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Abstract

Background: Human immunodeficiency virus (HIV-1) infection is characterized by high viral replication and a
decrease in CD4+ T cells (CD4+TC), resulting in AIDS, which can lead to death. In elite controllers and viremia
controllers, viral replication is naturally controlled, with maintenance of CD4+TC levels without the use of
antiretroviral therapy (ART).

Methods: The aim of the present study was to describe virological and immunological risk factors among HIV-1-
infected individuals according to characteristics of progression to AIDS. The sample included 30 treatment-naive
patients classified into three groups based on infection duration (> 6 years), CD4+TC count and viral load: (i) 2 elite
controllers (ECs), (ii) 7 viremia controllers (VCs) and (iii) 21 nonviremia controllers (NVCs). Nested PCR was employed
to amplify the virus genome, which was later sequenced using the Ion PGM platform for subtyping and analysis of
immune escape mutations.

Results: Viral samples were classified as HIV-1 subtypes B and F. Greater selection pressure on mutations was
observed in the group of viremia controllers, with a higher frequency of immunological escape mutations in the
genes investigated, including two new mutations in gag. The viral sequences of viremia controllers and nonviremia
controllers did not differ significantly regarding the presence of immune escape mutations.

Conclusion: The results suggest that progression to AIDS is not dependent on a single variable but rather on a set
of characteristics and pressures exerted by virus biology and interactions with immunogenetic host factors.
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Backgrounds
The majority of patients infected with human immuno-
deficiency virus (HIV) present high viral replication rates
and a reduction in the number of CD4+ T cells (CD4+TC),
which in the absence of antiretroviral therapy may lead to
the development of acquired immune deficiency syn-
drome (AIDS) and ultimately death [1]. However, in some

infected individuals, viral replication is apparently con-
trolled without the use of antiretroviral drugs.
Long-term nonprogressor (LTNP) cases comprise an

HIV-1 infection group that does not follow the normal
course of AIDS progression due to the ability to spon-
taneously maintain high levels of CD4+ T cells and a low
viral load in the absence of therapy [2]. These individuals
can be subclassified into groups of viremia controllers
(VCs) and elite controllers (ECs), which represent the
extreme capacity to curb progression to AIDS [3].
However, the nomenclature and classification criteria

of these groups vary according to the author [2].
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Currently, the suppression mechanism of viral infection
remains poorly understood and is commonly attributed
to virological factors, in addition to other factors such as
immune response, genetic variations and gut transloca-
tion, which are directly associated with the inflammation
process [4, 5].
Variants of human leukocyte antigen (HLA) genes can

influence the effectiveness of the host immune response
[6]. For example, the presence of protective HLA alleles,
such as HLA-B*57 and HLA-B*27, is associated with
lower viral loads and slower progression to AIDS,
whereas the HLA-B*35 allele is associated with rapid
progression to the disease [7–11].
Viremia controllers usually display a trend toward an

immune response consisting of a Th1 profile, with a sig-
nificant increase in cytokine production and a reduction
in the Th2 response compared with individuals who ex-
hibit the usual progression to AIDS [12–14]. Although
high production of IFN-γ is associated with slower pro-
gression to AIDS, IL-4 production is reportedly higher
in individuals with rapid progression to AIDS [11], indi-
cating that the Th1/Th2 balance is essential for deter-
mining the course of viral infection [13].
Julg [15] reported data indicating that CD4+ T cells

from ECs are easily infected with HIV ex vivo, which
suggests that these cells are not resistant to infection
and that the virus isolated from these individuals ex-
hibits competent replication. Another study isolating
viral particles from ECs observed that the viruses of
these individuals show normal replication kinetics
in vitro, showing that defective viral strains are not the
main cause of this phenomenon [16].
The virological characteristic most commonly associated

with disease progression is a high level of HIV-1 mutation,
which results from the reverse transcription process and
contributes to a continuous increase in genetic diversity of
the virus, allowing it to adapt quickly to a variety of selec-
tion pressures imposed by the hostile and changing envir-
onment of the host [17–19]. Indeed, host immune factors,
including the response of cytotoxic CD8+ T lymphocytes
(CTLs), exert a major selective force that drives the evolu-
tion and diversification of HIV-1 at both individual and
population levels [7, 20, 21].
Thus, the CTL response plays a central role in the con-

trol of HIV infection [22]. Several studies have demon-
strated that mutations allowing escape from the CTL
response generally lead to rapid progression to AIDS [23–
25]. In contrast, viral escape triggered during initial infec-
tion results in subsequent control of viremia [26–29]. In
general, the emergence of escape mutations during the
immune response provides a clear physical benefit to the
virus but is associated with costs to viral fitness [30–32].
The present study attempted to describe immune es-

cape mutations related to structural (gag), regulatory (tat

and rev) and accessory (nef, vif, vpr and vpu) genes in
treatment-naive HIV-1-positive individuals with different
profiles of progression to AIDS and to correlate the mu-
tations with these progression outcomes.

Methods
Population characteristics
The present study employed a cross-sectional retrospect-
ive design and used 30 samples from patients with con-
firmed HIV-1 infection belonging to the collection of
the Virus Laboratory of the Biological Science Institute
of the Federal University of Pará. The samples were col-
lected in a referral unit in the city of Belém, Pará state,
Brazil, and sent to the laboratory through the Brazilian
National Network for CD4+/CD8+ T Cell Count and
Viral Load of the Ministry of Health. The samples were
collected from 2007 to 2011 using a vacuum collection
system with 5-mL tubes containing EDTA as an anti-
coagulant and stored at − 20 °C in the Laboratory of Vir-
ology of UFPA until tests were performed.
The subjects had no history of antiretroviral therapy

prior to the time of sample collection and were distrib-
uted into three groups, elite controllers (ECs), viremia
controllers (VCs) and nonviremia controllers (NVCs),
according to previously described criteria for progression
to AIDS [12]. These criteria consisted of HIV-1 infection
for six or more years, CD4+ T cell counts above 500
cells/mm3 for controllers and below this level for NVCs
and viral loads below 50 copies/mL (not detectable) for
ECs, below or equal to log4 for VCs and greater than
log4 for NVCs. Based on these criteria, 9 individuals
were classified as controllers (ECs and VCs) and 21 as
nonviremia controllers (NVCs).

Molecular analysis
DNA extraction, genome amplification and purification
of products.
Total DNA was extracted from whole blood using the

Biopur Mini Spin Plus extraction kit (Biometrix, Brazil).
The HIV-1 genome was amplified by nested PCR using
previously described primers [33]. The amplification reac-
tion was performed in a volume of 50 μL containing 10 ng
of extracted DNA, 200mM of each dNTP, 200 nmol of
each primer, 50mM KCl, 1.5 mM MgCl2, 10 mM Tris-
HCl (pH 8.3) and 1 U of Taq DNA polymerase for both
rounds. The amplification products were visualized after
electrophoresis (100 V/45min) through a 1.5% agarose
gel. To remove impurities and nonspecific products that
might interfere with sequencing, the products were puri-
fied from agarose gel slices using PureLink Quick Gel Ex-
traction Kit (Thermo Fisher Scientific, USA). Commercial
assays were used according to the technical procedures
recommended by the manufacturer.
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Sequencing, editing and alignment
Sample sequencing was carried out using an Ion PGM™
System (Life Technologies, Carlsbad, California, USA)
platform based on the Ion Xpress Plus gDNA Fragment
Library Preparation protocol (Life Technologies, Carlsbad,
California, USA), which is capable of processing long
DNA sequences and generating high coverage rates. Sam-
ples were loaded onto an Ion 314 chip (Life Technologies,
Carlsbad, California, USA) with an output per run of up
to 100Mb. Nucleotide editing and alignment were per-
formed to obtain consensus sequences using Geneious
8.1.2 software [34]. The genome was manually curated
using the HIV-1 viral genome (NC001802) as a reference
for mapping. Only high-quality sequences with phred
values greater than 20 were included in the analysis.

Phylogenetic analysis and identification of escape
mutations
The sequences generated were subjected to phylogenetic
analysis for the determination of HIV-1 subtypes. Phylo-
genetic inferences were performed using the Bayesian
MCMC (Markov Chain Monte Carlo) method and
BEAST 1.8.2 software [35], with 100 million generations
and resampling at each 10,000 generations. Convergence
analysis was estimated with ESS over 200. For analysis of
the molecular clock, the strict model was applied using
the GTR (General Time Reversible) model of nucleotide
substitution. The coalescence model used was expansion
growth with triplicates of 100 million generations.
The presence of CTL escape mutations was analyzed

using Geneious 8.1.2 software [33], comparing the inves-
tigated amino acid sequences with epitope data available
from Los Alamos HIV Immunology Database (https://
www.hiv.lanl.gov/content/index) and sequences previ-
ously described in the literature. For gag, 24 types of
mutations were investigated, as were 6 in rev, 7 in tat,
11 in nef, 9 in vif, and 4 in vpr and vpu.

Three-dimensional protein modeling
Three-dimensional protein structure was constructed
using protein modeling by homology with Modeler 9.15
software [36]. An initial search and selection of tem-
plates was conducted using the Protein Data Bank
(https://www.rcsb.org/pdb/home/home.do), applying the
HIV-1 p24 protein sequence as the initial parameter.
The template selected was 5HGK. Visualization and pro-
duction of the images were carried out using PYMOL
1.8 software [37].

Results
Phylogenetic analysis of gag included 16 samples, for
which good-quality sequences were obtained, grouped
into subtypes B (68.75%) and F (31.25%). EC/VC groups
(ECs and VCs; n = 7) were of subtypes B (57.14%; 4/7)

and F (42.86%; 3/7). Nine samples for the NVC group
were sequenced, with 77.78% (7/9) of subtype B and
22.22% (2/9) of subtype F (Fig. 1). There were 12 CTL
escape mutations detected in each group (Table 1). In
addition, two new mutations were identified, namely, a
substitution from alanine to threonine at position 146 of
the p24 protein (A146T; Fig. 2) in two individuals from
the VC group and a phenylalanine substitution to leu-
cine at position 383 of the p7 protein (F383L) in the
NVC group.
Rev sequences were examined in 10 individuals: 2 ECs,

2 VCs and 6 NVCs. Two mutations were found at posi-
tions 17 and 21 in VCs, and one mutation was found at
position 2 in six NVC individuals. Evaluation of tat in-
cluded 9 sequences (from 1 EC, 3 VCs and 5 NVCs) and
revealed the presence of 6 mutations at positions 7, 9,
24, 29, 32 and 36 in VC individuals and 3 mutations at
positions 24, 29 and 36 in NVCs (Table 2).
nef sequences from 10 individuals were assessed, in-

cluding 5 VCs (2 ECs and 3 VCs) and 5 NVCs. One EC
individual carried 6 escape mutations, and the others
presented between 4 and 5 mutations. Five mutations
were detected among NVCs. Nine samples (1 EC, 2 VCs
and 6 NVCs) were analyzed with regard to vif, revealing
6 escape mutations among both groups. The highest
number of sequences obtained was for vpr, with a total
of 11 (1 EC, 4 VCs and 6 NVCs). Only one type of muta-
tion in VCs and two types in NVCs were identified. More-
over, no resistance mutations in vpu were found among
15 samples (2 ECs, 7 VCs and 7 NVCs) (Table 2).

Discussion
For most people with HIV-1 who do not receive ART,
the infection progresses to AIDS in approximately 2 to
4 years, but other outcomes have been observed [2].
These different forms of progression are determined by
complex interactions between genetic factors of the host
and poorly understood intrinsic characteristics of the
virus [4, 21, 38–40].
Studies of viremia controllers provide a unique oppor-

tunity to understand the mechanisms involved in the
natural control of HIV-1 infection and to clarify factors
that affect disease progression in infected individuals,
providing crucial insight for the development of more ef-
fective therapeutic strategies. This is especially relevant for
the study of mechanisms that may block viral infection
and for the development of an effective vaccine [4, 16].
HIV-1-positive individuals in whom disease progression

is controlled in the absence of ART, such as members of
EC and VC groups, are rare, and the mechanisms involved
in establishing this phenotype have not yet been fully elu-
cidated. Nonetheless, despite undetectable plasma viral
loads (< 50 copies/mL), ultrasensitive methods have
shown baseline levels of replication in these patients,
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which allows some level of viral evolution due to the high
potential of genetic variability in HIV-1 [41].
Phylogenetic analysis of sequences among viremia and

nonviremia HIV-1 controllers was performed using the
gag gene region. Subtypes B and F were distributed
among 16 samples, with no common origin for slow
progressor sequences, excluding a possible shared ances-
try of reduced virulence [42]. In Brazil, subtype B is most
prevalent, followed by subtype F [43, 44]. These results
are partially in agreement with those reported by
Machado [45], who analyzed env and pol gene regions
and described the presence of subtypes C and D (in
addition to subtypes B and F) in individuals visiting a
reference unit in the states of Pará and Amapá. The

absence of these subtypes in our study may be due to
the small sample size.
A more robust Th1 immune response profile may lead

to greater selection pressure on the viral population in
such controllers [3, 46, 47]. This was previously observed
with the same group of individuals examined in the
present study [12], Thus, the selection pressure of the
CTL response acts as a driving force throughout infec-
tion, resulting in the emergence of immune escape mu-
tations, especially among those carrying HLA alleles not
associated with clinical progression [48–50]. For all
genes investigated, immune escape mutations were
present at a higher frequency among viremia controller
groups (ECs and VCs). The sole exception was gag,

Fig. 1 Phylogenetic distribution of the analyzed samples. Identification of individuals from the EC/VC (elite and viremia controllers) and NVC
(nonviremia controllers) groups of different HIV-1 subtypes
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which showed a similar distribution in both the EC/VC
and NVC groups. These mutations have been related to
the presentation of antigens by MHC class I, which acti-
vates the CD8+ T lymphocyte response [51].
Mutations observed in gag were mainly in p24, a con-

served protein. Thus, CTL escape mutations occurring
in this region are under strong selection pressure [52]. A
total of 24 mutations of greater relevance were investi-
gated, and 12 were present in the groups (one EC, six
VCs and nine NVCs). For example, a mutation at pos-
ition 146 (A146X/P/S) is commonly related to viral es-
cape from epitope processing [53, 54]. However, the
change from alanine to threonine found in the present
work has not been previously described in human sam-
ples. Genetic manipulation of the virus has indicated
that different approaches for modifying gag (including
the mutation in question) produce a virus with signifi-
cantly lower replication capacity in cell culture [55].
Among the mutations detected in the TW10 epitope,

the replacement of threonine for asparagine at residue
242 (T242N) represents a well-known and important
CTL escape mutation associated with HLA-B*57B and
results in loss of recognition of the epitope by CTLs; its
presence suggests a virus with compromised replication

capacity [56]. Furthermore, previous studies have identi-
fied the A/G248 mutation as being associated with
T242N-induced escape compensation because it partially
induces the recovery of replicative ability; regardless, the
T242N mutation was not found in this work [56, 57].
The A/G248 mutation, when it occurs alone, does not

represent a consistent variant of viral escape and results
in partial loss of epitope recognition. Moreover, it is usu-
ally associated with subtype B infections and has little or
no implication for virus replication, especially when the
host has an HLA phenotype that does not exert a high
selection pressure on the immune system. Similarly, iso-
leucine at position 256 alone does not represent loss of
viral fitness; however, when both mutations are present
in the same individual, the result is more effective viral
escape, irrespective of the HLA type of the host [56].
The KK10 epitope of p24 is an immunodominant re-

gion related to HLA B*27, and the appearance of escape
mutations within this epitope correlates with increased
viral replication and progression to AIDS [24, 58]. Muta-
tions in this epitope were identified in two individuals (1
EC and 1 VC) in this study, which is contrary to the pro-
gression profile in which they were classified. Nonethe-
less, it has previously been reported that the virus can be

Table 1 Immune escape mutations found in the HIV-1 gag gene. ECs/VCs (elite and viremia controllers); NVCs (nonviremia controllers)

Boxes in blue denote amino acid substitutions. * New mutation previously described in the literature. ** New mutation not previously described in the literature
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controlled in individuals with the HLA B*57 genotype
even in the presence of this mutation [28], an indication
that these two controllers may harbor a protective HLA,
though this was not directly investigated in the present
study.

The QW9 epitope decreases recognition by CD8+ T
lymphocytes [59]; it is more commonly found among
subtype B sequences, with a higher incidence in progres-
sors than in long-term nonprogressors (LTNPs). Never-
theless, Migueles [20] reported no differences in cytotoxic

Fig. 2 Location of the A146T mutation in the P24 protein encoded by the HIV-1 gag gene. A - Enlargement of the substitution site of alanine (A146)
to threonine (T146) at position 146. B - Three-dimensional representation of the P24 protein, with the location of the A146T mutation indicated
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responses between LTNPs and progressors. It is possible
that variations in a specific response may be associated
with synergy of the QW9 epitope with other mutant epi-
topes, as the effect of a single epitope may not be an ac-
curate representation of the global effects on the patient’s
CD8+ T lymphocyte response to HIV-1.
The RI9 epitope is closely related to HLA B*13; this epi-

tope is located in the p1 protein encoded by gag and has
no specific assigned function. However, the p1 sequence is
part of the viral RNA ribosomal frameshifting site, which
acts directly on cleavage of the precursor polyprotein
Gag-Pol. It is thought that changes in this region affect as-
sembly of the viral particle, generating an accumulation of
unprocessed Gag-Pol precursors [60, 61]. A previous
study showed that variations in residues 436 and 437 of
this Gag epitope are responsible for reducing CTL recog-
nition and significant loss of replicative capacity in mu-
tants [62]. In the present study, variations at residue 437
were observed in an EC/VC and in an NVC, and it is not
possible to attribute the advantage or disadvantage of this
modification for progression to AIDS.
A change from phenylalanine to leucine at position

383 of p7 in gag, not previously described in the litera-
ture, was identified in an NVC subject in the present
work. However, a substitution at the same position to
tyrosine related to loss of recognition by the CTL re-
sponse has been previously documented [51]. In addition
to other critical functions for viral replication, the pro-
tein has a structural role in HIV-1 nucleocapsid forma-
tion. Modifications in this region may result in a
defective, abnormally assembled mutant, which may lead
to internalization or increased exposure of viral epitopes,
thereby hindering recognition or increasing the reactivity

of the protein. This would directly affect interactions
with the immune system [63, 64].
Accessory and regulatory genes were also examined

for CTL escape mutations. The rev gene is essential for
viral replication, as it is responsible for the export of un-
processed or incompletely processed viral RNA from the
nucleus to the cytoplasm. Two changes were found at
positions 17 and 21 in a basic domain (originally rich in
arginine). Its function involves specific binding to a re-
gion of the secondary complex of RNA, called the RRE,
that mediates the export of mRNAs from the nucleus to
the cytoplasm, where they are translated to produce es-
sential viral proteins [65]. The greatest diversity of muta-
tions at position 17 was present in the EC/VC group,
which presented lower viral loads, corroborating the
study of Rousseau [66], who reported an association be-
tween the presence of this variant and lower viral loads.
Six of the seven mutations investigated in tat were

more frequent in the EC/VC group. The Tat protein is
particularly effective at controlling viral replication
in vivo [67–69]. The CC8 epitope is an inducer of im-
mune escape from the CTL response. In a longitudinal
study analyzing mutants at 15 different timepoints of
sample collection from an HIV-positive individual in the
first 3 years of infection, a 41% increase in the probabil-
ity of survival and replication was observed compared to
wildtype [70]. Mutation at position 32 (NY9) in the Tat
protein sequence blocks processing of the MY9 epitope
positioned at an adjacent region; this epitope shows high
immunogenicity in subjects with the related HLA B*15
genotype. Rapid elimination from the viral pool of direct
and complete selection of escape mutations in the NY9
and MY9 epitopes is attributed to CTL responses [71].

Table 2 Immune escape mutations found in the regulatory and accessory genes of HIV-1. ECs/VCs (elite and viremia controllers);
NVCs (nonviremia controllers)

Boxes in blue denote amino acid substitutions. Dashes indicate the lack of sequence for the gene
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The Nef protein is involved in reduced expression of
CD4 receptors on the surface of infected cells and, con-
sequently, contributes to rapid progression to AIDS [72],
and nef sequences of the NVC group were more con-
served than were those in the EC/VC group. This higher
frequency of mutations in nonprogressors was reported
by Kirchhoff [73], who analyzed nef gene sequences from
five LTNP patients and found a high number of mutant
forms that resulted in attenuation of HIV-1 particles.
Immune escape mutations in this region generate a virus
with low fitness, contributing to the absence of disease
progression [74].
The vif gene encodes a protein that is central to viral

replication because of its ability to neutralize the host’s
antiviral APOBEC3 protein [42]. Vif optimizes viral rep-
lication capacity and acts as an integral component of
the reverse transcription complex by serving as a cofac-
tor of the reverse transcriptase enzyme, which is relevant
for determining the timeline of progression to AIDS
[75]. Hassaïne [76] demonstrated that a tyrosine kinase
(Hck) protein was able to inhibit the production and in-
fectivity of a virus with mutant vif but not the wildtype
virus, showing the role of certain mutations in the loss
of protein efficacy. In an analysis of sequences from indi-
viduals from northern India, Ronsard [77] observed that
mutations at positions 166 and 167 of vif affect viral in-
fectivity, and Rousseau [66] associated a variant at pos-
ition 33 with lower viral loads, suggesting a cost of
mutation to viral fitness. Similarly, a case study in the
United States investigated viral mapping of a mother
and daughter (congenital transmission) who were slow
progressors and identified a two-amino acid insertion in
Vif that reduced the in vitro replication capacity of the
virus in PBMCs by 20-fold. Moreover, after reversal of
the mutation, the replication efficiency was restored to
levels equivalent to that of the wildtype virus, suggesting
a mechanism of loss of Vif function. Furthermore, map-
ping revealed high identity between the viruses of the
mother and daughter, even though 15 years had passed
since the child’s birth, evidencing the sustained mainten-
ance of the mutant virus. This may have been because it
caused a milder infection [78]. These mutations in vif
were observed in both progression groups in the present
work. In addition, all were present in EC/VC sample
530, which corresponds to an EC.
The Vpr protein is associated with a variety of bio-

logical functions, including cell maintenance in G2
phase, induction of apoptosis, nuclear import of the pre-
integration complex, modulation of gene expression and
suppression of immune activation [79]. Four mutations
in this protein described in the literature have been ana-
lyzed, with changes at positions 37 and 63. HIV-1-
positive patients with Vpr mutations exhibit slower pro-
gression to AIDS [80–82] as a consequence of its effects

on the deregulation of major immune pathways, includ-
ing antigen presentation, cytokine production and T cell
activation [83, 84]. Nonetheless, the direct effects of Vpr
on infected T cells and their immune functions are not
clearly understood.
Consistent with the present study, such mutations

were observed by Hadi [85], who analyzed 192 se-
quences from LTNP individuals and 102 fast progressors
available in the Los Alamos sequence bank. The authors
identified a change from isoleucine to serine (position
63) only in fast progressors; at position 37, there was no
difference in the frequency of mutation between the
groups, similar to the distribution observed in our study
for both mutations. These results indicate that muta-
tions in the vpr gene may impair cell cycle blockade at
the G2 stationary phase and are more common in
LTNPs than in fast progressors. G2 blockade likely pro-
vides favorable conditions for viral gene expression,
which facilitates viral replication in addition to inducing
immune escape, thus avoiding detection by NK cells be-
cause it facilitates the formation of viral reservoirs. Re-
gardless, the mechanisms involved in the above
phenomena are not yet clear.
Analysis of mutations in the vpu gene for both pro-

gression groups demonstrated high conservation of se-
quences, and no amino acid changes were found. The
Vpu protein is a potent antagonist of the CD317/
tetherin restriction factor, which limits the release of
viral particles, modulates expression of MHC I receptors
on the cell surface, regulates degradation of newly syn-
thesized CD4 molecules still in the cell cytoplasm and
further decreases activation of NK cells [86, 87]. Chen
[88] was not able to demonstrate significant differences
between the sequences from individuals with different
forms of progression. The authors suggested that the
lack of differences between the two groups may have
been due to the wide importance of the function exerted
by the Vpu protein, whereby any mutation in the region
would result in strong selection pressure on the mutant
protein by the immune system, hindering establishment
of the mutation.
Based on the results presented herein, it is possible to

suggest that the progression of HIV-1-induced disease is
regulated by several viral and host factors operating in
synergy. The high incidence of escape mutations in
HIV-1 controllers is at least partially related to the cu-
mulative effect of these mutations on viral fitness. Sev-
eral studies have associated CTL escape mutations in
p24 Gag with slower disease progression as a result of
virus fitness incurred by these mutations [21, 57, 89, 90].
This study demonstrates that CTL responses in hosts

are likely to have a strong influence on viral evolution
during HIV-1 infection. This scenario provides a prelim-
inary indication that therapeutic vaccines that induce
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robust responses to conserved epitopes, such as p24,
may increase selection pressure on the virus, thus de-
creasing viral replication over the long term.
Caetano [91] compared ECs without detectable

viremia and VCs with low quantified viral load blades
and showed a higher frequency of mutations in the gag
region in the former and nef in the latter, which might
indicate a differential pattern of viral load associated
with pressure on the genetics of the virus.
Although it was not possible to detect a correlation

between the number of mutations and disease progres-
sion, the association among high frequencies of CTL es-
cape mutations, elevated levels of CD8+ T lymphocytes
and the predominant Th1 cytokine profile observed in
ECs/VCs suggests that the CTL response in these indi-
viduals exerts considerable selection pressure on the
virus. This pressure may contribute to the accumulation
of mutations that, consequently, lead to effective control
of viremia during infection through decreased viral fit-
ness [60]. Overall, HLA subtyping may provide an im-
portant tool for a detailed analysis of the selection
pressure exerted by the immune systems of these
individuals.
The CTL-mediated immune response, which exerts se-

lective pressure and induces escape mutations in HIV, is
characterized by a strong and rapid response that occurs
predominantly during acute/early infection [92, 93].
Thus, variability in the number and types of mutations
appears to depend on the intensity of the individual’s
initial immune response to HIV infection.

Conclusion
Analysis of natural HIV-1 viremia controllers provides
clues of the different pathways by which pathogenesis
occurs, and one of these factors may be the pressure im-
posed by immune escape mutations. The present results
show that individuals infected with HIV-1 subtypes B
and F in the northern area of Brazil carry common and
newly described mutations. Although the frequency did
not differ between viremia controllers and noncontrol-
lers, the findings reinforce the continuous need to un-
ravel the complex disease development by the virus and
the biological characteristics of the infected host.

Abbreviations
HIV: Human immunodeficiency virus; CD4+TC: CD4+ T cells; AIDS: Acquired
immune deficiency syndrome; LTNP: Long-term nonprogressors;
HLA: Human leukocyte antigen; CTLs: Cytotoxic CD8+ T lymphocytes;
EC: Elite controllers; VC: Viremia controllers; NVC: Nonviremia controllers;
Th1: T helper 1; Th2: T helper 2

Acknowledgments
We would like to thank all participants for donating blood for our study.

Authors’ contributions
Conceptualization, RI, ACRV and STMG; methodology, STMG, JMVM, PSL and
JLVJ; validation and formal analysis, STMG, ESGA and ECSJ; investigation,

STMG, MAFQ and ERG; writing—original draft preparation, STMG;
writing—review and editing, STMG, MAFQ, ACRV and RI; supervision, ACRV
and RI; project administration and funding acquisition, ACRV, RI and MAFQ.
The authors read and approved the final manuscript.

Funding
This work was supported by grants from the Conselho Nacional de
Desenvolvimento Científico e Tecnológico – CNPq (#301869/2017–0),
Fundação Amazônia Paraense de Amparo a Estudos e Pesquisas (FAPESPA/
PRONEX-2015) and Universidade Federal do Pará (PAPQ/2019). Funders had
no role in the design of the study and collection, analysis, and interpretation
of data and in writing the manuscript.

Availability of data and materials
The datasets generated and/or analysed during the current study are
available in the GenBank repository (Accession numbers: Gag: MT738717;
MT738718; MT738719; MT738720; MT738721; MT738722; MT738723;
MT738724; MT738725; MT738726; MT738727; MT738728; MT738729;
MT738730; MT738731; MT749440. Nef: MT738732; MT738733; MT738734;
MT738735; MT738736; MT738737; MT738738; MT738739; MT738740;
MT758205. Rev: MT741971; MT741972; MT741973; MT741974; MT741975;
MT741976; MT741977; MT741978; MT741979; MT741980. Tat: MT741981;
MT741982; MT741983; MT741984; MT741985; MT741986; MT741987;
MT741988; MT741989. Vif: MT749412; MT749413; MT749414; MT749415;
MT749416; MT749417; MT749418; MT749419; MT749420. Vpr: MT749421;
MT749422; MT749423; MT749424; MT749425; MT749426; MT749427;
MT749428; MT749429; MT749430; MT758206. Vpu: MT749431; MT749432;
MT749433; MT749434; MT749435; MT749436; MT749437; MT749438;
MT749439; MT758207; MT758208; MT758209; MT758210; MT758211;
MT758212).

Ethics approval and consent to participate
The project was approved by the Ethics Committee of the Tropical Medicine
Center of the Universidade Federal do Para (#275.456). All subjects were
informed about the project. All participants were adults, and those who
agreed to participate were asked to sign an informed consent form.

Consent for publication
Not Applicable.

Competing interests
The authors declare that there are no conflicts of interest.

Author details
1Laboratory of Virology, Biological Science Institute, Federal University of Pará
(ICB/UFPA), Ananindeua, Brazil. 2Graduate Program in Biology of Infectious
and Parasitic Agents, Biological Science Institute, Federal University of Pará,
Ananindeua, Brazil. 3Health Surveillance Department, Ministry of Health
(IEC-SVS/MS), Evandro Chagas Institute, Ananindeua, Brazil.

Received: 23 March 2020 Accepted: 16 July 2020

References
1. Okulicz JF, Marconi VC, Landrum ML, Wegner S, Weintrob A, Ganesan A,

et al. Clinical outcomes of elite controllers, viremic controllers, and long-
term nonprogressors in the US department of defense HIV natural history
study. J Infect Dis. 2009;200:1714–23.

2. Saag M, Deeks SG. How do HIV elite controllers do what they do? Clin
Infect Dis. 2010;51(2):239–41.

3. Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, Rathod A, et al. Genetic
and immunologic heterogeneity among persons who control HIV infection
in the absence of therapy. J Infect Dis. 2008;197:563–71.

4. Abdel-Mohsen M, Raposo RAS, Deng X, Li M, Liegler T, Sinclair E, et al.
Expression profile of host restriction factors in HIV-1 elite controllers.
Retrovirol. 2013;10:106–28.

5. d'Ettorre G, Paiardini M, Zaffiri L, Andreotti M, Ceccarelli G, Rizza C, et al. HIV
persistence in the gut mucosa of HIV-infected subjects undergoing
antiretroviral therapy correlates with immune activation and increased
levels of LPS. Curr HIV Res. 2011;9(3):148–53.

Gomes et al. BMC Infectious Diseases          (2020) 20:546 Page 9 of 11



6. Balana E, Andres AR, Mothe B, Arellano ER, Aguilar F, Badia R, et al.
Differential prevalence of the HLA-C −35 CC genotype among viremic long
term non-progressor and elite controller HIV+ individuals. Immunobiology.
2012;9:889–94.

7. Le AQ, Shahid A, Brumme ZL. HIV-1 mutational escape from host immunity.
In: Hope T, Stevenson M, Richman D, editors. Encyclopedia of AIDS. New
York: Springer; 2014.

8. Lobritz MA, Lassen KG, Arts EJ. HIV-1 replicative fitness in elite controllers.
Curr Opin HIV AIDS. 2011;6:214–20.

9. Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne I, Moodley
E, et al. CD8+ T-cell responses to different HIV proteins have discordant
associations with viral load. Nat Med. 2007;13(1):46–53.

10. Carrington M, O’Brien SJ. The influence of HLA genotype on AIDS. Annu Rev
Med. 2003;54:535–51.

11. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM,
Martino L, et al. HLA B*5701 is highly associated with restriction of virus
replication in a subgroup of HIV-infected long term nonprogressors. Proc
Natl Acad Sci U S A. 2000;97:2709–14.

12. Gomes STM, Gomes ER, Santos MB, Lima SS, Queiroz MAF, Machado LFA,
et al. Immunological and virological characterization of HIV-1 viremia
controllers in the north region of Brazil. BMC Infect Dis. 2017;17:381–94.

13. Soufian S, Aghakhani A, Mohraz M, Banifazl M, Eslamifar A, Boland-Ghamat
Z, et al. No evidence of the Th1 to Th2 cytokine shift during the course of
HIV infection. Iran J Pathol. 2012;7:80–5.

14. Clerici M, Vismara C, Clerici C, Villa ML. Cell mediated immunity in human
pathology: the importance of choosing the right weapon. Infect Dis Obstet
Gynecol. 1996;4:117–21.

15. Julg B, Buzón MJ, Piechocka-Trocha A, Clark MJ, Lian J, Miura T, et al. Infrequent
recovery of HIV from, but robust exogenous infection of activated CD4+ T-cells
from HIV elite controllers. Clin Infect Dis. 2010;51(2):233–8.

16. Blankson JN, Bailey JR, Thayil S, Yang H, Lassen K, Lai J, et al. Isolation and
characterization of replication-competent human immunodeficiency virus
type 1 from a subset of elite suppressors. J Virol. 2007;81(5):2508–18.

17. Boutwell CL, Rolland MM, Herbeck JT, Mullins JI, Allen TM. Viral evolution
and escape during acute HIV-1 infection. J Infect Dis. 2010;202:S309–14.

18. Yu Q, König R, Pillai S, Chiles K, Kearney M, Palmer S, et al. Single-stran
specificity of APOBEC3G accoubts for minus-strand deamination of the HIV
genome. Nat Struct Mol Biol. 2004;11(5):435–42.

19. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, Borkowsky W, et al.
Temporal association of cellular immune response with the initial control of
viremia in primary human immunodeficiency virus type 1 syndrome. J Virol.
1994;68:4650–5.

20. Migueles SA, Laborico AC, Imamichi H, Shupert WL, Royce C, Mclaughlin M,
et al. The differential ability of HLA B*5701 long-term nonprogressors and
progressors to restrict human immunodeficiency virus replication is not
caused by loss of recognition of autologous viral gag sequences. J Virol.
2003;77(12):6889–98.

21. Miura T, Brockman MA, Schneidewind A, Lobritz M, Pereyra F, Rathod A,
et al. HLA-B57/B*5801 human immunodeficiency virus type 1 elite
controllers select for rare gag variants associated with reduced viral
replication capacity and strong cytotoxic T-lymphocyte recognition. J Virol.
2009;83:2743–55.

22. Goulder PJR, Watkins DI. HIV and SIV CTL escape: implications for vaccine
design. Nat Rev Immunol. 2004;4:630–40.

23. Barouch DH, Kunstman J, Kuroda MJ, Schmitz JE, Santra S, Peyerl FW, et al.
Eventual AIDS vaccine failure in a rhesus monkey by viral escape from
cytotoxic T lymphocytes. Nature. 2002;415:335–9.

24. Goulder PJR, Phillips RE, Colbert RA, McAdam S, Ogg G, Nowak MA, et al.
Late escape from an immunodominant cytotoxic T-lymphocyte response
associated with progression to AIDS. Nat Med. 1997;3:212–7.

25. Koening S, Conley AJ, Brewah YA, Jones GM, Leath S, Boots LJ, et al.
Transfer of HIV-1-specific cytotoxic T lymphocytes to an AIDS patient leads
to selection for mutant HIV variants an subsequent disease progression. Nat
Med. 1995;1:330–6.

26. Fernandez CS, Stratov I, De Rose R, Walsh K, Jane Dale C, Smith MZ, et al.
Rapid viral escape at an immunodominant simian-human
immunodeficiency virus cytotoxic T-lymphocyte epitope exacts a dramatic
fitness cost. J Virol. 2005;79:5721–31.

27. Friedrich TC, Dodds EJ, Yant LJ, Vojnov L, Rudersdorf R, Cullen C, et al.
Reversion of CTL escape–variant immunodeficiency viruses in vivo. Nat Med.
2004;10:275–81.

28. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, Feeney M, et al. HIV
evolution: CTL escape mutation and reversion after transmission. Nat Med.
2004;10:282–9.

29. Matano T, Kobayashi M, Igarashi H, Takeda A, Nakamura H, Kano M, et al.
Cytotoxic T lymphocyte–based control of simian immunodeficiency virus
replication in a preclinical AIDS vaccine trial. J Exp Med. 2004;199:1709–18.

30. Sunshine JE, Larsen BB, Maust B, Casey E, Deng W, Chen L, et al. Fitness-
balanced escape determines resolution of dynamic founder virus escape
processes in HIV-1 infection. J Virol. 2015;89(20):10303–18.

31. Quiñones-Mateu ME, Arts EJ. Virus fitness: concept, quantification, and
application to HIV population dynamics. Curr Top Microbiol Immunol. 2006;
299:83–140.

32. Troyer RM, Collins KR, Abraha A, Fraundorf E, Moore DM, Krizan RW, et al.
Changes in human immunodeficiency virus type 1 fitness and genetic
diversity during disease progression. J Virol. 2005;79(14):9006–18.

33. Sierra M, Thomson MM, Ríos M, Casado G, Castro RO, Delgado E, et al. The
analysis of near full-length genome sequences of human immunodeficiency
virus type 1 BF intersubtype recombinant viruses from Chile, Venezuema
and Spain reveals their relationship to diverse lineages of recombinant
viruses related to CRF12_BF. Infect Genet Evol. 2005;5(3):209–17.

34. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinform. 2012;28(12):
1647–9.

35. Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Mol Biol Evol. 2012;29:1969–73.

36. Sali A, Blundell TL. Comparative protein modelling by satisfaction of spatial
restraints. J Mol Biol. 1993;234(3):779–815.

37. Delano WL. PyMOL: an open-source molecular graphics tool. Palo Alto:
DeLano Scientific; 2002. http://www.pymol.org.

38. Ouyang Y, Yin Q, Li W, Li Z, Kong D, Wu Y, 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.

39. Paxton AW, Martin SR, Tse D, O'brien TR, Skurnick J, Vandevanter NL, et al.
Relative resistance to HIV-1 infection of CD4 lymphocytes from persons
who remain uninfected despite multiple high-risk sexual exposures. Nat
Med. 1996;2:412–7.

40. Cao Y, Qin L, Zhang L, Safrit J, Ho DD. Virologic and immunologic
characterization of long-term survivors of human immunodeficiency virus
type 1 infection. N Engl J Med. 1995;332:201–8.

41. Pereyra F, Palmer S, Miura T, Block BL, Wiegand A, Rothchild AC, et al.
Persistent low level viremia in HIV-1 elite controllers and relationship to
immunologic parameters. J Infect Dis. 2009;200(6):984–90.

42. De Maio FA, Rocco CA, Aulicino PC, Bologna R, Mangano A, Sem L. Unusual
substitutions in HIV-1 vif from children infected perinatally without
progression to AIDS for more than 8 years without therapy. J Med Virol.
2012;84:1844–52.

43. Bello G, Guimarães ML, Morgado MG. Evolutionary history of HIV-1 subtype
B and F infections in Brazil. AIDS. 2006;20(5):763–8.

44. Soares EAJ, Santos RP, Pellegrini JA, Sprinz E, Tanuri A, Soares MA.
Epidemiologic and molecular characterization of human immunodeficiency
virus type 1 in southern Brazil. J Acquir Immune Defic Syndr. 2003;34(5):
520–6.

45. Machado LFA, Ishak MOG, Vallinoto ACR, Lemos JAR, Azevedo VN, Moreira
MRC, et al. Molecular epidemiology of HIV type 1 in northern Brazil:
identification of subtypes C and D and the introduction of CRF02_AG in the
Amazon region of Brazil. AIDS Res Hum Retroviruses. 2009;25:10.

46. Platten M, Jung N, Trapp S, Flossdorf P, Meyer-Olson D, Wiesch JS, et al.
Cytokine and chemokine signature in elite versus viremic controllers
infected with HIV. AIDS Res Hum Retroviruses. 2016;32(6):579–87.

47. Klein SA, Dobmeyer JM, Dobmeyer TS, Pape M, Ottman OG, Helm EB, et al.
Demonstration of the Th1 to Th2 cytokine shift during the course of HIV-1
infection using cytoplasmic cytokine detection on single cell level by flow
cytometry. AIDS. 1997;11(9):1111–8.

48. International HIV Controllers Study, Pereyram F, Jia X, Mclaren PJ, Telenti A,
De Bakker PI, et al. The major genetic determinants of HIV-1 control affect
HLA class I peptide presentation. Science. 2010;330(6010):1551–7.

49. Friedrich TC, McDermott AB, Reynolds MR, et al. Consequences of cytotoxic
T-lymphocyte escape: common escape mutations in simian
immunodeficiency virus are poorly recognized in naive hosts. J Virol. 2004;
78(18):10064–73.

Gomes et al. BMC Infectious Diseases          (2020) 20:546 Page 10 of 11

http://www.pymol.org


50. Coffin JM. HIV population dynamics in vivo: implications for genetic
variation, pathogenesis, and therapy. Science. 1995;267(27):483–9.

51. Kløverpris HN, Leslie A, Goulder P. Role of HLA adaptation in HIV evolution.
Front Immunol. 2016;6:665–79.

52. Yusim K, Kesmir C, Gaschen B, Addo MM, Altfeld M, Brunak S, et al.
Clustering patterns of cytotoxic T lymphocyte epitopes in human
immunodeficiency virus type 1 (HIV-1) proteins reveal imprints of immune
evasion on HIV-1 global variation. J Virol. 2002;76(17):8757–68.

53. Naruto T, Murakoshi H, Chikata T, Koyanagi M, Kawashima Y, Gatanaga H,
et al. Selection of HLA-B57-associated gag A146P mutant by HLA-B*48:01-
restricted Gag140-147-specific CTLs in chronically HIV-1-infected Japanese.
Microbes Infect. 2011;13:766–70.

54. Draenert R, Gall SL, Pfafferott KJ, Leslie AJ, Chetty P, Brander C, et al. Immune
selection for altered antigen processing leads to cytotoxic T lymphocyte
escape in chronic HIV-1 infection. J Exp Med. 2004;199(7):905–15.

55. Martrus G, Nevot M, Andres C, Clotet B, Martinez MA. Changes in codon-
pair bias of human immunodeficiency virus type 1 have profound effects
on virus replication in cell culture. Retrovirol. 2013;10:78.

56. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, Chetty S, et al.
Fitness cost of escape mutations in p24 gag in association with control of
human immunodeficiency virus type 1. J Virol. 2006;80(7):3617–23.

57. Brockman MA, Schneidewind A, Lahaie M, Schmidt A, Miura T, Desouza I,
et al. Escape and compensation from early HLA-B57-mediated cytotoxic T-
lymphocyte pressure on human immunodeficiency virus type 1 gag alter
capsid interactions with cyclophilin a. J Virol. 2007;81(22):12608–18.

58. Kelleher AD, Long C, Holmes EC, Allen RL, Wilson J, Conlon C, et al.
Clustered mutations in HIV-1 gag are consistently required for escape from
HLA-B27–restricted cytotoxic T lymphocyte responses. J Exp Med. 2001;
193(3):375–85.

59. Sanchez-Merino V, Nie S, Luzuriaga K. HIV-1-specific CD8 T cell responses
and viral evolution in women and infants. J Immunol. 2005;175:6976–86.

60. Goonetilleke N, Liu MKP, Salazar-Gonzalez JF, Ferrari G, Giorgi E, Ganusov VV,
et al. The first T cell response to transmitted/founder virus contributes to the
control of acute viremia in HIV-1 infection. J Exp Med. 2009;206(6):1253–72.

61. Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, Weale M, et al. A
whole-genome association study of major determinants for host control of
HIV-1. Science. 2007;317(5840):944–7.

62. Prado JG, Honeyborne I, Brierley I, Puertas MC, Martinez-Picado J, Goulder
PJR. Functional consequences of human immunodeficiency virus escape
from an HLA-B*13-restricted CD8 T-cell epitope in p1 gag protein. J Virol.
2009;83(2):1018–25.

63. Goel A, Mazur SJ, Fattah RJ, Hartman TL, Turpin JA, Huang M, et al.
Benzamide-based Thiolcarbamates: a new class of HIV-1 NCp7 inhibitors.
Bioorg Med Chem Lett. 2002;12:767–70.

64. Maynard AT, Huang M, Rice WG, Covell DG. Reactivity of the HIV-1
nucleocapsid protein p7 zinc finger domains from the perspective of
density-functional theory. Proc Natl Acad Sci U S A. 1998;95:11578–83.

65. Fernandes JD, Jayaraman B, Frankel AD. The HIV-1 rev response element an
RNA scaffold that directs the cooperative assembly of a homo-oligomeric
ribonucleoprotein complex. RNA Biol. 2012;9(1):6–11.

66. Rousseau CM, Daniels MG, Carlson JM, Kadie C, Crawford H, Prendergast A, et al.
HLA class I-driven evolution of human immunodeficiency virus type 1 subtype C
proteome: immune escape and viral load. J Virol. 2008;82(13):6434–46.

67. O’connor DH, Allen TM, Vogel TU, Jing P, Desouza IP, Dodds E, et al. Acute
phase cytotoxic T lymphocyte escape is a hallmark of simian
immunodeficiency virus infection. Nat Med. 2002;8(5):493–9.

68. Stittelaar KJ, Gruters RA, Schutten M, Baalen CA, Amerongen G, Cranage M,
et al. Comparison of the efficacy of early versus late viral proteins in
vaccination against SIV. Vaccine. 2002;20:2921–7.

69. Allen TM, O'connor DH, Jing P, Dzuris JL, Motheâ BR, Vogel TU, et al. Tat-
specific cytotoxic T lymphocytes select for SIV escape variants during
resolution of primary viraemia. Nature. 2000;407(21):386–90.

70. Liu Y, Mcnevin J, Cao J, Zhao H, Genowati I, Wong K, et al. Selection on the
human immunodeficiency virus type 1 proteome following primary
infection. J Virol. 2006;80(19):9519–29.

71. Jones NA, Wei X, Flower DR, Wong M, Michor F, Saag MS, et al. Determinants
of human immunodeficiency virus type 1 escape from the primary CD8
cytotoxic T lymphocyte response. J Exp Med. 2004;200(10):1243–56.

72. Hua J, Blair W, Truant R, Cullen BR. Identification of regions in HIV-1 Nef
required for efficient downregulation of cell surface CD4. Virol. 1997;231:
231–8.

73. Kirchhoff F, Greenough TC, Brettler DB, Sillivan JL, Desrosiers RC. Brief report:
absence of intact Nef sequences in a long-term survivor with
nonprogressive hiv-1 infection. N Engl J Med. 1995;332(4):228–32.

74. Deacon NJ, Tsykin A, Solomon A, Smith K, Ludford-Menting M, Hooker DJ,
et al. Genomic structure of an attenuated quasi species of HIV-1 from a
blood transfusion donor and recipients. Science. 1995;270:988–91.

75. Kataropoulou A, Bovolenta C, Belfiore A, Trabatti S, Garbelli A, Porcellini S,
et al. Mutational analysis of the HIV-1 auxiliary protein Vif identifies
independent domains important for the physical and functional interaction
with HIV-1 reverse transcriptase. Nucleic Acids Res. 2009;37:3660–9.

76. Hassaïne G, Courcoul M, Bessou G, Barthalay Y, Picard C, Olive D, et al. The
tyrosine kinase HCK is an inhibitor of HIV-1 replication counteracted by the
viral vif protein. J Biol Chem. 2001;276(20):16885–93.

77. Ronsard L, Raja R, Panwar V, Saini S, Mohankumar K, Sridharan S, et al. Genetic and
functional characterization of HIV-1 Vif on APOBEC3G degradation: first report of
emergence of B/C recombinants from North India. Nature. 2015;5:15438.

78. Alexander L, Aquino-Dejesus MJ, Chan M, Andiman WA. Inhibition of
human immunodeficiency virus type 1 (HIV-1) replication by a two-amino-
acid insertion in HIV-1 Vif from a nonprogressing mother and child. J Virol.
2002;76(20):10533–9. https://doi.org/10.1128/jvi.76.20.10533-10539.2002.

79. Andersen JL, Le Rouzic E, Planelles V. HIV-1 Vpr: mechanisms of G2 arrest
and apoptosis. Exp Mol Pathol. 2008;85(1):2–10.

80. Lum JJ, Cohen OJ, Nie Z, Weaver JG, Gomez TS, Yao XJ, et al. Vpr R77Q is
associated with long-term nonprogressive HIV infection and impaired
induction of apoptosis. J Clin Invest. 2003;111(10):1547–54.

81. Saksena NK, Ge YC, Wang B, Xiang SH, Dwyer DE, Randle C, et al. An HIV-1
infected longterm non-progressor (LTNP): molecular analysis of HIV-1 strains
in the vpr and nef genes. Ann Acad Med Singapore. 1996;25(6):848–54.

82. Wang B, Ge YC, Palasanthira NP, Xiang SH, Ziegler J, Dwyer DE, et al. Gene
defects clustered at the C-terminus of the vpr gene of HIV-1 in long-term
nonprogressing mother and child pair: in vivo evolution of vpr quasispecies
in blood and plasma. Virol. 1996;223(1):224–32.

83. Majumder B, Janket ML, Schafer EA, Schaubert K, Huang XL, Kanmitchell J,
et al. Human immunodeficiency virus type 1 Vpr impairs dendritic cell
maturation and T-cell activation: implications for viral immune escape. J
Virol. 2005;79(13):7990–8003.

84. Muthumani K, Hwang DS, Desai BM, Zhang D, Dayes N, Green DR, et al.
HIV-1 Vpr induces apoptosis through caspase 9 in T cells and peripheral
blood mononuclear cells. J Biol Chem. 2002;277(40):37820–31.

85. Hadi K, Walker LA, Guha D, Murali R, Watkins SC, Tarwater P, et al. Human
immunodeficiency virus type 1 Vpr polymorphisms associated with progressor
and nonprogressor individuals alter Vpr associated functions. J Gen Virol. 2014;
95:700–11.

86. González ME. Vpu protein: the Viroporin encoded by HIV-1. Viruses. 2015;7:
4352–68.

87. Janvier K, Pelchen-Matthews A, Renaud JB, Caillet M, Marsho M, Berlioz-
Torrent C. The ESCRT-0 component HRS is required for HIV-1 Vpu-mediated
BST-2/Tetherin down-regulation. PLoS Pathog. 2011;7(2):e1001265.

88. Chen J, Tibroni N, Sauter D, Galaski J, Miura T, Alter G, et al. Modest
attenuation of HIV-1 Vpu alleles derived from elite controller plasma. PLoS
One. 2015;10(3):e0120434.

89. Côrtes FH, De Paula HH, Bello G, Ribeiro-Alves M, Azevedo SS, Caetano DG,
et al. Plasmatic levels of IL-18, IP-10, and activated CD8+ T cells are
potential biomarkers to identify HIV-1 elite controllers with a true functional
cure profile. Front Immunol. 2018;11:1576.

90. Schneidewind A, Brumme ZL, Brumme CJ, Power KA, Reyor LL, O’Sullivan K,
et al. Transmission and long-term stability of compensated CD8 escape
mutations. J Virol. 2009;83(8):3993–7.

91. Caetano DG, Côrtes FH, Bello G, Teixeira SLM, Hoagland B, Grinsztejn B, et al.
Next-generation sequencing analyses of the emergence and maintenance
of mutations in CTL epitopes in HIV controllers with differential viremia
control. Retrovirology. 2018;15:62–74.

92. Price DA, Goulder PJ, Klenerman P, Sewell AK, Easterbrook PJ, Troop M, et al.
Positive selection of HIV-1 cytotoxic T lymphocyte escape variants during
primary infection. Proc Natl Acad Sci U S A. 1997;94(5):1890–5.

93. Liu Y, McNevin JP, Holte S, McElrath MJ, Mullins JI. Dynamics of viral
evolution and CTL responses in HIV-1 infection. PLoS One. 2011;6(1):e15639.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Gomes et al. BMC Infectious Diseases          (2020) 20:546 Page 11 of 11

https://doi.org/10.1128/jvi.76.20.10533-10539.2002

	Abstract
	Background
	Methods
	Results
	Conclusion

	Backgrounds
	Methods
	Population characteristics
	Molecular analysis
	Sequencing, editing and alignment
	Phylogenetic analysis and identification of escape mutations
	Three-dimensional protein modeling

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

