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Abstract: HIV-1 has an antisense gene overlapping env that encodes the ASP protein. ASP functions
are still unknown, but it has been associated with gp120 in the viral envelope and membrane of
infected cells, making it a potential target for immune response. Despite this, immune response
patterns against ASP are poorly described and can be influenced by the high genetic variability of
the env gene. To explore this, we analyzed 100k HIV-1 ASP sequences from the Los Alamos HIV
sequence database using phylogenetic, Shannon entropy (Hs), and logo tools to study ASP variability
in worldwide and Brazilian sequences from the most prevalent HIV-1 subtypes in Brazil (B, C, and F1).
Data obtained in silico guided the design and synthesis of 15-mer overlapping peptides through spot
synthesis on cellulose membranes. Peptide arrays were screened to assess IgG and IgM responses
in pooled plasma samples from HIV controllers and individuals with acute or recent HIV infection.
Excluding regions with low alignment accuracy, several sites with higher variability (Hs > 1.5) were
identified among the datasets (25 for worldwide sequences, 20 for Brazilian sequences). Among
sites with Hs < 1.5, sequence logos allowed the identification of 23 other sites with subtype-specific
signatures. Altogether, amino acid variations with frequencies > 20% in the 48 variable sites identified
were included in 92 peptides, divided into 15 sets, representing near full-length ASP. During the
immune screening, the strongest responses were observed in three sets, one in the middle and one
at the C-terminus of the protein. While some sets presented variations potentially associated with
epitope displacement between IgG and IgM targets and subtype-specific signatures appeared to
impact the level of response for some peptides, signals of cross-reactivity were observed for some sets
despite the presence of B/C/F1 signatures. Our data provides a map of ASP regions preferentially
targeted by IgG and IgM responses. Despite B/C/F1 subtype signatures in ASP, the amino acid
variation in some areas preferentially targeted by IgM and IgG did not negatively impact the response
against regions with higher immunogenicity.

Keywords: HIV-1; ASP; antisense protein; subtypes; humoral response

1. Introduction

The HIV genome is classically described as composed of nine genes that encode
structural, regulatory, and accessory proteins with well-characterized roles in viral biosyn-
thesis [1]. Alternative open reading frames (ORFs) can be identified within other genomic
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elements, including antisense frames [2–5]. Although most antisense ORFs are involved in
producing non-coding RNAs that participate in gene expression regulatory mechanisms,
HIV-1 presents an ORF encoding the antisense protein ASP.

The ASP ORF was first described by Miller et al. in 1988 as a codifying antisense ORF
that overlaps the env gene and produces a protein with a length of approximately 190 amino
acids, an estimated molecular weight of 20 kDa, and a high level of hydrophobicity, sug-
gesting its association with lipid membranes [6]. Moreover, evidence of ASP expression
was provided by studies that observed the presence of antisense RNA transcripts [7,8] and
the identification of polyadenylation signals and genetic promoters on the 3′ tail [3,8–11].
A comprehensive molecular study of the ASP gene conducted by Cassana et al. revealed its
specificity to group M of HIV-1 and identified a selection pressure favoring the maintenance
of the gene in the most prevalent subtypes [12]. Furthermore, two immunolocalization
studies have highlighted that ASP functions as a virion component, indicating a role as an
accessory protein [13,14].

Although ASP’s function is still unknown and a generally low expression level of anti-
sense RNAs in infected cells [8–10,15] raises ongoing controversies about the relevance of
ASP in HIV pathogenesis, some studies have detected ASP expressed in the viral envelope
and the plasmatic membrane of infected cells [13,14,16]. Affram et al. characterized ASP
as a protein associated with gp120 in stimulated infected cells from several myeloid and
lymphoid HIV-1-infected cell lineages [16], indicating that ASP could be a potential target
for the humoral immune response. Despite that, data regarding immunogenicity patterns
of the ASP protein are scarce in the literature, with only two studies that aimed to evaluate
the presence of a humoral response against ASP [17,18].

Based on this, our goal was to characterize the humoral immunologic response against
ASP, identifying primary immunogenic regions within ASP from the most prevalent HIV-1
subtypes present in Brazil while considering the influence of the most common mutations
on the level of antibody response.

2. Materials and Methods
2.1. Dataset Analysis

By April 2021, we searched the Los Alamos HIV Sequence Database (LAHSD) [19]
for all nucleotide sequences containing the ASP gene fragment (positions 7373–7942 about
the HXB2 reference sequence). The selected sequences were retrieved along with their
respective information regarding the isolation country and HIV subtype. The obtained
sequences were grouped into two datasets: one dataset containing all ASP sequences from
LAHSD (Dataset ASP-ORF Full/n = 99,363 sequences) and the second one containing only
one sequence per patient (Dataset ASP-ORF PerPatient/n = 25,861 sequences).

From each dataset, sequences from the most prevalent HIV-1 subtypes in Brazil (B, C,
and F1) were selected based on their previous genetic classification and sorted in different
sequence lists according to the geographic information (Brazil or worldwide). A full list
containing sequences’s accession number, subtype, country, and sampling year is presented
in Supplementary Table S1, and sequence counts by geographic and subtype information
are summarized in Supplementary Table S2.

For each sequence list, nucleotide sequences were translated on frame -1 and further
aligned using the MAAFT algorithm FFT-NS2 [20] implemented in Geneious v2021.1
software [21]. Based on this alignment, defective sequences with stop codons or frameshift
mutations that compromised alignment in at least 70% of the amino acid sequence were
removed from sorted sequence lists, followed by realignment of the filtered sequence lists.

Alignments were further divided into six sections: three sections equivalent to over-
lapping REV Response elements, gp120 V5, and gp120 V4 regions, which presented hyper-
variability and a higher frequency of insertions and deletions, and three more conserved
sections flanking hypervariable regions. Each ASP region was further realigned using the
MAAFT algorithm FFT-NS-i-2x and concatenated with its respective alignments.
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For phylogenetic analyses, final alignments were merged with an alignment containing
reference sequences for subtypes D, B, C, and F1 using the profile alignment tool from
Geneious. These merged alignments were then used to construct maximum likelihood
phylogenetic trees using the Fasttree2 algorithm [22] implemented in Geneious software
to confirm the HIV classification and evaluate country-related clusterizations. Maximum
likelihood trees were further edited and formatted using the iTOL v6 software [23].

First, an ASP alignment for each HIV-1 subtype (worldwide or in Brazil) was obtained
for genetic diversity analyses. After that, gaps were manually inserted in the hypervari-
able alignment regions to equalize the alignment length and overlap the low-variability
regions among the alignments. Alignments with equalized length were read and processed
in R v4.2.2 [24], running under Rstudio [25], using tools implemented in the packages
Biostrings [26] and BiocGenerics [27]. Further, package bio3d [28] was used to calculate
Shannon entropy along all alignments, and sequence logos were generated using the pack-
age ggseqlogo [29]. All graphs were further constructed utilizing the ggplot2 package [30],
and statistical analyses were performed using tools in the Rstatix package [31].

2.2. Peptide Selection and Synthesis

Data from in silico analyses were used to design a small library of 15-mer peptides,
overlapping by five amino acids, containing sequences encompassing nearly full-length
ASP. Peptide sequences reflect subtype-specific signatures and amino acid variations with
frequencies above 20% in B, C, and F1 Brazilian alignments. In addition, peptides from HIV
gp120 V3 (KRIHIGPGRAFYTTK) and influenza A (YPGEFADYEELREQL) were included
as positive controls. A full description of designed peptides, detailing variable positions
and relative frequency of amino acid residues among B, C, and F1 world and Brazilian
included in our dataset, is available in supplementary Table S3.

Designed peptides were synthesized in cellulose membrane with AutoSpot ASP222
(Intavis, Tübingen, Germany), as previously described [32,33]. Briefly, the Fmoc strategy
was used and the synthesis programming was performed using the Multipep v1 software
(Intavis, Tübingen, Germany), and coupling reactions were followed by acetylation of
residues with acetic anhydride (4%, v/v) in N, N-dimethylformamide and removal of Fmoc
protection groups through the addition of 20% piperidine and carried out sequentially until
the whole peptide was generated. After adding the last amino acid from a sequence, lateral
chain protective groups were removed with trifluoroacetic acid, tri-isopropyl silane, and
water, followed by membrane washing with dichloromethane, water, and ethanol.

2.3. Immunoscreening of Peptide Array

Peptide arrays were synthesized to assess IgG and IgM antibody reactivity against
pooled plasma samples. For IgM, pooled plasma included equivalent volumes of seven
samples from people living with HIV (PLWH) diagnosed during Fiebig phases III to IV and
five samples from HIV viremic controllers (individuals presenting low detectable viremia
during follow-up in the absence of treatment). The pool used for IgG testing included
equivalent volumes of seven samples from PLWH diagnosed during Fiebig V and VI and
five samples from HIV Elite Controllers (individuals with undetectable viremia during
follow-up, in the absence of treatment).

Immunoscreenings of the pools were performed as previously described [34]. Briefly,
cellulose membranes containing synthesized peptides were washed three times for 10 min
with T-TBS pH 7.2 (50 mM Tris, 0.05% Tween, 136 mM NaCl, and 2 mM KCl), followed
by blocking of the free sites with T-TBS/1.5% BSA for 10 h at 8 ◦C. After a new round
of washes with T-TBS, each membrane was incubated for 10 h with the sample pool
diluted in T-TBS/0.75% BSA in a ratio of 1:150. Next, membranes were rewashed with
T-TBS and incubated with antibodies Goat anti-Human IgM (u) alkaline phosphatase
(KPL Seracare, Milford, MA, USA) or Goat anti-Human IgG (H + L) alkaline phosphatase
(Thermo Scientific, Rockford, IL, USA) for 60 min, followed by washes and incubation with
Tropix®-CDP-star T2218 (Applied Biosystems, Waltham, MA, USA).
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Stained membranes were scanned by the Odyssey FC imager (LI-COR Bioscience,
Lincoln, NE, USA), and signal intensities for each spot were quantified with TotalLab TL100
v2009 Software (Nonlinear Dynamics, Durham, NC, USA), using algorithms that compared
the intensity between background, spot area, and negative control to characterize spot
signal intensity. The spot with the strongest signal for each membrane was reported as
having 100% intensity, and all other spots had their intensity values expressed as a relative
percentage to this intensity (IR, reactivity index).

3. Results
3.1. Phylogenetic Analysis of ASP HIV-1 Subtypes

Initially, we assessed the phylogenetic relationship among ASP sequences to validate
HIV-1 subtype classification and to explore potential variability patterns linked to the
geographic origin of each subtype. Due to limits in computational power, maximum
likelihood trees for each subtype were generated from PerPatient containing worldwide
sequences. For HIV-1 subtype B sequences (Figure 1), two country-related monophyletic
clades were identified, one grouping 79% of the Chinese sequences (CN-B1) and another
grouping 88% of the South Korean sequences (KR-B1). Brazilian sequences were distributed
along the tree; however, a major cluster named BR-B1 was identified, and 20% of all subtype
B Brazilian sequences were contained there.
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plotted/annotated with iTol. The tree was rooted with a subtype D reference clade. Branches are
colored, and clades are shaded according to the sequence’s isolation country, as depicted in the legend.
The colored concentric ring external to the tree represents the year of the sample collection, which is
also colored according to the legend.

The maximum likelihood tree of HIV-1 subtype C (Figure 2) shows that 46% of avail-
able subtype C sequences originated from South Africa, and 30% formed a single mono-
phyletic clade identified as ZA-C1. A very representative clade containing 75% of the
sequences from India was also observed (IN-C1). Most (80%) of all Brazilian sequences
were grouped in a single monophyletic clade named BR-C1.
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however, a predominant clade was not identified. 

Figure 2. Maximum likelihood tree for worldwide ASP HIV-1 subtype C sequences. The tree was
generated from 2119 subtype C sequences in the PerPatient dataset with the Fasttree2 algorithm
and plotted/annotated with iTol. The tree was rooted with a subtype D reference clade. Branches
are colored, and clades are shaded according to the sequence’s isolation country, as depicted in the
legend. The colored concentric ring external to the tree represents the year of the sample collection,
which is also colored according to the legend.

Ultimately, most F1 ASP sequences obtained from the LAHSD originated from Brazil or
Spain (Figure 3). Within the Brazilian sequences, multiple clusters were verified; however,
a predominant clade was not identified.
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Shannon entropy for each position alignment and to identify the variability of each site 
along the gene. Considering the whole alignment of the full datasets containing 
worldwide sequences (Figure 4A), the median entropy was low for all subtypes (0.16 
[0.06–0.54] for B; 0.23 [0.08–0.65] for C; 0.24 [0.09–0.83] for F1) and did not significantly 
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entropy or graphics between Full/Per Patient analyses, indicating that both datasets were 
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Figure 3. Maximum likelihood tree for worldwide ASP HIV-1 sub-subtype F1 sequences. The tree was
generated from 189 sub-subtype F1 sequences in the PerPatient dataset with the Fasttree2 algorithm
and plotted/annotated with iTol. The tree was rooted with a subtype D reference clade. Branches
are colored, and clades are shaded according to the sequence’s isolation country, as depicted in the
legend. The colored concentric ring external to the tree represents the year of the sample collection,
which is also colored according to the legend.

3.2. Genetic Variability of ASP

To characterize the genetic variability of ASP and identify diversity patterns related
to B, C, and F1 subtypes, we used the amino acid sequence alignments to calculate the
Shannon entropy for each position alignment and to identify the variability of each site
along the gene. Considering the whole alignment of the full datasets containing worldwide
sequences (Figure 4A), the median entropy was low for all subtypes (0.16 [0.06–0.54] for
B; 0.23 [0.08–0.65] for C; 0.24 [0.09–0.83] for F1) and did not significantly differ between
subtypes. No significant difference was observed when comparing the entropy or graphics
between Full/Per Patient analyses, indicating that both datasets were equally representative
of the variability along the gene. Considering the Shannon entropy (Hs) threshold of
1.4 worldwide, subtype C sequences presented more highly variable sites than B and F1
sequences (12 vs. 10 vs. 9, respectively) when considering only positions outside the
hypervariable regions (V1, V2, and V3). Although at least two subtypes shared the most
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identified sites, some were exclusively for one of the subtypes (5/12 for C, 4/10 for B, 3/9
for F1) (Figure 4A).
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Figure 4. Shannon entropy (Hs) of ASP from worldwide and Brazilian HIV-1 B/C/F1 sequences. The
graphs represent the Hs values for each position along the B/C/F1 ASP on alignments containing
worldwide (A) and Brazilian sequences (B). Lines on the graph are colored according to the subtype
(green for B, blue for C, and red for F1) and to the dataset used in the alignments (darker tones for
the Full dataset and lighter tones for the PerPatient dataset). Along the graph, positions related to
hypervariable regions were shaded in gray, and positions with Hs > 1.4 are shaded in colors. Dashed
lines indicated positions with Hs > 1.4 and were not shared between the subtypes.
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The median entropy of whole alignment for Brazilian sequences was also low for
all subtypes (0.16 [0.07–0.56] for B subtype; 0.14 [0–0.41] for C subtype; 0.16 [0.09–0.69]
for F1 sub-subtype) (Figure 4B). As for worldwide sequences, no significant differences
were observed between subtypes or for Full/PerPatient pairs, but a significantly lower
entropy was observed for Brazilian subtype C alignment in comparison to subtype C world
alignments (p = 0.04 for comparison between Full alignments; p = 0.0006 for comparison
between PerPatient alignments).

The inspection for highly variable sites depicting entropy values (Hs > 1.4) in Brazilian
subtypes B, C, and sub-subtype F1 alignments indicated the existence of 12, 6, and 8 sites
outside the variable regions V1, V2, and V3, respectively. Most of these sites observed were
exclusively for each subtype: 7/12 for B, 6/8 for 2/6 for subtype C. All sites identified as
highly variable among Brazilian alignments also presented high entropy values among
worldwide alignments, although some presented values below the 1.4 threshold.

Following entropy analysis, we used Full datasets to generate and analyze sequence
logos for each alignment to characterize the amino acid variations among sites with higher
entropy and to identify subtype-specific signatures among regions with lower entropy.
Logos are presented in three parts to cover all ASP regions (Figures 5–7), and positions
presenting amino acid frequencies superior to 20% are highlighted. Based on this analysis,
we were able to characterize relevant variability in 23 sites from subtypes B and C and
30 sites from F1 worldwide alignments. Among Brazilian alignments, 22, 17, and 29 variable
sites were identified for B, C, and F1, respectively. In addition, we identified several
conserved sites that presented subtype-specific signatures based on worldwide (11 for B;
10 for C; 6 for F1) and Brazilian alignments (12 for B and C; 10 for F1).
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Figure 5. Logos analysis for positions 1–70 of ASP from worldwide and Brazilian B/C/F sequences.
Letters indicate amino acid acronyms according to the IUPAC code, and their heights correlate to the
frequency of the amino acid in the respective position. Amino acids are colored according to their
chemical properties (green—polar; purple—neutral; basic—blue; acid—red; hydrophobic—black),
and conserved residues (variability < 20%) are presented in soft tones. The hypervariable region
equivalent to ENV RRE was shaded in gray.
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Figure 6. Logos analysis for positions 71–140 of ASP from worldwide and Brazilian B/C/F sequences.
Letters indicate amino acid acronyms according to the IUPAC code, and their heights correlate to the
frequency of the amino acid in the respective position. Amino acids are colored according to their
chemical properties (green—polar; purple—neutral; basic—blue; acid—red; hydrophobic—black),
and conserved residues (variability < 20%) are presented in soft tones. The hypervariable region
equivalent to gp120 V5 was shaded gray.
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to their chemical properties (green—polar; purple—neutral; basic—blue; acid—red; hydrophobic—
black), and conserved residues (variability < 20%) are presented in soft tones. The hypervariable
region equivalent to gp120 V5 was shaded gray.
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Summarizing and discarding regions with low alignment accuracy, several sites with
higher variability (Hs >1.5) were identified among the datasets (25 worldwide, 20 Brazilian).
Among sites with Hs < 1.4, sequence logos allowed the identification of 23 other sites with
subtype-specific signatures. Altogether, amino acid variations with frequencies > 20% in the
48 variable sites identified were included in 92 peptides, divided into 15 sets, representing
near full-length ASP. The relative positions of the sets and the full peptide list are available
in Figures 5–7 and Supplementary Table S3.

3.3. IgM and IgG Responses against ASP

The designed peptides were synthesized in cellulose arrays and employed to assess
the humoral response against ASP. The reactivity against IgG and IgM was analyzed in
samples of PLWH with recent HIV infection and HIV controllers. Figure 8 presents the
responses for each peptide set.
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Figure 8. IgG and IgM responses against ASP peptides. The graphic shows IgG and IgM reactivity
indexes (IR) obtained for each peptide. Labels in the x-axis contain the ID of the peptide and its
sequence, with residues containing intra-set variations highlighted. Results from the positive controls,
gp120 V3 and Influenza A antigens, and from the negative control are displayed in the last two
sets. Results for each peptide are shown in pairs, with lighter-toned bars representing IgM IR and
darker-toned bars representing IgG results. The dashed horizontal line indicates the 30% threshold.

Absent or weak responses were observed against the N-terminus of ASP, covering
peptide sets 1 to 4. Thus, significant immunogenic regions are not observed until the left
flank of ASPV1; peptide Set 5 exhibited IgM IRs > 20% and IgG IRs > 30%. Considering the
obtained immune responses for sets 4 and 6, which partially overlap with Set 5, we infer
that the immunogenic core for this region comprises the amino acids from the center and
right end of Set 5.

The most robust responses against ASP, for both IgG and IgM, are observable in the
middle section of the protein. Regarding IgG, Set 9 presented IRs > 47% for all tested
peptides, displaying increased reactivity compared with sets 8 and 10. Therefore, this may
indicate that the central region of Set 9 is another immunogenic core. A different pattern
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was observed for IgM, as the amino acid variations presented at the initial portion of the
peptides appeared to affect the reactivity, with IRs > 50% observed only for the peptides
containing the motifs GLIS and GSIS, which are more frequent in sequences from subtypes
C and F1. The IgM IRs nearing 30% for several peptides from Set 8, in contrast to lower
values for IgG, indicate that the regions targeted by IgG and IgM are distinct. Response to
IgG targets the central region of Set 9, while IgM targets the region between sets 8 and 9.

Stronger immunogenic responses were also observed for sets 11 and 12, which flank
the ASPV2 region. For Set 11, a possible immunogenic core related to this set was identified
in the immediate left region that flanks the hypervariable region ASPV2. Lower reactivities
for peptides in Set 10 in comparison to Set 11 corroborate this hypothesis. For Set 12, the
mean immune response detected for the seven tested peptides was 60.5% for IgG and 68%
for IgM. The strongest response was verified against peptides that presented an isoleucine
at position 130 (peptides 12.3 and 12.4), which was detected in about 40% of the dataset
obtained from HIV-1 subtype B Brazilian sequences.

Furthermore, sets 13 and 16 presented robust responses for some peptides, although
each set had a high level of variability. For Set 13, IRs varied between 18.3 and 69.0 for IgG
and 8.0 and 86.0 for IgM. The lowest response was observed among peptides 13.09 to 13.14,
which contain motifs more prevalent in subtype C sequences, and among peptides 13.15 to
13.18, which include motifs characteristic of sub-subtype F1. In Set 16, IRs ranged from 6.27
to 76.0, and the lowest responses were observed against a peptide that presented a valine at
position 205. Notably, valine is the more prevalent amino acid at this position for subtype B
but not for C and F1.

4. Discussion

Since the discovery of HIV, most of its genes and correlated proteins have undergone
extensive characterization, revealing their functions, insights into the replication cycle,
patterns of viral evolution, and their involvement in the immunological response. Despite
that, data regarding the characteristics of ASP are mostly scarce and preliminary, even
though the first description of the gene dates to the end of the 1980s [6] and recent data
demonstrated that ASP protein is associated with the viral envelope [16]. Considering this,
our work aimed to investigate the immunogenic potential of ASP by assessing IgM and
IgG response magnitude throughout the whole protein extension, considering the amino
acid signatures and the most prevalent mutations for HIV-1 subtypes B, C, and F1, the most
pervasive HIV-1 subtypes in Brazil.

By using pools of plasma samples obtained from untreated PLWH in the initial phases
of infection and HIV controllers, we could detect high IgM and IgG responses against
several ASP regions, mainly in the central area of the protein. Along with the data recently
published by Savoret et al. [18], our study corroborates the results obtained in 1995 by
Vanhée-Brossollet et al. [17], which identified anti-ASP antibodies in the sera of PLWH
and first hinted at the potential of ASP as a target of the immune response. Since then,
there has been scarce data evaluating ASP immunogenicity in the literature, with three
other studies evaluating cellular responses [4,5,35], and the current research is the third
describing patterns of humoral response against ASP. Despite its unknown function, iden-
tifying ASP as a transmembrane envelope protein [16] strongly indicates its potential as
a surface viral antigen and viable candidate for vaccine targets alongside gp120, yet it
has not been thoroughly explored. Considering recent failures in clinical trials evaluating
vaccine candidates using mosaic antigens [36], the improved knowledge about ASP would
help understand whether ASP could be utilized in immunizations and may significantly
contribute to developing and designing future vaccine clinical trials.

The viral genetic diversity greatly impacts the effectiveness of anti-HIV immune re-
sponses, leading to immune escape during the chronic phase of infection [37–40], which is
a challenge to developing an effective preventive vaccine [41]. The env gene is the most
variable of the virus genes, presenting a variability that can reach up to 30% between
isolates from different subtypes and is primarily accumulated in the gp120′s hypervariable
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regions [42,43]. All this variability could directly impact ASP and should affect the conser-
vation of epitopes targeted by the immune response, as the antisense gene overlaps the env
region that includes regions V4/V5 hypervariable loops of gp20. Hence, evaluating the
impact of ASP diversity alongside immunogenicity studies is crucial for selecting the best
antigen candidate.

In the present study, we focused the diversity analyses on viruses from subtypes
B, C, and sub-subtype F1, which were the most prevalent HIV subtypes in Brazil [44].
Phylogenetic analyses performed with our datasets revealed only a few clade grouping
sequences mainly isolated from a single country, including a Korean and a Chinese clade
for subtype B and two clades from India and Zaire for subtype C. A main subtype B and C
sequence clade was observed for Brazilian sequences. Still, the distribution of the Brazilian
sequence along the maximum likelihood trees points out the genetic variability of ASP
with low geographic structuration.

Regarding genetic variability, Shannon entropy analyses revealed a general low en-
tropy for the ASP gene outside the hypervariable regions, which did not diverge among
the subtypes evaluated. Differences between worldwide and Brazilian datasets were
observed when comparing subtype C alignments, which reflects the higher degree of simi-
larity between Brazilian sequences compared with sequences from other countries. In the
case of sub-subtype F1, entropy data was comparable between Brazilian and worldwide
datasets. Therefore, it suggests that variability in Brazilian sequences is equivalent to the
ASP diversity observed globally.

Although the most variable sites identified during entropy analyses are shared by
different subtypes, about 40% of the highly variable sites identified for each subtype were
conserved among the other two evaluated subtypes, indicating a diversity pattern that
should be subtype-specific. In addition, several subtype-specific variations were identified
in sites depicting low entropy throughout Logo data. Therefore, it was incorporated into
peptide design, ensuring a spectrum of peptides covering subtype-specific signatures and
comprising most of the variability that could impact immune response. This design reflects
differences in the reaction magnitude driven by different subtypes.

Immunoscreening results showed that the N-terminal region of ASP is poorly immuno-
genic, with barely any response detectable against the first 35 amino acids of the protein.
Similar data was demonstrated by Savoret et al., in which the deletion of the first 26 amino
acids from ASP did not result in weaker responses compared with experiments performed
with full-length ASP [18]. Although this initial portion of the protein is characterized by
the presence of two cysteine triplets, a motif associated with the binding of metallic ions
at N-terminal regions [45], Cassan et al. demonstrated that most viruses from subtype A
and its recombinants presented a stop codon located at position 12 and an alternative start
codon at position 29 [12]. Thus, these results suggest that this region is optional for protein
functionality, given the high prevalence of this subtype and its recombinants.

Despite lower-magnitude responses along the first third of the protein, IgG responses
reached nearly 40% for peptides from Set 5. Although those responses were lower than
observed for the center of the protein, it deserves to be highlighted, as this region includes
a conserved double proline-rich motif (PxxPxxP), and it is located immediately before
the portion equivalent to the gp120′s RRE domain. This region was also part of one of
the peptides previously tested by Vanhée-Brossollet et al. [17], and it was highlighted
by Savoret et al. as a target region of antibodies against ASP [46]. In addition, we also
observed a slight difference in the response between the two tested peptides from Set 5,
with a reactivity of about 10% lower against the peptide presenting the mutation. P50L,
which was detected in about 30% of the subtype B sequences, affects the central proline
of the proline-rich domain and indicates lower immunogenicity for this region when the
motif is not present.

The stronger responses observed in our study were detected for peptides targeting
the protein’s central region, which is presumed to compose the ASP’s ectodomain [14] and
agrees with two previous studies [17,18]. Savoret et al. indicated the presence of epitopes in
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the region delimited by sets 7–13 in our research, while our peptides from Set 12 comprise
the region targeted by one of the peptides tested by Vanhée-Brossollet et al. In addition
to these data, we identified that the main epitopes involved in the immunogenicity of the
ASP central region are located in the sites covered by sets 9, 11, and 12.

For Set 9, we observed differences in the region targeted by IgM and IgG, with a
possible displacement of the targeted epitopes between the two classes of antibodies. In this
case, IgG responses were similar between all peptides, but IgM responses against peptides
presenting characteristic motifs from subtypes C and F1 were about 40% higher than those
from subtype B. Besides the influence of viral diversity in the pattern of immune response
observed, this result also indicates that both IgG and IgM target different epitopes in the
region covered by Set 9, with the IgG epitope located in a more conserved region and, thus,
resulting in a good candidate for vaccine target.

Besides the Set 9 region, the region equivalent to gp120 V5 (sets 11 and 12) should be
interested in immunogenicity, as the two sets directly flanking the region presented strong
responses. The participation of hypervariable loops from gp120 in the immune response
was extensively studied. The V3 region contains one of the most frequently recognized HIV
epitopes recognized by antibodies; however, analyses of the results from the RV144 clinical
trial indicated that vaccine efficacy correlated positively with the magnitude of anti-V1 and
anti-V2 antibodies [47,48]. While the sequence diversity in the peptides from Set 11 did
not appear to affect both IgG and IgM responses, Set 12 presented different patterns that
could be related to both Ig class and viral sequence. For the last, the IgM response was
consistently high for all variants commonly found in subtype B but lower for peptides with
mutations related to subtypes C and F1.

In contrast, IgG responses were lower only for peptides containing motifs related
to subtype F1 and stronger when isoleucine was present in position 130. These results
indicate that Set 12 epitopes were highly immunogenic for subtypes B and C but not F1.
The sequence’s high diversity should have a greater impact on the response magnitude.

Sets 13 and 16 also presented stronger responses for some peptides. Still, the higher
degree of variation in the magnitude of response observed between the peptides indicated
that the region is not an immunogen with a broad range. The divergent results observed
for Set 16, which represented ASP’s C-terminal region, plus the low responses observed for
sets 14 and 15 related to the observation from Savoret et al. that antibodies did not target
the C-terminus of the protein. However, the lack of response observed in their study was
probably impacted by the sequence used in their antigen, which contained the variation
present in peptide 16.1, which was barely recognized in our study for both IgG and IgM.

Lastly, the lower reactivities for sets 7–8 and 14–15 could be related to the presence
of two putative transmembrane domains previously identified [14]. For these sets, a
relevant decrease in the mean response can be observed in comparison to their adjacent
sets, indicating that the exposition of these residues to the immune response is mostly
limited. In addition, responses against peptides that represent the N-terminal and C-
terminal regions of ASP, which are presumed to constitute intracellular portions of the
protein, mostly reached levels below the IR threshold (30%), which is compatible with a
low exposition feature.

Although the present work provides a comprehensive overview of the response to
anti-ASP antibodies, it is important to note that the methodology employed has some
limitations. First, the use of pooled samples could bias the reactivity data, and lower
responses observed for some peptides containing subtype-specific variations could result
from the fact that most of the samples from the pool were derived from individuals not
infected by viruses from that specific subtype. Despite that, the samples included in our
pools were mostly derived from individuals infected with HIV viruses from subtype B,
which is the most prevalent in Brazil [44]. Thus, the observed increased reactivities for
peptides containing motifs or signatures characteristic of subtypes C and F1 when compared
with peptides containing variations associated with subtype B show that the employed
methodology could provide some resolution for these evaluations despite a probable bias.
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Similar bias could affect comparisons between IgM and IgG data since different pools
were used to assess reactivities against each class, and an unbiased analysis would require
the testing of longitudinal samples obtained from a single individual. Despite that, spot
synthesis followed by immunoblot is a well-standardized technique that allows a great
throughput for broad screening and whole protein mapping, allowing the identification
of general immunogenicity patterns. More specific questions and confirmations of those
results should be further explored by testing individual samples obtained from PLWH
in different clinical settings and infected with viruses from different subtypes, allowing
for confirmation of clade-specific antigenic determinants and identification of immune
response patterns associated with stage of infection and/or treatment administration, as
previously shown [46].

In addition, we could not identify and verify the response to conformational epitopes
since the evaluated immune response was directed against linear peptides. Despite that, our
results mostly agreed with the results obtained by Savoret et al., which used methodologies
that allowed properly folded antigens. Also, the absence of a model containing the tertiary
structure of ASP and a lack of knowledge regarding its native conformation in vivo pose
challenges to precisely identifying the location of each epitope and determining whether
they are accessible to antibody binding. Despite these obstacles, identifying antibodies in
biological samples serves as evidence that the immune response of the individuals had
indeed targeted the tested peptides.

5. Conclusions

In summary, our results provide a more refined map delineating the immunogenic
regions of ASP and show that IgM and IgG responses are preferentially directed towards
epitopes at the middle region and the C-terminus of ASP. In addition to identifying those
regions, the use of data regarding variability patterns that characterize subtype-specific
signatures for B, C, and F1 HIV variants allowed us to determine the effects of mutations
in the IgG and IgM reactivities and the presence of sets with low IR variance, indicating
regions with antibody cross-reactivity between HIV from B, C, and F1 subtypes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines12070771/s1. Supplementary Table S1. List of HIV ASP
sequences retrieved from LAHSD and included in analyses datasets; Supplementary Table S2. ASP
sequences were obtained from the Los Alamos HIV sequence database and stratified according to
geographic information and genetic classification; Supplementary Table S3. Statistics of residue
frequencies among B, C, and F1 subtypes datasets for each evaluated peptide; Supplementary
Figure S1. Median IgG and IgM responses against ASP peptides. The boxplots represent median and
IQR for IgG and IgM reactivity indexes (IR) obtained for each peptide sets. Results are shown in
pairs, with lighter tone bars representing IgM IR and darker tone bars representing IgG results. The
dashed horizontal line indicates the 30% threshold.

Author Contributions: Conceptualization, D.G.C. and M.L.G.; Data curation, D.G.C.; Formal analy-
sis, D.G.C. and P.N.-P.; Funding acquisition, D.G.C. and M.L.G.; Investigation, D.G.C. and P.N.-P.;
Methodology, D.G.C., P.N.-P. and S.G.D.-S.; Resources, L.M.V., F.H.C., S.W.C., B.H., B.G., V.G.V.,
S.G.D.-S. and M.L.G.; Supervision, M.L.G.; Validation, D.G.C., M.L.G., P.N.-P. and S.G.D.-S.; Visual-
ization, D.G.C.; Writing—original draft, D.G.C. and M.L.G.; Writing—review and editing, D.G.C.,
P.N.-P., L.M.V., F.H.C., S.W.C., B.H., B.G., V.G.V., S.G.D.-S. and M.L.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado
do Rio de Janeiro (FAPERJ PDR-10; Process E-26/204.446/2021) and the Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPQ-PDJ; Process 152212/2020-5). MLG is recipient of
fellowship from CNPq (number 307854/2021-3).

Institutional Review Board Statement: This study was performed in line with the principles of
the Declaration of Helsinki. Approval was granted by the IOC/Fiocruz Ethics Committee (CAAE:
# 51816421.0.0000.5248).

https://www.mdpi.com/article/10.3390/vaccines12070771/s1
https://www.mdpi.com/article/10.3390/vaccines12070771/s1


Vaccines 2024, 12, 771 15 of 17

Informed Consent Statement: All participants provided written informed consent.

Data Availability Statement: Data supporting this manuscript may be available upon reasonable
request to the corresponding author.

Acknowledgments: We thank the patients, nurses, clinicians, and all the INI staff from the blood
collection sector and the peptide synthesis platform from Instituto Oswaldo Cruz—FIOCRUZ.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Foley, B.; Leitner, T.; Apetrei, C.; Hahn, B.; Mizrachi, I.; Mullins, J.; Rambaut, A.; Wolinsky, S.; Korber, B.; Singh, A.; et al. HIV

Sequence Compendium 2018; Foley, B., Leitner, T., Apetrei, C., Hahn, B., Mizrachi, I., Mullins, J., Rambaut, A., Wolinsky, S., Korber,
B., Singh, A., et al., Eds.; Los Alamos National Laboratory, Theoretical Biology and Biophysics: Los Alamos, NM, USA, 2018.

2. Cardinaud, S.; Moris, A.; Février, M.; Rohrlich, P.S.; Weiss, L.; Langlade-Demoyen, P.; Lemonnier, F.A.; Schwartz, O.; Habel,
A. Identification of Cryptic MHC I-Restricted Epitopes Encoded by HIV-1 Alternative Reading Frames. J. Exp. Med. 2004, 199,
1053–1063. [CrossRef] [PubMed]

3. Ludwig, L.B.; Ambrus, J.L.; Krawczyk, K.A.; Sharma, S.; Brooks, S.; Hsiao, C.B.; Schwartz, S.A. Human Immunodeficiency
Virus-Type 1 LTR DNA Contains an Intrinsic Gene Producing Antisense RNA and Protein Products. Retrovirology 2006, 3, 80.
[CrossRef] [PubMed]

4. Champiat, S.; Raposo, R.A.S.; Maness, N.J.; Lehman, J.L.; Purtell, S.E.; Hasenkrug, A.M.; Miller, J.C.; Dean, H.; Koff, W.C.; Hong,
M.A.; et al. Influence of HAART on Alternative Reading Frame Immune Responses over the Course of HIV-1 Infection. PLoS
ONE 2012, 7, e39311. [CrossRef] [PubMed]

5. Berger, C.T.; Llano, A.; Carlson, J.M.; Brumme, Z.L.; Brockman, M.A.; Cedeño, S.; Harrigan, P.R.; Kaufmann, D.E.; Heckerman, D.;
Meyerhans, A.; et al. Immune Screening Identifies Novel T Cell Targets Encoded by Antisense Reading Frames of HIV-1. J. Virol.
2015, 89, 4015–4019. [CrossRef] [PubMed]

6. Miller, R.H. Human Immunodeficiency Virus May Encode a Novel Protein on the Genomic DNA plus Strand. Science 1988, 239,
1420–1422. [CrossRef] [PubMed]

7. Bukrinsky, M.I.; Etkin, A.F. Plus Strand of the HIV Provirus DNA Is Expressed at Early Stages of Infection. AIDS Res. Hum.
Retroviruses 1990, 6, 425–426. [CrossRef] [PubMed]

8. Michael, N.L.; Vahey, M.T.; d’Arcy, L.; Ehrenberg, P.K.; Mosca, J.D.; Rappaport, J.; Redfield, R.R. Negative-Strand RNA Transcripts
Are Produced in Human Immunodeficiency Virus Type 1-Infected Cells and Patients by a Novel Promoter Downregulated by Tat.
J. Virol. 1994, 68, 979–987. [CrossRef] [PubMed]

9. Peeters, A.; Lambert, P.F.; Deacon, N.J. A Fourth Sp1 Site in the Human Immunodeficiency Virus Type 1 Long Terminal Repeat Is
Essential for Negative-Sense Transcription. J. Virol. 1996, 70, 6665–6672. [CrossRef] [PubMed]

10. Bentley, K.; Deacon, N.; Sonza, S.; Zeichner, S.; Churchill, M. Mutational Analysis of the HIV-1 LTR as a Promoter of Negative
Sense Transcription. Arch. Virol. 2004, 149, 2277–2294. [CrossRef] [PubMed]

11. Landry, S.; Halin, M.; Lefort, S.; Audet, B.; Vaquero, C.; Mesnard, J.M.; Barbeau, B. Detection, Characterization and Regulation of
Antisense Transcripts in HIV-1. Retrovirology 2007, 4, 71. [CrossRef]

12. Cassana, E.; Arigon-Chifolleaua, A.M.; Mesnard, J.-M.M.; Gross, A.; Gascuel, O.; Cassan, E.; Arigon-Chifolleau, A.-M.; Mesnard,
J.-M.M.; Gross, A.; Gascuel, O. Concomitant Emergence of the AntiSense Protein Gene of HIV-1 and of the Pandemic. Proc. Natl.
Acad. Sci. USA 2016, 113, 11537–11542. [CrossRef] [PubMed]

13. Briquet, S.; Vaquero, C. Immunolocalization Studies of an Antisense Protein in HIV-1-Infected Cells and Viral Particles. Virology
2002, 292, 177–184. [CrossRef] [PubMed]

14. Clerc, I.; Laverdure, S.; Torresilla, C.; Landry, S.; Borel, S.; Vargas, A.; Arpin-André, C.; Gay, B.; Briant, L.; Gross, A.; et al.
Polarized Expression of the Membrane ASP Protein Derived from HIV-1 Antisense Transcription in T Cells. Retrovirology 2011, 8,
74. [CrossRef] [PubMed]

15. Mancarella, A.; Procopio, F.A.; Achsel, T.; De Crignis, E.; Foley, B.T.; Corradin, G.; Bagni, C.; Pantaleo, G.; Graziosi, C. Detection of
Antisense Protein (ASP) RNA Transcripts in Individuals Infected with Human Immunodeficiency Virus Type 1 (HIV-1). J. General.
Virol. 2019, 100, 863–876. [CrossRef] [PubMed]

16. Affram, Y.; Zapata, J.C.; Gholizadeh, Z.; Tolbert, W.D.; Zhou, W.; Iglesias-Ussel, M.D.; Pazgier, M.; Ray, K.; Latinovic, O.S.;
Romerio, F. The HIV-1 Antisense Protein ASP Is a Transmembrane Protein of the Cell Surface and an Integral Protein of the Viral
Envelope. J. Virol. 2019, 93, 10–1128. [CrossRef] [PubMed]

17. Vanhée-Brossollet, C.; Thoreau, H.; Serpente, N.; D’Auriol, L.; Lévy, J.P.; Vaquero, C. A Natural Antisense RNA Derived from
the HIV-1 Env Gene Encodes a Protein Which Is Recognized by Circulating Antibodies of HIV+ Individuals. Virology 1995, 206,
196–202. [CrossRef] [PubMed]

https://doi.org/10.1084/jem.20031869
https://www.ncbi.nlm.nih.gov/pubmed/15078897
https://doi.org/10.1186/1742-4690-3-80
https://www.ncbi.nlm.nih.gov/pubmed/17090330
https://doi.org/10.1371/journal.pone.0039311
https://www.ncbi.nlm.nih.gov/pubmed/22768072
https://doi.org/10.1128/JVI.03435-14
https://www.ncbi.nlm.nih.gov/pubmed/25589651
https://doi.org/10.1126/science.3347840
https://www.ncbi.nlm.nih.gov/pubmed/3347840
https://doi.org/10.1089/aid.1990.6.425
https://www.ncbi.nlm.nih.gov/pubmed/2340203
https://doi.org/10.1128/jvi.68.2.979-987.1994
https://www.ncbi.nlm.nih.gov/pubmed/8289399
https://doi.org/10.1128/jvi.70.10.6665-6672.1996
https://www.ncbi.nlm.nih.gov/pubmed/8794302
https://doi.org/10.1007/s00705-004-0386-8
https://www.ncbi.nlm.nih.gov/pubmed/15338321
https://doi.org/10.1186/1742-4690-4-71
https://doi.org/10.1073/pnas.1605739113
https://www.ncbi.nlm.nih.gov/pubmed/27681623
https://doi.org/10.1006/viro.2001.1224
https://www.ncbi.nlm.nih.gov/pubmed/11878921
https://doi.org/10.1186/1742-4690-8-74
https://www.ncbi.nlm.nih.gov/pubmed/21929758
https://doi.org/10.1099/jgv.0.001244
https://www.ncbi.nlm.nih.gov/pubmed/30896385
https://doi.org/10.1128/JVI.00574-19
https://www.ncbi.nlm.nih.gov/pubmed/31434734
https://doi.org/10.1016/S0042-6822(95)80034-4
https://www.ncbi.nlm.nih.gov/pubmed/7831774


Vaccines 2024, 12, 771 16 of 17

18. Savoret, J.; Chazal, N.; Moles, J.P.; Tuaillon, E.; Boufassa, F.; Meyer, L.; Lecuroux, C.; Lambotte, O.; Van De Perre, P.; Mesnard, J.M.;
et al. A Pilot Study of the Humoral Response Against the AntiSense Protein (ASP) in HIV-1-Infected Patients. Front. Microbiol.
2020, 11, 1–12. [CrossRef] [PubMed]

19. Los Alamos National Laboratory Los Alamos HIV Databases. Available online: https://www.hiv.lanl.gov/content/index
(accessed on 13 June 2022).

20. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef] [PubMed]

21. Biomatters Geneious | Bioinformatics Software for Sequence Data Analysis 2022.
22. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately Maximum-Likelihood Trees for Large Alignments. PLoS ONE

2010, 5, e9490. [CrossRef] [PubMed]
23. Letunic, I.; Bork, P. Interactive Tree Of Life (ITOL) v5: An Online Tool for Phylogenetic Tree Display and Annotation. Nucleic

Acids Res. 2021, 49, W293–W296. [CrossRef] [PubMed]
24. R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2021.
25. Posit Team RStudio: Integrated Development Environment for R; R Core Team: Vienna, Austria, 2023.
26. Pagès, H.; Aboyoun, P.; Gentleman, R.; DebRoy, S. Biostrings: Efficient Manipulation of Biological Strings 2022.
27. Huber, W.; Carey, J.V.; Gentleman, R.; Anders, S.; Carlson, M.; Carvalho, B.S.; Bravo, H.C.; Davis, S.; Gatto, L.; Girke, T.; et al.

Orchestrating High-Throughput Genomic Analysis with Bioconductor. Nat. Methods 2015, 12, 115–121. [CrossRef] [PubMed]
28. Grant, B.J.; Rodrigues, A.P.C.; ElSawy, K.M.; McCammon, J.A.; Caves, L.S.D. Bio3d: An R Package for the Comparative Analysis

of Protein Structures. Bioinformatics 2006, 22, 2695–2696. [CrossRef] [PubMed]
29. Wagih, O. Ggseqlogo: A “ggplot2” Extension for Drawing Publication-Ready Sequence; R Core Team: Vienna, Austria, 2017.
30. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4.
31. Kassambara, A. Rstatix: Pipe-Friendly Framework for Basic Statistical Tests; R Core Team: Vienna, Austria, 2023.
32. da Silva, F.R.; Napoleão-Pego, P.; De-Simone, S.G. Identification of Linear B Epitopes of Pertactin of Bordetella Pertussis Induced

by Immunization with Whole and Acellular Vaccine. Vaccine 2014, 32, 6251–6258. [CrossRef] [PubMed]
33. De-Simone, S.G.; Gomes, L.R.; Napoleão-Pêgo, P.; Lechuga, G.C.; de Pina, J.S.; da Silva, F.R. Epitope Mapping of the Diphtheria

Toxin and Development of an ELISA-Specific Diagnostic Assay. Vaccines 2021, 9, 313. [CrossRef] [PubMed]
34. De-Simone, S.G.; Napoleão-Pêgo, P.; Teixeira-Pinto, L.A.L.; Melgarejo, A.R.; Aguiar, A.S.; Provance, D.W. IgE and IgG Epitope

Mapping by Microarray Peptide-Immunoassay Reveals the Importance and Diversity of the Immune Response to the IgG3
Equine Immunoglobulin. Toxicon 2014, 78, 83–93. [CrossRef] [PubMed]

35. Bet, A.; Maze, A.A.; Bansal, A.; Sterrett, S.; Gross, A.; Graff-Dubois, S.; Samri, A.; Guihot, A.; Katlama, C.; Theodorou, I.; et al. The
HIV-1 Antisense Protein (ASP) Induces CD8 T Cell Responses during Chronic Infection. Retrovirology 2015, 12, 15. [CrossRef]
[PubMed]

36. The Lancet HIV What Future for HIV Vaccines? Lancet HIV 2023, 10, e143. [CrossRef] [PubMed]
37. Erdmann, N.; Du, V.Y.; Carlson, J.; Schaefer, M.; Jureka, A.; Sterrett, S.; Yue, L.; Dilernia, D.; Lakhi, S.; Tang, J.; et al. HLA

Class-II Associated HIV Polymorphisms Predict Escape from CD4+ T Cell Responses. PLoS Pathog. 2015, 11, e1005111. [CrossRef]
[PubMed]

38. Ouyang, Y.; Yin, Q.; Li, W.; Li, Z.; Kong, D.; Wu, Y.; Hong, K.; Xing, H.; Shao, Y.; Jiang, S.; et al. Escape from Humoral Immunity Is
Associated with Treatment Failure in HIV-1-Infected Patients Receiving Long-Term Antiretroviral Therapy. Sci. Rep. 2017, 7, 6222.
[CrossRef] [PubMed]

39. Dalmau, J.; Rotger, M.; Erkizia, I.; Rauch, A.; Reche, P.; Pino, M.; Esteve, A.; Palou, E.; Brander, C.; Paredes, R.; et al. Highly
Pathogenic Adapted HIV-1 Strains Limit Host Immunity and Dictate Rapid Disease Progression. Aids 2014, 28, 1261–1272.
[CrossRef] [PubMed]

40. Lewis, G.K.; Pazgier, M.; DeVico, A.L. Survivors Remorse: Antibody-mediated Protection against HIV-1. Immunol. Rev. 2017, 275,
271–284. [CrossRef] [PubMed]

41. Hsu, D.C.; O’Connell, R.J. Progress in HIV Vaccine Development. Hum. Vaccin. Immunother. 2017, 13, 1018–1030. [CrossRef]
[PubMed]

42. Korber, B.; Gaschen, B.; Yusim, K.; Thakallapally, R.; Kesmir, C.; Detours, V. Evolutionary and Immunological Implications of
Contemporary HIV-1 Variation. Br. Med. Bull. 2001, 58, 19–42. [CrossRef] [PubMed]

43. Lynch, R.M.; Shen, T.; Gnanakaran, S.; Derdeyn, C.A. Appreciating HIV Type 1 Diversity: Subtype Differences in Env. AIDS Res.
Hum. Retroviruses 2009, 25, 237–248. [CrossRef] [PubMed]

44. Gräf, T.; Bello, G.; Andrade, P.; Arantes, I.; Pereira, J.M.; Bonfim, A.; Da Silva, P.; Veiga, R.V.; Mariani, D.; Boullosa, L.T.; et al.
HIV-1 Molecular Diversity in Brazil Unveiled by 10 Years of Sampling by the National Genotyping Network. Sci. Rep. 2021, 11,
15842. [CrossRef] [PubMed]
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