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Abstract

Background: Despite the low level of viral replication in HIV controllers (HICs), studies have reported viral muta-
tions related to escape from cytotoxic T-lymphocyte (CTL) response in HIV-1 plasma sequences. Thus, evaluating the
dynamics of the emergence of CTL-escape mutants in HICs reservoirs is important for understanding viremia control.
To analyze the HIV-1 mutational profile and dynamics of CTL-escape mutants in HICs, we selected 11 long-term non-
progressor individuals and divided them into the following groups: (1) viremic controllers (VCs; n=5) and (2) elite
controllers (ECs; n=6). For each individual, we used HIV-1 proviral DNA from PBMCs related to earliest (Vg) and latest
(V) visits to obtain gag and nef sequences using the Illlumina HiSeq system. The consensus of each mapped gene was
used to assess viral divergence, and next-generation sequencing data were employed to identify SNPs and variations
within and flanking CTL epitopes.

Results: Divergence analysis showed higher values for nef compared to gag among the HICs. EC and VC groups
showed similar divergence rates for both genes. Analysis of the number of SNPs showed that VCs present more vari-
ability in both genes. Synonymous/non-synonymous mutation ratios were < 1 for gag among ECs and for nef among
ECs and VCs, exhibiting a predominance of non-synonymous mutations. Such mutations were observed in regions
encoding CTL-restricted epitopes in all individuals. All ECs presented non-synonymous mutations in CTL epitopes but
generally at low frequency (< 1%); all VCs showed a high number of mutations, with significant frequency changes
between V¢ and V), visits. A higher frequency of internal mutations was observed for gag epitopes, with significant
changes across visits compared to Nef epitopes, indicating a pattern associated with differential genetic pressure.

Conclusions: The high genetic conservation of HIV-1 gag and nef among ECs indicates that the higher level of
viremia control restricts the evolution of both genes. Although viral replication levels in HICs are low or undetectable,
all individuals exhibited CTL epitope mutations in proviral gag and nef variants, indicating that potential CTL escape
mutants are present in HIC reservoirs and that situations leading to a disequilibrium of the host-virus relationship can
result in the spread of CTL-escape variants.
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Background

One of the main characteristics of HIV-1 infection is
the occurrence of clinical, but not virological, latency
between the acute and AIDS phases over time, with
variable duration among infected individuals that
generates distinct progression profiles. Although the
majority of individuals present high viral loads dur-
ing the chronic infection phase, evolving to AIDS after
8-10 years of infection, a small fraction remains clini-
cally asymptomatic for a long period. These individu-
als have normal CD4" T cell counts in the absence of
antiretroviral treatment (ART) and are termed long-
term non-progressors (LTNPs) [1]. Moreover, some
individuals, called HIV controllers (HICs), exhibit
spontaneous control of viral replication at different
levels, maintaining low or undetectable viremia during
infection [2].

A crucial characteristic of HIV-1 is the high genetic
variability and elevated rate of intra-host viral evolution
[3]. This higher rate of viral evolution favors the emer-
gence of viral variants that are more cytopathic [4—6],
resistant to ART [7] and/or constitute escape variants
from the host immune response [8—11]. In addition to
variants that show escape from neutralizing antibod-
ies [12], CTL-escape mutations are important to HIV-1
pathogenesis, as much evidence points to the pivotal role
of the CD8™ T cell response in viral control [13-16] and
as a continuous force driving viral selection [17]. These
escape mutations have been characterized as amino acid
changes occurring in central (impairing TCR recogni-
tion) and terminal (modifying anchor residues) regions
of CTL epitopes or in their flanking regions, impairing
epitope processing [18]. CTL-escape mutations begin
to arise during the acute phase of infection [19-22] and
can be identified even at human population levels based
on HLA profiles [23-25]. Especially in individuals with
protective HLA alleles, like HLA B*57 and B*27, those
mutations arise faster in higher numbers [26] and prefer-
entially, at anchor residues or multisite [27].

Although different studies have identified low HIV-1
evolutionary rates in LTNPs and HICs [28—-30], immune-
escape variants continue to arise in patients with these
profiles, mainly when harboring protective HLA-B alleles
[17, 31, 32]. Moreover, HICs present an efficient CD8* T
cell response [33, 34] that can favor high selective pres-
sure and the emergence of immune-escape variants [35].
In HICs, this phenomenon can generate new effective
CD8' T cell responses after viral escape and maintain
viremia control [36, 37] or can result in a loss of viremia
control and disease progression [38-40]. Regardless,
studies have rarely detected CTL-escape mutants in
proviral sequences from HICs, even when emerging in
plasma viral sequences.
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Next-generation sequencing (NGS) is shown a useful
tool for studying the dynamics of minority HIV-1 varia-
tions in infected individuals. NGS has been successfully
applied to reveal hidden mutations conferring resist-
ance to antiretroviral drugs in treated patients [41-43],
to monitor viral tropism change dynamics [43, 44], and
to assess the dynamics of immune-escape mutations in
HIV-1-infected individuals [16, 19, 20]. However, this
approach has not yet been employed to evaluate CTL-
escape mutations in HICs.

Thus, the present study aimed to apply the NGS strat-
egy to evaluate the overall genetic variability of gag and
nef genes and to identify the emergence of potential
CTL-escape mutations in proviral DNA sequences from
11 LTNP/HICs during long-term follow-up.

Methods

Study subjects

A cohort of 11 HICs with an LTNP profile, defined as
subjects infected with HIV-1 for at least eight years and
maintaining RNA viral loads lower than 2000 copies/ml
and CD4" T cells counts higher than 500 cells/mm? with-
out ART, were followed-up at the Instituto Nacional de
Infectologia Evandro Chagas (INI), Rio de Janeiro, Brazil.
These subjects were classified into the following groups
according to plasma viral load (VL): (1) elite controllers
(ECs) if most (>70%) plasma viral load determinations
were below the limit of detection for clinically available
assays (<50 or<80 copies/ml) (n=6) and (2) viremic
controllers (VCs) if most (>70%) VL determinations
were between 80 and 2000 copies/ml (n=5). Patients
were seen at least once every 6-12 months to perform
clinical monitoring tests, such as RNA viral load quantifi-
cation and CD4" T cell count. At each visit, PBMCs were
obtained as previously described [45] and stored in liquid
nitrogen until use. The present work was approved by the
Brazilian National Committee for Research Ethics, and
all patients provided written informed consent.

CD4™* T cell counts and plasma HIV-1 RNA quantification
Absolute CD4" T cell counts were obtained using the
MultiTest TruCount-kit and MultiSet software with a
FACSCalibur flow cytometer (BD Biosciences, Califor-
nia, USA). Plasma VL was measured using the Nuclisens
HIV-1 RNA QT assay (Organon Teknika, North Caro-
lina, USA; limit of detection: 80 copies/ml) from 1999
to 2008, the Versant HIV-1 3.0 RNA assay (bDNA 3.0,
Siemens, New York, USA; limit of detection: 50 copies/
mL) from 2008 to 2013, and the Abbott RealTime HIV-1
assay (Abbott Laboratories, Wiesbaden, Germany; limit
of detection: 40 copies/mL) from 2013 to 2016.
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Genomic DNA extraction and PCR

For each patient, PBMCs samples from the earli-
est (Vp) and latest (V) visits were used for DNA
extraction. Thawed PBMCs (~1x 10’ cells for VCs
and 222 x 107 cells for ECs) were suspended in 1 ml of
DNAZOL (Invitrogen, Wisconsin, USA) and incubated
for 72 h at 4 °C. Genomic DNA was further extracted as
previously described [46] and used to amplify fragments
related to regions 408-1844 and 8697-9639 of the HIV-1
Genome (in relation to HXB2), encompassing gag and
nef, respectively, as described elsewhere [45]. The primer
sets are described in Additional file 1: Table S1. The PCR
reactions were carried out by using Platinum® Taq DNA
Polymerase High Fidelity (Invitrogen) according to the
manufacturer’s protocol. To avoid using samples near
or at the limit of detection, all samples were previously
tested in triplicate via nested PCR, and only samples
with at least 2 positive reactions of 3 total were included
in the study (data not shown). The PCR products were
purified using an Illustra GFX PCR DNA purification kit
(GE Healthcare, Pennsylvania, USA) and quantified with
Qubit dsDNA BR Assay Kit (Invitrogen) using a Qubit®
2.0 fluorometer (Invitrogen).

Library preparation and NGS

Purified gag and nef amplicons obtained for each patient
visit were multiplexed in equimolar pools and used to
construct an NGS genomic library with Nextera XT DNA
Library kits (Illumina, California, USA) and Nextera XT
Index Kit (Illumina), according to the manufacturer’s
instructions. The generated libraries were normalized
and clustered using HiSeq SR Rapid Cluster V2 (Illu-
mina). NGS was performed using HiSeq Rapid SBS v2
of 200 cycles (Illumina) with an Illumina HISEQ 2500
sequencer (Illumina).

Data analysis

The raw NGS data obtained were compiled into FastQ
files, and the quality of the reads was assessed by using
the software FastQC [47]. The tool Trimmomatic
v0.32 [48] was used to trim adapter sequences, and the
first 100 bp of the reads were obtained. Furthermore,
Sickle [49] was employed to select only sequences with
size >150 bp and Q > 30. Reads were mapped separately
to gag and nef sequences from HXB2 (GenBank acces-
sion K03455) with Geneious 9.0.5 [50] by using medium
sensitivity and 5 iterations with the Geneious map-
ping algorithm. Consensus sequences with a 90% base
threshold and a minimum coverage of 20X for each
mapping were obtained through Geneious. Reads were
then remapped using obtained consensus sequences
as a reference to filter differences between HXB2 and
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individual HIV-1 quasispecies. Samtools [51] was uti-
lized to obtain mapping coverage statistics. Genetic
divergence calculations between the consensus for
V; and V| and Neighbor-Joining (NJ) trees with 1000
bootstrap replicates were generated with Mega v.6 and
by using the Tamura Nei substitution model, as recom-
mended by jModel test [52]. For each mapping, variant
call analysis was performed in Geneious software to
assess single-nucleotide polymorphisms (SNPs); vari-
ation at Q>30, coverage>100X and frequency>0.5%
were used as NGS sequencing quality parameters. Rel-
evant CTL epitopes, restricted by the HLA-B alleles
carried by the individuals included in the study group,
were selected from the epitope database of Los Alamos
HIV Immunology Database [53] available September
2017 (Additional file 1: Table S2 and S3) and used to
identify variations within or adjacent (3 amino acids
flanking the sequence) to epitopes that may be related
to the immune response.

Statistical analysis

GraphPad Prism 6 was used to plot graphs and to esti-
mate the median values of divergence per year, number
of variants, ratio of variable positions/total of positions
and synonymous/non-synonymous mutation ratio. The
Mann—-Whitney U test was performed using R v3.4 to
compare gag and nef genes from the HIV-1 EC and VC
groups. p values<0.05 were considered statistically
significant.

Results

Clinical and demographic characteristics of the cohort
Table 1 describes the clinical and epidemiologic charac-
teristics of a group of HIV-infected individuals from the
INI cohort classified as LTNPs and HICs. The median
age of the individuals was 48 years (IQR 45-51); most of
them (67%) were women, and the heterosexual category
of exposure was prevalent (58%). The median time of
HIV-1 suppression was 15 years (IQR 14—18). The medi-
ans of CD4% and CD8" T cells counts were compatible
with the values currently described for HIV-1-uninfected
individuals [54]. Among the 11 individuals analyzed, all
were infected with HIV-1 variants genotyped as subtype
B, except for VC14, who was infected with subtype F1.
Six of 9 patients carried HLA-B allele B*57 or B*52, asso-
ciated with slow clinical progression [55-57]. Two indi-
viduals were heterozygotes for CCR5A32 deletion, also
described as a protective factor [56]. EC17, VC14, and
EC42 did not carry an HLA-B allele or exhibit a CCR5
genetic profile associated with the control of viral replica-
tion and/or non-progression to AIDS.
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Table 1 Clinical and epidemiological characteristics of individuals in the study
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Patient Gender Age (years) YearofHIV YearsofHIV Exposure MedianCD4*T MedianCD8*T Viral load frequency (%)
diagnosis  suppression category cells (cells/mm?3) cells (cells/mm?3)
(IQR) (IQR) <80 81-400* 401-5000°
EC02 Female 52 1997 15 HET 1229 1539 100
(1088-1443) (1406-1741)
EC17  Female 65 2000 15 NI 1771 836 % 10
(1505-2134) (693-994)
EC52 Female 43 1997 18 HET 1263 485 100
(1056-1420) (423-540)
EC11 Female 48 1995 20 HET 1078 965 92 8
(987-1218) (806-1168)
EC18 Female 82 2001 9 HET 809 666 87 13
(675-940) (594-761)
EC42 Female 61 1993 22 HET 9745 734 74 26
(871-1133) (515-933)
VCO05 Male 51 1991 24 NI 1278 857 16 47 17
(1114-1461) (645-1009)
VC06 Male 37 2000 11 MSM 1093 1112 42 50 8
(929-1222) (870-1224)
VC14 Female 45 1999 16 HET 701.5 657 55 36 9
(652-767) (585-749)
VC15 Female 41 2001 14 HET 703 894 100
(677-826) (755-1002)
VCi16 Male 48 1998 17 MSM 563 837 21 37 32
(528-637) (719-958)
Patient Genotype HLA-B Genotype CCR5 Early visit date Later visit date Difference
Ve x V.
(months)
EC02 B*48, B*52 WT/WT NOV/08 AUG/12 45
EC17 B*07, B*40 WT/WT SEP/09 OCT/13 49
EC52 B*45, B*57 WT/WT FEB/09 AUG/13 54
EC11 B*49, B*81 WT/A32 DEC/09 APR/12 28
EC18 B*07, B*52 WT/WT OCT/09 SEP/10 11
EC42 B*15, B*51 WT/WT DEC/09 NOV/14 59
VCO5 B*15, B*52 WT/WT FEB/09 JUN/13 52
VCo6 B*15, B*48 WT/A32 JAN/09 MAY/11 28
VC14 B*42, B*44 WT/WT APR/09 NOV/14 67
VC15 B*56, B*57 WT/WT AUG/09 FEB/13 42
VCi16 B*14, B*57 WT/WT SEP/09 SEP/14 60
@ Copies/ml

HET heterosexual, NI non-Informed, MSM men who have sex with men, IQR interquartile range, WT wild-type, HLA-B protective alleles are in italic

NGS data yield and gene mapping

From the NGS, a general median number of 4,667,122
reads (IQR 5,491,122-3,688,230) of 35-200 bp were
obtained per visit from each individual. Approximately
70% of reads (IQR 68-76%) were retained after selec-
tion by size and quality controls. Additional file 1:
Table S4 shows the mapping coverage for both genes of
each patient per visit. For gag, the median coverage was
212,674 reads/bp (IQR 173,132-261,207) per individual/
per visit. The data generated allowed reconstruction of
the consensus sequence for at least the first 1050 bp of

gag. However, gag mapping was not successful for EC17
and EC42 samples at the Vp visit. With regard to the nef
gene, the median coverage was 286,463 reads/bp (IQR
179,882-426,834) per individual/per visit. The generated
data allowed reconstruction of the consensus sequence of
821 bp, covering full-length nef. Correct nef mapping was
not successful for VC06 Vi and EC17 V| visit samples.

Genetic diversity of gag and nef regions among HICs
To estimate evolution of the studied viral genes, we cal-
culated the genetic divergence between the Vi and V|
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Fig. 1 Divergence/year (a), number of variants (b), variable positions/total positions ratio (c) and synonymous/non-synonymous variation ratio
(d) for gag and nef of HIV-1 infected VC and EC groups. Divergence was calculated as the genetic distance between V¢ and V| of each patient and
normalized by year. Values obtained by NGS data for each visit and each patient for parameters (b—d) were plotted as individual values. Median
values are indicated in the figure. The Mann-Whitney U test was used to compare groups. A p value <0.05 was considered significant

consensus sequences obtained from HICs, normaliz-
ing the values by year according to the follow-up time,
and compared them between ECs and VCs (Fig. la).
For nef sample VC06 V. and gag samples EC17V/EC42
Vp, which were not successfully mapped by NGS, bulk
sequences available from previous studies using conven-
tional Sanger sequencing [58] were employed. Among
the HICs, the median of viral divergence per year was
significantly higher for nef compared to gag (0.6 vs 0.1%;
p<0.03). Similar divergence rates were observed compar-
ing EC and VC groups for both genes. Compared with
gag from the VC (p<0.008) and EC (p <0.04) groups, nef
from the VC group showed significantly higher diver-
gence rates.

We used variant call analysis to quantify and qualify
SNPs and variations identified in the NGS data for each
individual and visit. For both genes, VCs showed a higher
number of variations (Fig. 1b) than did ECs (p=0.05 for

gag and p<0.003 for nef). Comparison of the variable
position ratio per total analyzed positions showed the
same pattern (Fig. 1c; gag VCs vs ECs p<0.04; nef VCs vs
ECs p<0.03). Otherwise, gag in VCs had a higher num-
ber of variants than did nef in ECs (p<0.009), whereas
nef from VCs showed higher ratios of variable positions
than did gag from ECs (p<0.002). Synonymous/non-
synonymous mutation ratios were not significantly differ-
ent between the HIC groups or the studied genes, even
though the median ratio for VC gag was greater than one
and the ratios for gag in ECs and #nef in both groups were
less than one (Fig. 1d).

Variability in CTL restricted epitopes in HICs

To assess the occurrence of potential Gag and Nef pro-
tein immune-escape mutations in the HICs included in
this study, we identified for each individual the epitopes
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Table 2 Gag mutations with significant frequency changes across Vg and V| and their associated epitopes

Patient Mutation Frequency (%) Epitope
Ve Vo HLA Position Sequence Location
EC02 A83S 00 229 B52 Gag (74-82) ELRSLYNTV A
S278C 0.0 228 B52 Gag (275-282) RMYSPTSI I
ECT1 K26R 0.0 94.1 B81 Gag (19-27) IRLRPGGKK I
EC42 E40Q £ 17.7 B51 Gag (36-44) WASRELERF I
N126S se 799 B15 Gag (127-135) QVSQONYPIV A
N126R se 210 B15 Gag (127-135) QVSQNYPIV A
EC18 K28Q 339 0.0 BO7 Gag (22-30) RPGGKKHYM I
K28R 659 99.6 BO7 Gag (22-30) RPGGKKHYM I
134L 210 99.8 B52 Gag (34-44) LVWASRELERF I
R39K 0.0 99.5 B52 Gag (34-44) LVWASRELERF I
R43Q 17.2 0.0 B52 Gag (34-44) LVWASRELERF I
R76K 202 0.0 BO7 Gag (71-79) GSEELRSLY I
T280A 79.7 0.0 B07/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI I
T280V 19.9 0.0 B07/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI |
T280S 0.0 99.7 B07/B52 Gag (274-282)/Gag (275-282) VRMYSPVSI/RMYSPTSI [
VC10 N126S 0.7 94.2 B15 Gag (127-135) QVSQNYPIV A
N126S 0.0 56 B15 Gag (127-135) QVSQONYPIV A
A146P 399 376 B15 Gag (144-152)/Gag (147-155) HQAISPRTL/ISPRTLNAW \
A146S 593 624 B15 Gag (144-152)/Gag (147-155) HQAISPRTL/ISPRTLNAW \
S173T 43.1 67.5 B15 Gag (168-175) VIPMFSAL |
1223V 416 324 B15 Gag (226-236) GQMREPRGSDI A
T280S 453 66.7 B15/B52 Gag (274-282)/Gag (275-282) VRMYSPTSI/RMYSPTSI I
12801 52.7 174 B15/B52 Gag (274-282)/Gag (275-282) VRMYSPTSI/RMYSPTSI |
VC14 V82l 99.7 779 B44 Gag (78-86) LYNTVATLY |
c87y 974 99.7 B44 Gag (78-86) LYNTVATLY A
11471 99.7 81.1 B42 Gag (144-152) HQAISPRTL |
S310T 99.7 81.1 B44 Gag (306-316) AEQASQDVKNW |
VC15 V82l 434 849 B57 Gag (76-86) RSLYNTVATLY |
D121A 306 81.8 B57 Gag (114-122) KTQQAAADK |
T122A 49.2 82.1 B57 Gag (114-122) KTQQAAADK I
H124N 59.7 00 B57 Gag (114-122) KTQQAAADK A
N271T 0.0 247 B57 Gag (274-282) VRMYSPVSI A
T280V 1.8 98.8 B57 Gag (274-282) VRMYSPVSI I
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Table 2 (continued)

Patient Mutation Frequency (%) Epitope

Ve Vo HLA Position Sequence Location

VC16 134L 322 0.0 B57 Gag (34-44) LVWASRELERF |
V351 326 0.0 B57 Gag (34-44) LVWASRELERF I
V46l 293 0.0 B57 Gag (34-44) LVWASRELERF A
V82L 259 0.0 B57 Gag (76~ 86) RSLYNTVATLY I
A118P 249 0.0 B57 Gag -122) KTQQAAADK |
A119T 249 0.0 B57 Gag (114-122) KTQQAAADK |
T122A 48 716 B57 Gag (114-122) KTQQAAADK |
G123K 24.7 0.0 B57 Gag (114-122) KTQQAAADK A
H124N 99.1 64.4 B57/B14 Gag (114-122)/Gag (127-135) KTQQAAADK/QVSQNYPIV A
H124S 0.7 353 B57/B14 Gag (114-122)/Gag (127-135) KTQQAAADK/QVSQONYPIV A
S125R 309 0.0 B57/B14 Gag (114-122)/Gag (127-135) KTQQAAADK/QVSQNYPIV A
Q127H 76.7 983 B14 Gag (127-135) QVSQNYPIV I
1138L 755 94.1 B14 Gag (127-135) QVSQNYPIV A
A146P 746 994 B57 Gag (145-155) QAISPRTLNAW I
A163G 783 754 B14/B57 Gag (160-168)/Gag (162-172) EEKAFSPEV/KAFSPEVIPMF |
S165N 776 75.0 B14/B57 Gag (160-168)/Gag (162-172) EEKAFSPEV/KAFSPEVIPMF I
V16e8T 0.0 228 B14/B57 Gag (160-168)/Gag (162-172) EEKAFSPEV/KAFSPEVIPMF |
S173T 377 74.1 B57 Gag (162-172) KAFSPEVIPMF A
V191l 333 994 B14 Gag (183-191) DLNMMLNIV |
T242N 784 99.5 B57 Gag (240-249) TSTLQEQIGW |
D295N 0.0 9.9 B14 Gag (298-306) DRFFKTLRA A
K335R 49.2 589 B14 Gag (329-337) DCKTILKAL |
A340G 709 96.6 B14 Gag (329-337) DCKTILKAL A

@ Consensus amino acid from the available bulk sequence shown instead of frequency; Location A—adjacent to epitope; Location |—within epitope

described in the literature as restricted by their HLA-B
alleles. We further analyzed all non-synonymous SNPs
associated with those epitope regions for each patient by
comparing their frequencies between V and V;. Tables 2
and 3 show HICs carrying epitope mutations with a
frequency change>10% between visits, as distributed
according to the HLA-B allele. Full lists of Gag and Nef
epitope mutations for all the individuals included in this
study are available as Additional file 1: Tables S5 and Sé.

Among HICs, EC individuals presented two main pat-
terns of epitope mutation changes. For those individuals
with none (EC02, EC52) or very few (EC17) viral blips
during clinical follow-up, the majority of the epitope
mutations detected were rare (<2%) in both Gag and Nef,
except for Gag epitope positions A83S (adjacent to EV9)
and S278C (RI9), which each corresponded roughly to
23% in EC02 V.

In addition, we observed mutations with major fre-
quency changes between visits for all ECs who had more
frequent viral blips (<30%) during clinical follow-up
(Tables 2 and 3). For EC11, we detected main changes
in the frequency of Nef epitope mutations V133P (from
70.7 to 99.4%) and F191 V (from 85.5 to 60.2%) and Gag

epitope mutation K26R (from 0 to 94.1%) between Vi
and V;. For EC18, Nef epitope mutation K92R appeared
only at V| (68%); for Gag, epitope mutations K28R, 134L,
R39 K and T280S became the majority at V|, whereas
R43Q and R76K mutations decreased from V (approxi-
mately 20%) to undetectable levels at V;. EC13 showed
the highest number of Nef changes in mutation fre-
quency, such as SNPs V10 K, G12R, M79], and G140R,
which became predominant at V;; in contrast, reversion
to subtype B consensus Y and V residues were observed
for Y135F and V148I. For Gag, NGS data for EC13 at V|,
revealed E40Q and N126R mutations in approximately
20%, but with no significant changes in comparison to the
corresponding bulk sequence available for this individual.

As expected, VCs had more mutations with frequen-
cies above 1% than did ECs. In addition to the major
frequency changes, some patients also showed a high
number of mutations with equivalent frequency through-
out the visits. VC06 presented dominant changes in
Nef mutations V85I, L87I, R105K, and 1114V, despite
no significant change in Gag. VC10 also presented
major changes in Nef mutations T15A and E182L; for
Gag, main alterations were observed in N126S and in
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Table 3 Nef mutations with significant frequency changes across V; and V| and their associated epitopes
Patient Mutation Frequency (%) Epitope
Ve Vo HLA Position Sequence Location
EC1 V133P 70.7 99.4 B49 Nef (136-145) PLTFGWCYKL A
F191V 855 60.2 B31 Nef (183-192) WRFDSRLAFH |
EC42 V10R 99.0 84 B15 Nef (13-20) WPAIRERM A
V10K 0.0 91.0 B15 Nef (13-20) WPAIRERM A
G12R 0.0 90.4 B15 Nef (13-20) WPAIRERM A
M79l 0.0 89.6 B51/B15 Nef (72-81)/Nef (75-82) PQVPLRPMTY/PLRPMTYK I
N126S 99.2 0.0 B51 Nef (120-128) YFPDWQNYT I
Y135F 99.2 104 B15 Nef (137-145) LTFGWCFKL A
G140R 0.0 885 B15 Nef (137-145) LTFGWCFKL I
V148 99.2 0.7 B15 Nef (137-145) LTFGWCFKL A
EC18 K92R 0.0 68.5 BO7 Nef (83-91)/Nef (90-97) AAVDLSHFL/FLKEKGGL A
VC06 V85I % 452 B15 Nef (84-92) AVDLSHFLK |
V85L % 283 B15 Nef (84-92) AVDLSHFLK I
L871 L 56.9 B15 Nef (84-92) AVDLSHFLK |
R105K R? 74.7 B15 Nef (106-114) RQDILDLWI A
14V 1 60.3 B15 Nef (106-114)/Nef (116-124) RQDILDLWI/HTQGYFPDW I/A
VC10 T15A 592 98.5 B15 Nef (13-20) WPTVRERM |
E182Q 99.9 17.8 B15 Nef (183-191) WRFDSRLAF A
E182L 0.0 81.8 B15 Nef (183-191) WRFDSRLAF A
R188G 99.8 90.9 B15/B52 Nef (183-191)/Nef (188-196) WRFDSRLAF/RLAFHHVAR I
VC14 T71R 94.5 33 B42 Nef (71-79) RPQVPLRPM I
101V 52 9.8 B44 Nef (92-100) KEKGGLEGL A
H102Y 4.9 97.1 B44 Nef (92-100)/Nef (105-115) KEKGGLEGL/KRQEILDLWVY A
H102 N 20 0.0 B44 Nef (92—-100)/Nef (105-115) KEKGGLEGL/KRQEILDLWVY A
H116 N 94.5 24 B44 Nef (105-115) KRQEILDLWVY A
P129Q 5.7 96.5 B42 Nef (128-137) TPGPGVRYPL I
V133l 52 96.5 B42 Nef (128-137) TPGPGVRYPL |
VC15 V85L 66.8 99.5 B57 Nef (82-90) KAAFDLSFF I
H102Y 684 99.7 B57 Nef (105-115) KRQEILDLWVY A
VC16 Y81F 54.3 47.6 B57 Nef (82-90) KAAFDLSFF A
H89Y 0.0 29.3 B57 Nef (82-90)/Nef (90-97) KAAFDLSFF/FLKEKGGL I/A
H102Y 99.9 48.6 B14/B57 Nef (105-11 )/Nef(105 15) QRQDILDLW/KRQEILDLWVY A
H116 N 634 63.1 B57 Nef (105-115)/Nef (116-124) KRQEILDLWVY/HTQGYFPDW A
V133T 994 133 B57 Nef (127-135) YTPGPGIRY I
V133| 0.0 74.3 B57 Nef (127-135) YTPGPGIRY [

# Consensus amino acid from the available bulk sequence shown instead of frequency; Location A—adjacent to epitope; Location I—within epitope

co-circulation of A146P/A146S, T280S/T280I, S173T/
S$173, and 1223V/I223 variants at both visits. VC14
showed reversion of Nef T71R and H116N and the emer-
gence of 1101V, H102Y, P129Q), and V133I at V; for Gag,
major changes were approximately 20% of the reversions
for V82I, 1147L, and S310T. Furthermore, VC15 pre-
sented main changes in Gag for V82, D121A, T122A,
and T280V, with reversion observed for H124N, whereas
Nef V85L and H102Y increased by approximately 30%.
VC16 presented a large number of amino acid changes,

mainly in Gag epitopes, with reversion of approximately
30% for 134L, V351, V46, V82L, A118P, A119T, G123 K,
and S125R mutations and an increase from 20 to 30%
for H124S, Q1227H, 1138L, A146P, V168T, T242 N and
A340G from Vi to V;. Major changes from approxi-
mately 40-70% were also found for T122A, S173T, and
V191I1. Co-circulation of subtype B consensus amino
acids with mutations was found for K335R/K335. For
Nef, we observed co-circulation of wild-type and Y81F
and H116N mutations, reversion of H102Y and major
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frequency changes of V133I (undetectable vs 74%) from
Vg to V.

Discussion

HICs are a rare population of HIV-1-infected individu-
als who represent the best existing model of spontane-
ous viral control [2, 59, 60]. Although the mechanisms
responsible for this control are not fully understood,
studies show that these individuals have a differentiated
and more effective CTL response [61], which should
be then reflected in greater genetic pressure on their
viral quasispecies, mainly in immunodominant regions.
Moreover, the presence of protective HLA alleles related
to clinical non-progression and/or viremia control is
also associated with stronger selective pressure for virus
diversity [17, 22, 26, 27, 31, 32, 35, 36, 62-66].

Although most HICs have plasma viral loads below the
limit of detection of commercial assays, basal viral rep-
lication levels can be detected by ultrasensitive meth-
ods [59, 67, 68] and should favor viral evolution to some
degree due to the characteristic high-genetic variability
from HIV. Several studies have reported lower levels of
viral diversity in HICs compared with the levels in typi-
cal progressors [28, 29, 32, 59, 69]. Gijsberg et al. esti-
mated divergence rates of 0.9-1.9% over ten months for
gag in HIV-1 samples from typical progressors [70]. In
our study, a median of viral divergence of 0.1% per year
was observed for gag gene from HICs, corroborating
the low level of viral evolution found in HIV-1 samples
from those individuals. A higher median of divergence
was observed for nef (0.6% per year), suggesting that nef
has a greater potential for viral diversity than does gag,
in agreement with previous studies showing greater con-
servation of gag (71, 72]. Previous observations from our
group of lower quasispecies diversity for the env gene
from EC samples in comparison to VCs [73] and the
low, but similar, median values of divergence in gag and
nef for viral samples from ECs and VCs in the present
study indicate that lower levels of viral replication restrict
evolution.

To our knowledge, this is the first study employing
NGS to analyze HIV-1 diversity in major CTL epitopes of
HICs. Indeed, most similar studies were performed with
SIV-infected primates with a viremia control profile [74,
75]. The use of the NGS platform allowed the estimation
of variability in terms of SNP quantity and nature. Previ-
ously, Cale et al. [76] using 454 sequencing, showed that
full coverage of 50,000 reads/bp was sufficient to detect
variants with frequencies of 0.006%. In our work, we used
a medium coverage of >200,000 reads/bp to assess SNPs
with frequencies higher than 0.5%, which should iden-
tify the most representative escape mutation variants
while preventing analysis of data related to sequencing
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artifacts. With this approach, we showed higher levels of
variants and variable positions in the gag and nef genes
of viral samples from VCs compared to ECs, correlating
with the higher variability expected for the first group.
Although differences between the synonymous/non-syn-
onymous mutation ratios of both groups and genes were
not statistically significant, gag of ECs and nef of ECs
and VCs displayed a predominance of non-synonymous
mutations, in contrast with previous studies reporting
that synonymous mutations are more significant to evo-
lution of gag and nef [32, 77].

To characterize possible CTL-escape mutants, we per-
formed analysis of variations in the epitopes restricted
by each patient’s HLA-B allele. Similar molecular analy-
sis has been able to identify that most mutations aris-
ing in the first weeks of the acute phase are the result
of CTL response selective pressure [13, 19-22]. Con-
cerning HICs, Migueles et al. [78] showed a low fre-
quency of CTL-escape mutations for the KF11 epitope,
despite its high level of CTL recognition in individuals
carrying the B57 allele. Additionally, a more in-depth
description of gag and nef gene evolution in B577 elite
suppressors showed that despite the predominance of
immune-escape mutations in gag and nef quasispecies
obtained from plasma viral RNA, these mutations are
rare in proviral sequences [32, 65, 77, 79].

In our study, non-synonymous mutations were
found in Gag and Nef CTL epitope regions in all HIV-
controllers regardless of their rarity in the proviral
compartment. Due to the low HIV proviral load inher-
ent to ECs, a higher number of PBMCs was used for
DNA extraction than for VCs (=2 x 107 cells for ECs
vs 1 x 107 cells for VCs) in order to assure a proviral
input in the nested-PCR sufficient to assess the viral
variability in each sample. Moreover, all samples were
tested in triplicate and only those with at least 2 out
of three positive nested-PCR amplification were used
to prepare the NGS amplicons. These strategies were
employed to prevent low input of viral copies on PCR
that could lead to template resampling. Moreover, the
high number of sequences generated from each sam-
ple and the higher sensitivity of NGS to access minor-
ity viral variants, in contrast to techniques such as
single-genome amplification (SGA) or cloning [19, 20],
allowed the detection of those mutations. The occur-
rence of unique low-frequency mutations for both early
and late visit samples from the same individual showed
that in contrast to the results of Bailey et al. [65], possi-
ble escape mutants from the CTL response replicating
in the plasma compartment can successfully integrate
into host cells. Although this low frequency might
appear to be insignificant, new CTL-escape mutants do
not often arise in massive frequencies but can expand
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from very low to predominant conditions, as previously
exemplified for SIV [80] and observed in our work for
the following mutations: Gag-N126S (0.7 —> 99.8%) for
VC10 and Gag-T280V (1.8 —> 98.8%) for VC15.

Comparing Gag and Nef mutations with significant fre-
quency changes revealed that mutations within the ana-
lyzed epitopes predominantly occurred in Gag, whereas
no pattern of mutation was present in Nef epitopes,
within or in adjacent regions. Although both types of
mutations can generate CTL escape through different
mechanisms, mutations within epitope are more easily
associated with the escape profile, as it directly affects
epitope anchoring and TCR recognition [18, 81]. This
observation may be related to the predominance of the
CTL response associated with Gag during the chronic
phase of infection [13, 15, 22, 34], generating higher
selective pressure in this gene and resulting in greater
diversity of the epitopes.

In general, the low number of patients in each group is
a limitation to identifying statistically significant associa-
tions between the level of viremia control and the emer-
gence dynamics of mutations related to CTL epitopes.
The low viral load observed for ECs was also a limitation
to assessing escape mutations in the plasma compart-
ment, which reflects the variants that are effectively rep-
licating in the host. However, by evaluating the proviral
reservoir, which represents the pool of viruses that can be
a source of plasma viral particles, we were able to assess
a greater number of mutations with significant frequency
changes either in VCs or ECs. Although some ECs, such
as ECO08, did not present any significant change across
visits, all VCs showed mutations that characterized vari-
ant replacement with regard to both Nef and Gag. In
those patients, we were able to observe co-circulation
of more than one mutation in the same position, which
is indicative of greater dynamic quasispecies turnover.
Reversion to wild-type amino acids, as based on the ref-
erence subtype, was also observed for VCs, and reversion
of escape mutations has been extensively described in
the literature as a common viral mechanism of evolution
related to the CTL response [81-86].

For the individuals EC08, EC18, VC15 and VC16, who
carried the protective HLA* B57 allele, analyses of IW9
(Gag 147-155), KF11 (Gag 162-172) and TW10 (Gag
240-249) epitopes indicated a low level of viral evolu-
tion, even in these HIV-1 CTL epitopes related to high
selective pressure [22, 35, 36, 62—66]. Although EC08
and EC18 individuals presented wild-type amino acids
at all positions of the epitopes analyzed, VC15 presented
11471, A146P, and T242 N mutations, and VC16 har-
bored A146P, A163G, and T242 N mutations. All of the
mutations identified herein have been described in sev-
eral studies as commonly arising in individuals carrying

Page 10 of 13

HLA-B*57 and B*58 alleles, despite resulting in a loss of
viral fitness [18, 36, 65, 66].

Conclusion

Although none of the observed mutations could be
confirmed as a CTL-escape mutation due to the lack of
CD8* T cell functional analyses, the present study shows
that despite low or undetectable levels of viral replication
among HICs, genetic variability occurs in viral quasispe-
cies in the proviral compartment. Amino acid substitu-
tions across visits and the existence of low-frequency
mutants, even in ECs, indicate that potential CTL-escape
mutants exist and are present in those individual reser-
voirs. This fact implies that situations leading to a dis-
equilibrium of the host-virus relationship can result in
the spread of CTL-escape variants with pathological con-
sequences. More studies are necessary to address why
those adapted variants do not achieve replicative success
in ECs.
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