)
30-39 51 (34.0) 36(35.6) 8 (63.3) 2(16.7)
40 or more 50 (83.3) 32(31.7) 4(26.7) 4 (33.3)
Skin color/ethnicity

White 80 (53.3) 57 (56.4) 8 (63.3) 6 (50.0)
Non-white 70 (46.7) 44 (43.6) 7 (46.7) 6 (50.0)
Educational (years)

0 4 (2.7) 3(3.0) 0(0.0) 0(0.0)
1-12 117 (78.0) 79 (78.2) 11 (73.3) 9 (75.0)
>12 29 (19.3) 19(18.8) 4 (26.7) 3(25.0)
Monthly income

<2 minimum wages 20 (13.3) 11(10.9 1(6.7) 2(16.7)
2-5 minimum wages 97 (64.7) 65 (64.3) 12 (80.0) 6 (50.0)
>5 minimum wages 31 (20.7) 24 (23.7) 2 (18.9) 4 (33.3)
Missing 2 (1.3 1(0.1) 0(0.0) 0(0.0)
Frequency of alcohol

consumption

None 92 (60.9) 63(62.4) 8(53.3) 7 (68.3)
Weekly 51 (35.1) 34(33.7) 6 (40.0) 3(25.0)
Daily 7 (4.0 4(3.9) 1(6.7) 2 (16.7)
lllicit drug use

No 118 (78.7) 80(79.2) 11 (78.3) 8 (66.7)
Yes, no injecting drugs 28 (18.6) 18(17.8) 3(20.0) 4 (33.3)
Yes, injecting drugs 4 (2.7) 3(3.0) 1(6.7) 0 (0.0)
Sexual orientation

Heterosexual, female 57 (38.0) 37 (36.6) 5(33.9) 5(41.7)
Heterosexual, male 39 (26.0) 27 (26.8) 3(20.0 3(25.0)
MSM 54 (36.0) 37 (36.6) 7 (46.7) 4 (38.3)
Number of sexual

partners in the last

12 months

0 13 (8.7) 6(5.9) 2(13.2) 1(8.9)
1 77 (61.3) 53 (52.5) 7 (46.7) 6 (50.0)
2-5 40 (26.7) 28(27.7) 4(26.7) 4(33.4)
6-10 4 (2.7) 3(3.0) 1(6.7) 0(0.0)
>10 16 (10.6) 11(10.9 1(6.7) 1(8.3)
Use of condoms in

the last 12 months

Always 69 (46.0) 51 (50.5) 6 (40.0) 6 (50.0)
Occasionally/Never 81 (54.0) 50 (49.5) 9 (60.0) 6 (50.0)
Presence of TDRM

Yes 18 (12.0) 14 (13.9) 0(0.0) 2 (16.7)
No 132 (88.0) 87 (86.1) 15 (100) 10 (83.3)

MSM, men who have sex with men; TDRM, transmitted drug resistance mutations.





