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ABSTRACT In the search for control of human immunodeficiency virus type 1 (HIV-1)
infection without antiretroviral therapy, posttreatment controllers (PTCs) are models of
HIV remission. To better understand their mechanisms of control, we characterized the
HIV blood reservoirs of 8 PTCs (median of 9.4 years after treatment interruption) in
comparison with those of 13 natural HIV infection controllers (HICs) (median of 18 years of
infection) and with those of individuals receiving efficient antiretroviral therapy initiated
during either primary HIV infection (PHIs; n = 8) or chronic HIV infection (CHIs; n = 6). This
characterization was performed with single-genome amplification and deep sequencing.
The proviral diversity, which reflects the history of past viral replication, was lower in the
PTCs, PHIs, and aviremic HICs than in the blipper HICs and CHIs. The proportions of intact
and defective proviruses among the proviral pool in PTCs were not significantly different
from those of other groups. When looking at the quantities of proviruses per million pe-
ripheral blood mononuclear cells (PBMCs), they had similar amounts of intact proviruses
as other groups but smaller amounts of defective proviruses than CHIs, suggesting a role
of these forms in HIV pathogenesis. Two HICs but none of the PTCs harbored only provi-
ruses with deletion in nef; these attenuated strains could contribute to viral control in
these participants. We show, for the first time, the presence of intact proviruses and low vi-
ral diversity in PTCs long after treatment interruption, as well as the absence of evolution
of the proviral quasispecies in subsequent samples. This reflects low residual replication
over time. Further data are necessary to confirm these results.

IMPORTANCE Most people living with HIV need antiretroviral therapy to control their
infection and experience viral relapse in case of treatment interruption, because of vi-
ral reservoir (proviruses) persistence. Knowing that proviruses are very diverse and
most of them are defective in treated individuals, we aimed to characterize the HIV
blood reservoirs of posttreatment controllers (PTCs), rare models of drug-free remis-
sion, in comparison with spontaneous controllers and treated individuals. At a median
time of 9 years after treatment interruption, which is unprecedented in the literature,
we showed that the proportions and quantities of intact proviruses were similar
between PTCs and other individuals. Unlike 2/7 spontaneous controllers who harbored
only nef-deleted proviruses, which are attenuated strains, which could contribute to
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their control, no such case was observed in PTCs. Furthermore, PTCs displayed low vi-
ral genetic diversity and no evolution of their reservoirs, indicating very low residual
replication, despite the presence of intact proviruses.

KEYWORDS posttreatment HIV controller, HIV reservoirs, provirus, defective proviruses,
next-generation sequencing, posttreatment HIV controllers, ultradeep sequencing,
proviruses

Human immunodeficiency virus type 1 (HIV-1) infection became a chronic disease
in patients under long-term antiretroviral therapy (ART) to control viral replication.

Because of the existence of viral reservoirs, most people living with HIV-1 (PWH) experi-
ence viral rebound following antiretroviral treatment interruption (TI), whether they
have been treated since the primary infection (primary HIV infection patient [PHI]) or
the chronic stage (chronic HIV infection patient [CHI]), with rates of 87% and 96%,
respectively, at 6 months after TI (1). Nevertheless, in rare cases, viral replication
remains controlled for several years after ceasing ART. Most of these individuals, known
as posttreatment controllers (PTCs), have been treated since primary infection, such as
in the French ANRS-VISCONTI cohort (2). They differ from the rare individuals, known
as natural HIV infection controllers (HICs), who maintain low or undetectable viral loads
without treatment (,1%) (3, 4). In this context, current research on HIV remission aims
at finding therapeutic alternatives that do not require the lifelong intake of ART. As
PTCs constitute models of HIV infection control without ART, a better understanding of
the viral and host parameters responsible for this control may help with the develop-
ment of therapeutic strategies benefiting all PWH.

In HICs, an overrepresentation of protective HLA alleles, such as HLA-B*27 and B*57,
has been observed, as well as a high cytotoxic CD8 T cell response (3). This has not
been observed in PTCs, who instead present high expression of HLA-B*35, an allele
associated with a faster progression toward AIDS in the absence of ART (2, 3). Contrary
to HICs, PTCs also often exhibit symptomatic primary infection (1, 2), and these differ-
ences suggest that different mechanisms might occur in PTCs (4). Viral characteristics
might also contribute to the mechanism of control of HIV infection in these two
groups. For example, both PTCs and HICs have a small viral reservoir, as reflected by
their particularly low levels of blood HIV DNA (2, 5, 6) or cell-associated HIV RNA (7).
However, although necessary, a small reservoir size does not appear to be sufficient to
induce viral control, as most individuals treated since the primary infection display low
levels of total HIV DNA (8) but less than 10% of them might become PTCs after TI (1, 2,
9). The quality of the total HIV DNA, determined by considering the proportions of
intact versus defective genomes within the proviral pool in these persons, could be im-
portant. Indeed, previous studies have shown that during ART-controlled infection, most
of the HIV DNA corresponds to defective genomes containing large deletions, frame-
shifts, or apolipoprotein B mRNA-editing catalytic polypeptide-like (APOBEC)-induced
hypermutations (10–13). Regarding HICs and PTCs, data on their proviral landscape is
very limited, but one hypothesis is that a lower proportion and/or level of intact
genomes might contribute to the control of infection. Genetic diversity is another viral
factor that might contribute to the control of infection: a low diversity might facilitate
the control by the immune system, while a higher one might help in escaping it.
Regarding HICs, Jiang et al. recently showed that they were characterized by low levels
of intact HIV DNA in specific integration sites (14). In HICs, viral genetic diversity appears
correlated to the level of viral replication (15, 16). Information concerning PTCs is limited
to a study by Sharaf et al. that included PTCs with a generally shorter period of control
than those of the ANRS-VISCONTI cohort. These PTCs displayed lower intact proviral
loads than noncontrollers (NCs), although with similar overall proportions (17). Their pro-
viral landscape had not evolved at a median of 1.4 years after TI. It is currently unclear
whether PTCs maintain a low diversity several years after treatment interruption, similar
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to PHIs (18), or whether this diversity increases after several years, similar to most
untreated individuals.

In the present study, we aimed to investigate the proviral genome landscape in a
group of PTCs with durable control of infection. To this end, we determined (i) the viral
genetic diversity and (ii) the presence and proportions of intact and defective archived
HIV genomes in blood samples from PTCs several years after TI, in comparison with
those of HICs and of two groups of patients receiving efficient ART (since primary infec-
tion [PHIs] and since chronic infection [CHIs]).

RESULTS
Patients and samples. To study the contribution of viral factors to HIV remission,

we studied the archived HIV genomes in blood samples from four groups of PWH,
including 8 early-treated PTCs from the ANRS-VISCONTI cohort (2), 13 HICs from the
French multicenter ANRS-CODEX cohort (19), 8 PHIs, and 6 CHIs (Table 1). All PTCs had
been treated during primary infection (,3 months after infection) and for a median
time of 4.0 years (range, 1.1 to 16.8 years) (Table 1). The median time between the TI
and the studied-sample date was 9.4 years (range, 1.2 to 13.8 years), and the median
blood HIV DNA load was 1.96 log copies/106 peripheral blood mononuclear cells
(PBMCs) (range, 0.52 to 2.60 log copies/106 PBMCs). Three PTCs had a second blood
sample analyzed, with a median time of 5.2 years between the sampling dates. Except
for the longitudinal part of the study, only the first sample of each PTC was included.
HICs had been infected by HIV for a median time of 18 years at the time of sampling
(range, 7 to 29 years), without ART. Their median blood HIV DNA load was 2.30 log
copies/106 PBMCs (Table 1). The PHI and CHI groups included PWH with undetectable
viremia under ART initiated either during primary infection or the chronic stage,
respectively. Treatment of the PHI group was initiated as early as that of the PTC group
(Table 1), and these patients had been under efficient ART for a median time of
5.2 years at the time of sampling. Individuals in the CHI group had initiated ART at a
median time of 3.8 years after the diagnosis (range, 2.5 to 13.3 years), and they had
been treated for a median time of 9.2 years at the time of sampling.

PTCs, PHIs, and aviremic HICs have lower viral diversity than CHIs. To study the
genetic diversity of the archived HIV genomes together with the presence of stop co-
dons/hypermutations in the blood samples from the different groups of PWH, we first
performed the sequencing of the reverse transcriptase (RT) region of the pol gene.
Although this region is not the most variable in the HIV genome, it is one of those
most commonly targeted by APOBEC (20) and, thus, appeared to be an acceptable
compromise to study both diversity and genetic defects induced by APOBEC. RT gene
diversity analysis was performed on blood samples from 8 PTCs, 10 HICs, 8 PHIs, and 6
CHIs (Table S1 in the supplemental material). A total of 25,154 RT sequences were
obtained for the 32 samples (median sequencing depth [interquartile range {IQR}], 180
[54 to 719]), including 24,091 nondefective sequences. Given that there is no “gold
standard” method to express the genetic diversity of viral quasispecies (21), we used
several indexes, including mean branch length, entropy, number of alleles per nucleo-
tide site, and p-distance, to compare the proviral diversity. Overall, these indexes were
correlated with each other (Fig. 1) and gave concordant results for comparison
between groups (Fig. 2). The diversities were similar among the PTC and PHI groups,
regardless of the index used, and significantly lower in median values than those of
the CHI group, although heterogeneity was observed among each group of PWH. Of
note, PTC 073001 had the highest genetic diversity among the PTC group, which can
be explained by a history of past viral replication after mother-to-child transmission
and before a sustained period of control over the last decade (22). The HIC group dis-
played no significant difference from PHIs and PTCs nor from CHIs, probably because
of the high interindividual variability in this group. We thus defined subgroups among
HICs: “aviremic” individuals (HIC-a) had more than 50% of their viral loads from the 5
years before the sample date below 50 copies/mL and none above 400 copies/mL, and
“blippers” (HIC-b group) did not meet those criteria (19). The median blood HIV DNA
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loads were 2.22 and 2.54 log copies/106 PBMCs for the HIC-a and the HIC-b groups,
respectively (Table 1). The median times since infection were similar between sub-
groups. PHIs and PTCs showed proviral genetic diversities similar to that of the HIC-a
group. In addition, the PHI and HIC-a groups displayed lower genetic diversities than
the HIC-b group, but the difference between PTCs and the HIC-b group was not signifi-
cant. There was no difference in genetic diversity between the HIC-b and CHI groups.
Finally, all diversity indexes but entropy were significantly correlated with the HIV DNA
load (P , 0.05) (Fig. 1). Overall, our results indicate that there was no difference in
genetic diversity among the PTC, PHI, and HIC-a groups, that each of these groups had
a lower diversity than the CHI group, and that genetic diversity was correlated with the
total HIV DNA load.

PTCs have proportions of intact proviruses similar to those of other groups. To
evaluate the prevalence of stop codons and hypermutations, we first considered the
sequences of the RT gene used for the HIV DNA diversity analysis. These defects were
detected in 25%, 20%, 25%, and 33% of individuals from the PTC, HIC, PHI, and CHI
groups, respectively (Table S1). In order to further explore the defectiveness of provi-
ruses, we expanded the sequencing target length to nearly the full-length genome
(from the 59 long terminal repeat [LTR] to the 39LTR, 8.9 kb) and characterized the
other types of genetic defects (large deletion, premature stop codon, and W/MSD
defect in the 59 LTR) (Fig. 3A). Besides intact and defective HIV genomes, sequences
with only a defect in the nef gene were classified as “attenuated strains”, since the virus
can replicate in the absence of the accessory Nef protein, although with decreased
infectivity (23). Because the quantity of biological material was limited, the complete
HIV DNA genome analysis could only be performed on samples from 5 PTCs, 7 HICs, 6
PHIs, and 6 CHIs (for two additional PTC and two additional PHI participants, fewer
than seven full-genome sequences were obtained, and these were excluded from anal-
yses) (Table S2). A total of 491 complete HIV DNA sequences were then obtained for
the 24 samples (median number of sequences per sample [IQR], 21 [18 to 24]).

Overall, intact proviruses were detected in PBMCs for 3/5 PTCs, and their median
proportion within the proviral pool (0.04) (Fig. 4A) and median quantity (1.21 log cop-
ies/106 PBMCs) (Fig. S1B) were not significantly different from those of other groups,
although substantial heterogeneity of these values was observed between patients in

FIG 1 Correlation of the genetic diversity indexes. Viral diversity was calculated by several indexes
and based on 24,091 nondefective RT sequences from 32 individuals: the mean branch length, the
mean number of alleles per nucleotide site, the mean entropy, and the mean p-distance. A random
sampling of 20 sequences without replacement was performed to calculate these indexes, except for
the mean branch length; the final results are the mean values of 1,000 repetitions. Correlations
between all diversity indexes and between each diversity index and the HIV DNA viral load (log
copies/106 PBMCs) were calculated using Spearman’s coefficients and considered significant when the
P value was ,0.05.
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each group (Fig. 4). For two PTCs, four HICs, and three CHIs, we could not detect intact
provirus in the samples analyzed (Table S2), while this was not the case for PHIs. Large
deletions were the most frequent defect observed in PTCs, similar to other groups of
PWH, followed by both hypermutations and frameshifts (Fig. 3B). We observed a trend
toward a higher proportion and number of genomes with a defect in only the nef gene
in the HIC group compared to the proportion and number in the PTC group (P = 0.066)
(Fig. 4C and Fig. S1D), due to the presence of a similar nef partial deletion in every pro-
viral sequence of two HIC participants (CODa5 and CODb1) (Table 1). Some of these

FIG 2 Viral diversity of HIV DNA based on the RT gene estimated by different indexes. A 700-bp amplicon on the RT gene was amplified in HIV DNA
genomes and sequenced using a 454 GS Junior. Sequences were aligned with Clustal, and phylogenetic trees were constructed with PhyML. Viral diversity
was calculated by several indexes and based on 24,091 nondefective RT sequences. The indexes used were the branch length of the phylogenetic tree
(samples with fewer than 4 nondefective haplotypes were excluded) (A), the entropy (B), the number of alleles per nucleotide site (C), and the p-distance
(D). A random sampling of 20 sequences without replacement was performed for indexes B to D; the final results are the mean values of 1,000 repetitions.
The mean value for each group is depicted with a colored horizontal line. The diversity was compared among groups using Wilcoxon tests. Significant
differences (P , 0.05) are depicted with continuous lines above the graph, while trends (P , 0.05 and P , 0.08) are depicted with dotted lines. HICs were
divided into two subgroups: HIC-a (aviremic) individuals had more than 50% of their viral loads from the 5 years before the sample date below 50 copies/
mL and none above 400 copies/mL, while HIC-b (blippers) individuals did not meet those criteria.
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proviruses had other defects, such as large deletions. This suggests that viral factors—
i.e., a less fit virus—could participate in the control of infection in these two HICs. This
phenomenon was not observed in PTCs. Some PWH from the PHI, CHI, and HIC groups
displayed small proportions of proviruses with nef defects (4 to 7%), but none had a
similar profile of an attenuated HIV strain. The proportion of defective proviruses
among the proviral pool and their quantity per million PBMCs were significantly larger
in the CHI group than in the PHI group (Fig. 4B and Fig. S1C). This appeared to be
mostly explained by the large quantities of HIV DNA sequences harboring large dele-
tions and of those harboring hypermutations in CHIs (Fig. 4D and E and Fig. S1). On
the other hand, CHIs had a trend toward a lower proportion of sequences with frame-
shifts than PHIs (Fig. 4F); this suggests that the different genetic defects could appear
at different stages of the infection and then be modulated by the dynamics of cells
harboring HIV during infection. The quantities of defective proviruses were also signifi-
cantly larger in CHIs than in HICs and PTCs (Fig. S1C). Globally, the quantity of defective
HIV DNA was highly correlated with the total HIV DNA load (r = 0.968; P , 0.0001).

Notably, we observed identical proviral sequences (assumed to be clones [24]) for
both intact and defective genomes in several participants within each group (Fig. S2),
suggesting that the clonal expansion of HIV-infected cells was not dependent on the
“intact” or “defective” characteristic of their provirus and could be linked to homeo-
static proliferation or antigen-driven proliferation (25).

Overall, our data indicate that the control of infection in PTCs does not seem to be
related to a smaller proportion or quantity of intact proviruses in these individuals
than in other PWH.

Long-term outcome of the PTC proviral landscape. As we had access to a second
sample taken 4 to 6 years after the initial sample for three individuals from the PTC
group, we next investigated whether their proviral landscape had evolved or not. Two
of these participants (180001 and 180002) maintained total control of viremia during
the whole follow-up (ultrasensitive plasma HIV RNA loads of ,8 and ,10 copies/mL,
respectively), while the third (180003) had begun to relapse (plasma HIV RNA load of
1,278 copies/mL) and resumed ART immediately after this sample was obtained
(Table 1). One of the three individuals (180001) appeared to have a decrease in the

FIG 3 Identification of intact sequences and the different types of defective sequences and their proportions. HIV DNA genomes were amplified from the
59LTR to the 39LTR after limiting dilution and sequenced using a MiSeq instrument. Complete genomic sequences were assembled using Spades. (A)
Process of identification of genetically defective and intact proviruses. A sequential approach was used. Premature stop codons due to hypermutations and
frameshifts were detected using pairwise alignment implemented in Goalign. MSD defects were visually identified by alignment of genomic sequences and
comparison to HIV compendium sequences. (B) Mean proportions of each type of HIV DNA genome in each group of patients: N is the number of patients
in the group, and n is the mean number of full-length sequences per individual.
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proportion of intact proviruses, while the other two had no or little evolution of this
proportion (Fig. 5 and Table S2). Details concerning the genetic defects are presented
in Table S2. Phylogenetic trees of the full-length HIV DNA sequences of these 3 PTCs
showed that proviral sequences from the two time points were mixed (Fig. 6), indicat-
ing that there had been no or very little evolution of the viral strains and no selective
pressure. This reflects the effective control of viral replication during a long period of
remission after TI.

DISCUSSION

In the hope of inducing remission of HIV infection without the necessity for lifelong
intake of antiretroviral therapy, a better understanding of the factors associated with
the control of infection in PTCs, who represent models of remission, is needed. A char-
acteristic of PTCs is a small reservoir size, which appears to be a necessary but insuffi-
cient criterion. Indeed, only a minority of individuals with a small reservoir size keep
the control of infection in the case of TI (3). We describe here for the first time the viral
diversity and the proportions of intact and defective proviruses in PTCs almost a

FIG 4 Proportions of each type of full-length HIV DNA genome. HIV DNA genomes were amplified from the 59LTR to the 39LTR and sequenced using a
MiSeq instrument. Complete genomic sequences were assembled using Spades. Genetic defects were sequentially identified as follows: large deletions (D),
APOBEC-induced hypermutations (E), frameshifts (F), and defects in the W/MSD regions of the 59LTR (G). Sequences with a defect in the nef gene only were
considered attenuated strains (C), and the remaining sequences were inferred to be intact (A). The mean value for each group is depicted with a colored
horizontal line. The proportions of each type of provirus were compared among groups using Wilcoxon tests. Significant differences (P , 0.05) are
depicted with continuous lines above the graphs, while trends (P values between 0.05 and 0.08) are depicted with dotted lines. (A) The median
proportions (P) of intact proviruses were 2% in CHIs, 0% in HICs, 22% in PHIs, and 4% in PTCs. (B) The median proportions of defective proviruses (sum of
large deletions, hypermutations, frameshifts, and 59LTR defects) were 96% in CHIs, 67% in HICs, 75% in PHIs, and 96% in PTCs. (C) The median proportions
of proviruses with defects in the nef gene only (attenuated strains) were 0% in CHIs, 6% in HICs, 2% in PHIs, and 0% in PTCs. (D) The median proportions
of proviruses with large deletions were 82% in CHIs, 56% in HICs, 49% in PHIs, and 60% in PTCs. (E) The median proportions of proviruses with
hypermutations were 11% in CHIs, 0% in HICs, 4% in PHIs, and 5% in PTCs. (F) The median proportions of proviruses with frameshifts were 0% in CHIs, 0%
in HICs, 8% in PHIs, and 4% in PTCs. (G) The median proportions of proviruses with 59LTR defects were 0% in all four groups.
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decade after TI, with ultradeep sequencing technologies providing an in-depth charac-
terization of archived genomes constituting the HIV reservoir.

One hypothesis was that low viral diversity could contribute to, and be the result of,
the control of HIV infection. In our study, the PTC, PHI, and HIC-a groups presented
similarly low genetic diversities, whereas those of the HIC-b and CHI groups were
higher, consistent with the past viral replication. Concordantly, De Azevedo et al.
showed that proviral diversity was higher in viremic controllers (with persistent viremia
at 80 to 2,000 copies/mL) than in elite controllers (persistent undetectable viral loads)
(16). The link between viral diversity and history of viremia is also reinforced by the sig-
nificant correlation in our study between the diversity indexes and the total HIV DNA
load: previous studies showed that when measured in situations of controlled infec-
tion, this biomarker of persistence reflects the history of HIV infection and cumulative
viremia (5, 26). Based on this correlation, our data indicate that no or very little viral
replication occurred in the HIC-a group or in the PTCs for all the years since TI. This low
viral diversity reflects the sustained control of viral replication since early infection. Of
note, our study also reveals substantial variability in the genetic proviral diversity
among PTCs, as previously observed for other groups of PWH.

The similar results between PTCs and PHIs call into question the predictive value of
viral genetic diversity for virologic control or breakthroughs. Previous studies are dis-
cordant concerning this potential predictive value. Pernas et al. showed no significant
difference in gag gene diversity but a higher diversity of the env gene in cases of loss
of natural control than in persistent control (27). In contrast, De Azevedo et al. found
no predictive value of env diversity for virologic breakthroughs (28). In our study, RT
(pol gene) viral diversity was not predictive of a breakthrough in the four following
years in HICs or in PTCs (data not shown). Unfortunately, we did not have enough bio-
logical material to study the viral diversity of the env gene, which might have been
more informative. In contrast, viral blips were previously shown to be predictive for the
loss of control in PTCs and HICs (29, 30) and for the time before rebound after TI in
early-treated individuals (9). Plasma viral loads thus appear to be better predictors of
future breakthroughs than viral diversity of HIV DNA, which takes longer to be
archived.

Our study also explored the proportions of intact and defective proviruses
among the proviral pool during different contexts of controlled HIV infection and
provided the first complete genome analysis of HIV DNA in both PTCs and HICs. Of

FIG 5 Changes in the proportions of intact full-length HIV DNA genomes for individuals with a
second sample available 4 to 6 years after the initial sample. The median proportion of intact
proviruses was compared between the two time points using a Wilcoxon test.
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note, the HICs for whom we obtained viral genome sequences in this study had a
higher median HIV DNA level than the 202 HICs analyzed in the national ANRS-
CODEX cohort (6). A peculiarity of the HIC group was the presence of a partial nef
deletion in every proviral sequence of two HICs, which could be associated with a
decrease in viral infectivity (23, 31). Our finding of nef defects in all sequenced pro-
viruses suggests that either the founder virus might have been an attenuated strain
in these cases or the cells harboring nonattenuated proviruses were progressively
eliminated by the immune response and these proviruses with defects in nef
became largely predominant. Concordantly, previous reports showed that several
cases of spontaneous control of HIV infection were linked to the presence of atte-
nuated viral strains harboring a truncated or deficient protein, in particular Env, Vif,
or Nef (32–34). This characteristic for only two of the seven HICs, as well as the high
interindividual heterogeneity of results observed within this group, highlight the
plethora of mechanisms that could contribute to HIV control. No nef deletion was
observed in PTCs in our results, suggesting that posttreatment and natural control
may rely upon distinct mechanisms, although both groups have a small blood HIV

FIG 6 Phylogenetic trees of all nearly full-length HIV DNA genomic sequences for 3 PTCs. Individual trees of proviruses from the 3 PTCs who had two
blood samples taken after TI. HIV DNA genomes were amplified from the 59LTR to the 39LTR and sequenced using a MiSeq instrument. Complete genomic
sequences were assembled using Spades and aligned with MAFFT, and the phylogenetic tree was inferred with PhyML. Black squares represent sequences
from the first samples, and red squares those from the second samples. Blue stars indicate identical sequences assumed to be clones. 180001 (A); 180002
(B); 180003 (C).
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reservoir (35). The lack of Nef-deficient proviruses in the PTC group should be con-
firmed in more individuals.

When studying the complete HIV DNA genome of PTCs, we showed that they had
low proportions of intact genomes in samples taken at a median of 9.4 years after TI,
not different from the proportions observed in other groups. These data suggest that
other factors play a role in the viral control. High heterogeneity of the proportions of
intact proviruses was observed among PTCs (0% to 36%), as observed in other groups
of PWH. In their study, Sharaf et al. used single-genome amplification and next-genera-
tion sequencing (NGS) to analyze samples from before TI from 10 PTCs and 16 NCs
who experienced viral rebound after TI (17). The proportions of intact genomes before
TI were similar in both groups (median [range], 1.4% [0 to 42%] and 4.1 [0 to 32%] in
the future PTCs and NCs, respectively, out of a median [range] of 27 [3 to 73] proviral
sequences per individual for PTCs and 50 [12 to 120] for NCs). Our results show that
this status is maintained for several years after TI. Sharaf’s study also revealed that
PTCs have a genetically intact proviral reservoir 7-fold lower than that of NCs in abso-
lute values before TI. This smaller number of intact viral genomes resulted from lower
total HIV DNA loads in PTCs than in NCs. In our study, several years after TI, the quan-
tity of intact proviruses was not different than that observed in aviremic PWH on ART
or in HICs. Only the number of defective proviruses was lower in PTCs than in CHIs,
similar to PHIs. As PTCs had been treated since the primary infection and well con-
trolled afterwards, there was no opportunity for viral evolution and accumulation of
proviruses with defects. Defective proviruses can contribute to HIV pathogenesis (5) by
the production of viral RNAs and proteins/antigens that continuously stimulate the
immune system (36, 37) or to infectious viruses after complementation, even if this
process is probably less efficient than production by intact proviral genomes (38). This
could partly explain the facts that the total HIV DNA load, which is correlated to a high
level of defective proviruses, is a clinically relevant marker (5) and that a reduced num-
ber of defective proviruses could be beneficial.

Based on the presence of some proviral sequences with strict identity, assumed to
be clones with identical integration sites (24), we showed that clonal cell expansion
contributed to the persistence of both intact and defective proviruses, as previously
described (11, 39).

Interestingly, the comparison of samples taken 4 to 6 years later (i.e., 11.8 to
15.2 years after TI) from the three PTCs in our study showed no or little evolution of
the proviral landscape, either in the proportions of intact and defective genomes or in
the viral sequences themselves, as shown by the intermingled sequences on the phylo-
genetic tree. These results suggested that the stability of the proviral landscape in
PTCs between the period before TI and 1.4 years after TI that was previously described
(17) is prolonged for more than 10 years after TI. These data suggest that the blood
proviral landscape in PTCs is preserved early by ART and does not seem to evolve after
TI due to effective control of HIV. Nevertheless, as all PHIs do not become PTCs in the
case of TI (4), despite their similar proviral characteristics, host factors most probably
predominate in the control of infection in cases of HIV remission. One recently sug-
gested hypothesis is the control of viral replication by particularly efficient natural killer
(NK) cells in association with HLA-Bw4 and HLA-C2 killer immunoglobulin-like receptor
(KIR) ligands (40). In ART-treated PWH, Einkauf et al. recently showed that proviruses
integrated in nongenic chromosomal regions were transcribed less that those in genic
regions and that transcriptionally active proviruses underwent a negative selection
over time, except in the case of clonal expansion (41). Such a study of integration sites
of intact and defective proviruses in PTCs could provide further information on their
reservoirs. We can hypothesize that the NK immune response in PTCs could have con-
tributed to the selection of cells harboring either intact proviruses integrated in non-
genic regions or defective proviruses. Control in PTCs could then be associated with a
“block and lock” mechanism, which could be effective in the presence of small quanti-
ties of intact proviruses. The noticeable interindividual heterogeneity shown for the
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first time among PTCs for all the biomarkers we studied points out that several mecha-
nisms of control could exist and that a single strategy for cure might not fit all PWH.

One limitation of this study is the relatively small number of sequences analyzed
because of the low HIV DNA loads. The complexity of TI and the rarity of posttreatment
control limit large studies on PTCs. Very few cohorts include PTCs with such a long pe-
riod of time after TI, making the data from the ANRS-VISCONTI cohort very valuable.
Recent data have indicated that the proportions of defective proviruses could differ
between blood and tissues and that viruses that rebounded after TI could have come
from diverse anatomical compartments (42). Further studies on lymphoid tissues and
on animal models could be informative of the global proviral landscape in remission,
including integration sites, and help in approaching the complexity of viral control.

To conclude, the present study provides for the first time an in-depth characteriza-
tion of the proviral landscape in PTCs nearly a decade after TI and compares it to that
of HICs. Our results show that the PTC group presents similarly small proportions and
quantities of intact proviruses as the other groups examined in the study. Although
host/immune factors most probably play a role in posttreatment control, the particu-
larly small blood HIV reservoirs and the low frequencies of intact proviruses in PTCs
could facilitate the control of infection in these patients. Furthermore, the low viral di-
versity and the absence of evolution in the landscape of the HIV DNA quasispecies af-
ter TI confirm the slow dynamics of HIV infection in PTCs. This and other studies in
PTCs should help in designing strategies to achieve sustained viral remission in the ab-
sence of ART.

MATERIALS ANDMETHODS
Patients and samples. PTCs from the ANRS-VISCONTI cohort (2) who had available frozen blood

cells (5 to 8 million PBMCs) were included (n = 8). A second time point was analyzed when a subsequent
sample was available (n = 3). The criteria for inclusion in the cohort were HIV-1 infection, pretherapeutic
plasma viral load above 2,000 copies/mL, ART maintained for at least 12 months, and viral load below
400 copies/mL in two consecutive samples more than 1 year after TI. Natural HIV controllers were
selected from the French multicenter ANRS-CODEX cohort (19) based on the availability of samples
(n = 13). The criteria for inclusion in the cohort were as follows: HIV-1 infection with a follow-up time lon-
ger than 5 years, the last five plasma HIV RNA viral loads lower than 400 copies/mL, and no ART received.
The PHI and CHI groups were selected from outpatients’ follow-up at Orleans Hospital. The PHI (n = 8)
group was constituted of patients receiving ART continuously for more than 3 years that was initiated in
primary infection and considered effective on the basis of controlled viral load (,50 copies/mL) for
more than 2 years. The CHI group (n = 6) was constituted of patients receiving ART initiated in chronic
infection and with plasma viral load peaks similar to those observed for the PHI group. None had
reached the AIDS stage. All participants gave informed consent. The VISCONTI study and the CODEX
cohort were approved by the ethics review committees of Ile de France VII. The study concerning other
patients was approved by the Tours ethics review committee. All analyses were carried out retrospec-
tively on cryopreserved blood cells.

Virological quantifications. Routine HIV RNA viral loads were quantified with the commercial assay
available in each clinical center. Ultrasensitive HIV RNA quantifications were performed on 2 to 10 mL of
plasma using either a generic HIV real-time PCR assay (Biocentric) or an adaptation of the COBAS
Ampliprep/COBAS TaqMan HIV-1 test version 2 (Roche Diagnostics) (6). Total HIV DNA loads were quan-
tified prospectively in the cohorts using the GENERIC HIV DNA real-time PCR assay (Biocentric), as previ-
ously described (6, 43).

PCR and NGS analyses. (i) RT gene. Viral genetic diversity, together with the presence of stop co-
dons/hypermutations, was analyzed based on an amplicon from the RT region of the pol gene (20).
Amplification was carried out as previously described by the ANRS French resistance group (HXB2 coor-
dinates of the amplicon, 2609 to 3292) (44), with an adapted nested PCR including the multiplex identi-
fier (MID) of the 454 GS Junior instrument (Roche Diagnostics). Deep sequencing of the RT amplicon was
performed using GS Junior sequencing XL1 kits, which provided reads up to 800 bp long, following the
manufacturer’s instructions. The 8E5/LAV cell line was included as a control.

(ii) Near-full-length-genome sequencing. Supplemental data on the proportion of each type of
genetic defect and the global proportions of intact and defective proviruses were obtained based on a
complete genome analysis. For single-genome analyses (SGAs), limiting dilution conditions, determined
separately for each sample, were used for the first PCR in order to avoid the preferential amplification of
short fragments and to allow the study of viral haplotypes. HIV DNA was then amplified from the 59LTR
to the 39LTR with nested PCR using PrimeSTAR GXL DNA polymerase (TaKaRa) and previously described
primers (36). The following PCR conditions were applied: 98°C for 10 min, followed by 98°C for 10 s, 58°C
or 60°C (for the first and second PCR, respectively) for 15 s, and 68°C for 9 min for 40 cycles, and then
10°C indefinitely. The PCR mixture volume was 50 mL. Five microliters of the first PCR mixture was used
in the second-round PCR. Positive nested PCR products were identified by electrophoresis on a 1%
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agarose gel and purified with either a QIAquick PCR Purification Kit or a QIAquick Gel Extraction Kit
(Qiagen). Library preparations were performed using a Nextera DNA Flex Library Prep Kit, and paired-
end sequencing (2 � 250 bp) was performed using a MiSeq Reagent Nano Kit on a MiSeq instrument
(Illumina) following the manufacturer’s instructions. As a quality control, we performed the same PCRs
with limiting dilution on an 8E5/LAV cell line, which was sequenced three times in the first Illumina run
for repeatability verification and then once in each run for reproducibility assessment.

Bioinformatics analyses. (i) 454 data. Reads were analyzed with the Roche software AVA. After
passing quality filters, haplotypes were aligned with Clustal using HXB2 as a reference and submit-
ted to the online Los Alamos HIV Database Hypermut tool for the identification of hypermutated
sequences (45).

To estimate the viral diversity, the mean branch length was calculated for each participant using
Gotree (46) after construction of a phylogenetic tree using PhyML 3.3.2018062 (47) (options -m GTR -f m
-c 4 -a e -o tlr), including nondefective sequences only. To avoid creating bias in the results because of
the variability in the number of reads obtained for each sample, we used a rarefaction approach to cal-
culate the different diversity indexes (16). A random sampling of 20 sequences without replacement was
performed 1,000 times; the final values are the means of these 1,000 repetitions. With this approach,
we calculated the mean number of alleles (or variants) per nucleotide site, the mean entropy, and the
p-distance.

(ii) Illumina data. Quality control of FASTQ files was performed using FastQC version 0.11.8 and
MultiQC version 1.7 (48). After masking parts of the HXB2 reference genome corresponding to the pri-
mers, reads were mapped to HXB2 using Minimap2 version 2.14 (49) with the option “-ax splice.” SAM
files were converted to BAM files and indexed using SAMtools version 1.9 (50). In parallel, sequences
were assembled using Spades version 3.11.1 (51) at different coverage cutoffs (going from 0 to 200)
with the options “--cov-cutoff ,cutoff. --careful”. Premature stop codons due to hypermutations and
frameshifts were detected in HIV genes extracted from these assembled sequences using pairwise align-
ment implemented in Goalign version 0.3.0-alpha (46).

To build the phylogenetic tree, sequences were first aligned with MAFFT version 7.313 (52). Then,
sequences having more than 80% gaps and alignment columns having at least one gap were removed
using Goalign version 0.3.1 (command goalign clean). The final alignment contained 192 sequences of
6,376 nucleotides. This alignment was reformatted into Phylip format (command goalign reformat phy-
lip), and duplicate sequences were temporarily removed (command goalign dedup). The phylogenetic
tree was then inferred with PhyML version 3.3.20180621 (options -m GTR -f m -c 4 -a e -o tlr), and dupli-
cate sequences were reintroduced into the inferred tree using Goalign version 0.3.1 (command Goalign
repopulate). The final tree was then uploaded to iTOL along with its annotations produced with table2i-
tol (https://github.com/mgoeker/table2itol).

Quality controls for the NGS analyses. To verify the reproducibility of the NGS and bioinformatic
analyses, the 8E5/LAV cell line was included as a control in both RT and full-genome analyses. All RT
sequences belonged to a unique haplotype, harboring no hypermutations or stop codon mutations
(data not shown). For the full-genome analysis, the exact same sequence was found for the assembled
8E5/LAV contig of every run and of the three replicates of the first run, validating the NGS process.
Phylogenetic trees of all RT sequences and all complete genome sequences confirmed the absence of
cross-contamination between samples (data not shown).

Statistics. Statistical analyses were performed using RStudio software (version 1.0.136). Variables
were compared between groups using Wilcoxon tests. P values of ,0.05 were considered significant.
Correlations were determined using Spearman’s correlation coefficients. Samples with an insufficient
number of sequences obtained (,20 sequences or ,4 haplotypes for the RT amplicon; ,7 sequences
for the full-length genome) were excluded (Tables S1 and S2). HIV DNA and HIV RNA viral loads above or
below the limits of quantification were set to the threshold values for statistical analyses.

Data availability. RT haplotype sequences are available in GenBank under accession numbers
OP994861 to OP995430. Full-length HIV DNA sequences are available in GenBank under accession num-
bers OP994351 to OP994860.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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