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ABSTRACT In adults starting antiretroviral therapy (ART) during acute infection, 2%
of proviruses that persist on ART are genetically intact by sequence analysis. In contrast, a recent report in children treated early failed to detect sequence-intact proviruses. In another cohort of children treated early, we sought to detect and characterize proviral sequences after 6 to 9 years on suppressive ART. Peripheral blood
mononuclear cells (PBMC) from perinatally infected children from the Children with
HIV Early antiRetroviral (CHER) study were analyzed. Nearly full-length proviral ampliﬁcation and sequencing (NFL-PAS) were performed at one time point after 6 to
9 years on ART. Amplicons with large internal deletions were excluded (⬍9 kb). All
amplicons of ⱖ9 kb were sequenced and analyzed through a bioinformatic pipeline
to detect indels, frameshifts, or hypermutations that would render them defective. In
eight children who started ART at a median age of 5.4 months (range, 2.0 to 11.1
months), 733 single NFL-PAS amplicons were generated. Of these, 534 (72.9%) had
large internal deletions, 174 (23.7%) had hypermutations, 15 (1.4%) had small internal deletions, 3 (1.0%) had deletions in the packaging signal/major splice donor site,
and 7 (1.0%) were sequence intact. These 7 intact sequences were from three children who initiated ART after 2.3 months of age, one of whom had two identical intact sequences, suggestive of a cell clone harboring a replication-competent provirus. No intact proviruses were detected in four children who initiated ART before
2.3 months of age. Rare, intact proviruses can be detected in children who initiate
ART after 2.3 months of age and are probably, as in adults, maintained by clonal expansion of cells infected before ART initiation.
IMPORTANCE There are limited data about the proviral landscape in children exhib-

iting long-term suppression after early treatment, particularly in Sub-Saharan Africa
where HIV-1 subtype C predominates. Investigating the sequence-intact reservoir
could provide insight on the mechanisms by which intact proviruses persist and inform ongoing cure efforts. Through nearly full-length proviral ampliﬁcation and sequencing (NFL-PAS), we generated 733 NFL-PAS amplicons from eight children. We
showed that rare, genetically intact proviruses could be detected in children who
initiated ART after 2.3 months of age. The frequency of intact proviruses was lower
(P ⬍ 0.05) than that reported for HIV subtype B-infected adults treated during early
HIV infection. We show that cells harboring genetically intact HIV proviruses are rare
in children exhibiting long-term suppression after early treatment and may require
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the processing of a large number of cells to assess reservoir size. This points to the
need for efﬁcient methods to accurately quantify latent reservoirs, particularly in pediatric studies where sample availability is limited.
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I

n human immunodeﬁciency virus (HIV)-infected individuals on long-term suppressive
antiretroviral therapy (ART), HIV-1 reservoirs persist, comprised of long-lived, latent
cells with replication-competent proviruses (1). These reservoirs remain hidden from
the immune response but reactivate to produce new cycles of replication when therapy
is interrupted (2). Reservoir establishment occurs as early as 3 days postinfection, as
evident from studies in nonhuman primates showing high levels of integrated simian
immunodeﬁciency virus (SIV) DNA in resting CD4 T cells (3). Nevertheless, initiating ART
during acute infection has many beneﬁts: it limits the establishment of reservoirs in
long-lived CD4 T cell subsets, preserves anti-HIV T cell responses, and reverses chronic
immune activation (4, 5). Moreover, posttreatment control is more frequent after early
treatment (6).
HIV-1 DNA decays faster in individuals who start ART in acute infection than in those
initiating treatment in chronic infection (7). In adults, longitudinal quantitative PCR
(qPCR) measurements of proviral DNA after ART initiation reveals rapid 80 to 90% HIV-1
DNA decay in the ﬁrst year on ART, likely due to the death of productively infected cells,
decay of unintegrated virus, and concurrent blocking of new infections by ART (7, 8). In
the second phase, years 1 to 4, there is an annual decline of 23% which represents the
decay of cells with a longer half-life (7). The eventual plateau after 4 years on suppressive ART represents long-lived HIV-1-infected cells (8). In perinatally infected children
starting ART within days of birth, the decay rate of HIV-1 DNA was much more rapid,
with 27% of children who initiated ART within 8 days of birth reaching undetectable
levels between 6 days and 4 months after the start of therapy (9). Despite this, there has
been viral rebound following treatment discontinuation in almost all perinatally infected children, suggesting that replication-competent HIV proviruses are established
early and persist (10).
In adults, the majority of proviral DNA during long-term ART is defective, with these
defects accumulating within weeks of infection (11). In patients who initiated ART
during chronic infection, 92% of proviral DNA was defective in contrast to 98% in those
treated during acute infection (11). Nearly full-length proviral sequencing revealed
large internal deletions and/or nonsense mutations due to template switching during
reverse transcription, frameshifts, and guanine-to-adenine (G-to-A) hypermutations
caused by cytidine deaminases APOBEC3F and APOBEC3G (11–13).
In contrast, in a cohort of 11 children from observational cohorts in the United States
who exhibited long-term suppression after early treatment, no intact proviral sequences were detected from 162 nearly full-length sequences (14). This ﬁnding led us
to investigate further whether sequence-intact proviruses could be detected in nine
children from the Children with HIV Early antiRetroviral (CHER) trial and follow-up
cohort in South Africa who exhibited long-term suppression after early treatment.
RESULTS
Obtaining intact proviral genomes. A total of 733 single-genome amplicons were
obtained by NFL-PAS. Of these, 534 had large internal deletions. Of the remaining 199
amplicons, a 1.2-kb region of gag-pol was ampliﬁed and sequenced. A total of 165
amplicons were shown to be hypermutated, characterized by stop codons. Following
bioinformatic analysis, 10 nearly full-length amplicons appeared to be intact, 9 were
hypermutated, and 15 had small internal deletions. Although the NFL-PAS protocol had
the beneﬁt of using primers that bind in conserved regions of the HIV genome, the
8.8-kb NFL-PAS product excluded the ﬁrst 793 nucleotides (nt) of the viral genome
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FIG 1 Schematic for obtaining intact proviral genomes.

(including gag-3= long terminal repeat [LTR]; nt 794 to 9857, HXB2 positions). A second
nested PCR included the viral packaging signal (psi) and major splice donor (MSD) site
(gag; nt 634 to 789, HXB2 positions). Deletions, mutations, or deleterious stop codons
in these regions destroy viral infectivity (15). In the literature, deletions ranging from 8
to 98 bp have been reported in 5 to 11% of sequences (11, 15, 16). To determine
whether the psi and MSD site were intact in the 10 samples, the viral packaging signal
and major splice donor site were ampliﬁed and sequenced. Of these, three sequences
were characterized by mutations in the psi and/or MSD region. Finally, seven sequences
were shown to be genetically intact (Fig. 1, Fig. 2, and Table 1).
A quantitative comparison, using Fisher’s exact tests, of large internal deletions,
hypermutants, psi/MSD deletions, and intact sequences from NFL data of adults with
subtype B infection who started ART in acute infection revealed signiﬁcantly fewer
psi/MSD deletions (5% for adults versus 1% for children) and intact sequences (2% for
adults versus 1% for children) (P ⬍ 0.01) (11).
Intact sequences form part of expanded suspected clones. In one participant
(ZA-006), two sets of intact NFL sequences were identical in the 9-kb region. When
these sequences were assembled in a neighbor-joining phylogenetic tree (Fig. 3) with
1.2-kb gag-pol sequences from pretherapy plasma RNA, peripheral blood mononuclear
February 2020 Volume 94 Issue 4 e01519-19
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cell (PBMC) DNA from a participant on ART for 1.2 years, and cell-associated DNA
sequences from a participant on ART for 8 years, two of the intact NFL sequences
formed part of a monotypic cluster (blue bracket) with a gag-pol DNA sequence from
a participant on ART for 1.2 years, suggesting the persistence of a possible intact clone
that was present soon after ART was initiated. Intact sequences from participant ZA-015
and ZA-011 were not identical in the 1.2-kb gag-pol region.
DISCUSSION
In this study, we detected genetically intact HIV-1 proviral sequences after 6 to
9 years of ART in children who initiated therapy with the ﬁrst year of life. Our aim was
TABLE 1 NFL sequences per participanta

Patient
no.
ZA-009
ZA-014
ZA-008
ZA-003
ZA-015
ZA-011
ZA-006
ZA-016

Genderb
F
M
F
F
M
F
F
F

Total

No. of sequences

Age at
ART start
(mo)
2.0
2.16
2.2
2.3
8.5
9.23
9.32
11.1

HIV DNA
(copies/106
PBMCs)
186.2
81.9
42.3
129.6
247.6
181.5
46.7
86.3

With internal
deletions
68
30
89
18
27
207
56
54

With hypermutations
and stop codons
19
4
101
3
9
23
15
0

With packaging
signal/MSD defects
0
0
0
0
1
2
0
0

5.4c

108c

549

174

3

Intact
0
0
0
0
2
1
4
0

Total no.
of single
genomes
87
34
190
21
39
233
75
54

Total no. of
cells assayed
(ⴛ106)
9.2
2.6
6.1
3.9
3.9
9.6
6.6
1.8

7

733

43.7

had a median of 108 copies/106 PBMCs (range, 42.3 to 247.6 copies/106 PBMCs). A total of 43.7 ⫻ 106 cells were assayed. Seven intact nearly full-length
sequences were detected in three of eight participants. All three participants were on continuous ART.
bF, female; M, male.
cMedian value.
aParticipants
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FIG 2 Of 733 amplicons from eight children, 72.9% had large internal deletions, and 23.7% had hypermutations
that rendered them defective. As the packaging signal/MSD mutations (gag leader) were assessed only in 10 cases
that were provisionally intact, this proportion (1.0%) and the proportion of sequences with small internal deletions
(1.4%) were adjusted using the expected rate as found in those that had a gag leader sequence. Only 1% were
genetically intact.
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FIG 3 Neighbor joining phylogenetic tree for patient ZA-006.

to investigate proviral intactness, and we classiﬁed sequences as genetically intact
when we found none of the known defects upon sequencing. Nevertheless, this does
not prove replication competence, which would require identifying the integration
sites, amplifying full-length HIV from the host, cloning, and transfection with production of infectious virus and which should be investigated in future studies.
In one patient, we observed two sets of identical, intact nearly full-length sequences.
When aligned with gag-pol sequences obtained 1.2 years after ART initiation, two of the
intact sequences formed a monotypic cluster, suggesting the persistence of an intact
expanded clone. Although rare, genetically intact proviruses can be detected after
several years of ART in children who were treated early, these proviruses are probably,
as in adults, maintained by clonal expansion/proliferation of cells infected before ART
initiation (17, 18).
A recent study found no intact HIV proviral sequences out of 164 nearly full-length
sequences derived from viral outgrowth culture wells in 11 sequences obtained from
children exhibiting long-term suppression who initiated ART before 6 months of age
(14). The detection of intact proviruses in our study could be due to more extensive
sampling. We generated 733 single-genome amplicons and found 7 (1.0%) to be intact.
Whereas in the previous study proviruses were sequenced from noninduced viral
outgrowth wells, we performed NFL-PAS directly on DNA from PBMC samples. On the
other hand, the different ﬁndings between the two cohorts could be due to differences
in the ages at the time of ART initiation. In our study we detected intact sequences from
children assigned to the “deferred therapy” CHER study arm 1 who initiated ART after
8 months of age and who thus likely had a larger proportion of intact sequences; in
contrast in the previous study, all participants initiated ART within 6 months of age and
February 2020 Volume 94 Issue 4 e01519-19
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had no detectable intact sequences. Furthermore, the difference in viral genotypes
between the two cohorts could have played a role. In our setting, HIV-1 subtype C
predominated whereas the previous cohort was infected with subtype B, which supports the need for representation of pediatric cohorts across different geographical
regions as differences in viral genotypes and host factors may affect HIV persistence in
children.
In one child, two identical intact sequences obtained after 8 years on ART formed a
monotypic cluster with a 1.2-kb gag-pol DNA sequence obtained 14.4 months after ART
initiation. This suggests that clonal expansion of intact proviruses could be the mechanism that maintains the replication-competent reservoir in these children. However,
one would need to perform integration site analysis in order to prove clonality as
NFL-PAS sequences can be identical in gag-pol but differ elsewhere, likely due to
insufﬁcient signal in the 1.2-kb region. One such technique involving whole-genome
ampliﬁcation, nearly full-length sequencing, and corresponding chromosomal integration site analysis has recently been described (19). Similar identical sequences were
observed in adults treated during acute infection, and it has been shown that clonal,
intact proviral sequences are a source of infectious virus in viral outgrowth assays
(16–18). These clonally expanded cells are a major barrier to HIV eradication and can
become activated and proliferate without viral antigen expression, thus remaining
hidden from the immune system or immune-based therapies (20).
We found that the majority (99%) of HIV-1 proviruses were defective either due to
large internal deletions or hypermutation that led to stop codons, similar to what has
been reported in both children and adults (11, 14, 16). The large internal deletions are
a result of errors during reverse transcription while G-to-A hypermutations are induced
by the host cell’s cytidine deaminases APOBEC3F and APOBEC3G (12, 13). The proportion of intact proviruses in our cohort (1%) was closer to the 2% reported in subtype
B-infected adults who initiated ART during acute infection but distinct from the 12%
reported in adults who initiated ART during chronic infection (11, 15). However, it is not
known if the children in our study were infected intrauterine or perinatally.
Our cohort consisted of three children who were fully suppressed on ART and ﬁve
children who either had periods of ART interruption (arm 2 and arm 3) or were poorly
suppressed for a brief period. All 7 intact sequences were from three children who were
part of the deferred-ART arm 1 of the CHER trial and therefore began ART when CD4
levels were ⬍25%, an indication of disease progression. These children, however,
remained fully suppressed on ART following commencement although two individuals
had delayed initial HIV viral load suppression. In contrast, children without detectable
intact proviruses started ART before 2.3 months but had subsequent periods of poor
suppression or therapy interruption. A recent study showed that the proportion of
intact versus defective proviruses remained the same before and after brief ART
interruptions of about 3 months (21). In our study, some patients’ therapy was
interrupted for up to 1 year, yet these participants did not have detectable intact
proviruses. These ﬁndings corroborate previous studies showing that the largest proportion of the long-surviving reservoir is established before therapy initiation, with
limited replenishment during periods of therapy failure or interruption (7, 21, 22). Early
treatment initiation may therefore be the most important factor for reducing the
reservoir size, whereas short, monitored periods of interruption, necessary to assess the
effect of curative interventions, may not have long-term effects on reservoirs.
In children in whom no intact proviruses have been detected by NFL-PAS, intact
proviruses may nevertheless persist. During the CHER trial, all but one child whose
therapy was interrupted (arm 2 and arm 3) eventually had rebound viremia regardless
of how early ART was initiated, providing evidence that infectious virus was present
(23). The one participant with posttherapy control or remission initiated ART at
2 months, interrupted therapy after 40 weeks, and has maintained viral suppression for
8.5 years (23). This child was recruited at a different site and therefore not included in
our study. It is not known if intact proviruses are present in this child or if control is due
to unique immune responses. Another French child from the ANRS EPF-CO10 pediatric
jvi.asm.org 6
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cohort received a 6-week course of zidovudine at birth and initiated ART at 3 months
of age; ART was discontinued after 5 years, and the child has maintained virologic
control for over 11 years (24). The mechanisms of long-term viral remission after early
initiation of ART in infants are unknown and warrant further investigation to understand which host immune factors play a role. In contrast, infectious virus could be
recovered from viral outgrowth assays on samples from children up to 2 years of age
who started ART at a median age of 8.1 weeks (25). In children who started ART
between 0.1 and 2.6 months of age, infectious virus was not recoverable, and DNA was
not detectable, suggesting a smaller reservoir (26). However, this does not constitute a
cure. Mathematical models and studies in adult cohorts suggest that a very small
reservoir may be associated with delayed viral rebound (27–29). In the case of the
Mississippi baby who initiated therapy within 30 h of birth, virus rebounded 27 months
after therapy cessation (10). In contrast, in another infant who received immediate
antiretroviral therapy and continued ART for 4 years, virus rebounded within 7 days of
therapy interruption (30). This shows that the reservoir is seeded very early during
infection and persists over long periods on ART, despite being undetectable by culture
and molecular methods.
Due to limited sample availability, we could not perform viral outgrowth assays to
prove that intact proviruses were infectious. Although the quantitative viral outgrowth
assay (qVOA) is considered the gold standard for detecting replication-competent
viruses, not all intact proviruses are reactivated in cell culture, and it has recently been
reported that qVOA underestimates reservoir size by 25-fold in patients treated during
acute infection and by 27-fold in chronic-phase-treated patients (11). Therefore, molecular assays, such as those used in this study, provide a sensitive estimate of the
reservoir and are even more appropriate for pediatric studies for which sample availability is often limited. There is, however, a need for more efﬁcient methods that can
generate nearly full-length amplicons and differentiate between intact and defective
proviruses. A recent study highlights one such approach in which a quantitative PCR
assay utilizes multiple probes (based on the known distribution of defects in patients
receiving long-term treatment) to simultaneously differentiate between intact and
defective proviruses (31).
We studied eight children who had sufﬁcient samples and a sufﬁciently high proviral
load. However, as is the case with most pediatric studies, there was limited sample
availability, and relatively small amounts of PBMCs (⬍10 million cells) were tested in
each individual. Therefore, the absence of detected sequence-intact nearly full-length
proviruses in ﬁve participants does not exclude their presence. Furthermore, our
ﬁndings may not be fully representative of reservoirs in subtype C-infected children
exhibiting long-term suppression. In addition, the NFL-PAS assay is cumbersome and
not feasible in children with ultralow proviral loads, such as in infants treated very
early (9).
This study adds to the limited data on children treated early, especially those with
subtype C infection. The larger number of amplicons generated than in prior studies
may have increased the chance of ﬁnding intact sequences. Although rare, intact
proviruses were detectable after 6 to 9 years in subtype C-infected children treated
early. As seen in adults, these proviruses are probably maintained by clonal expansion/
proliferation of cells infected before ART initiation. Future work could include linking
intact proviral sequences to CD4 T cell clones and to plasma virus that rebounds after
therapy cessation or due to latency-reversing agents. There is also a need for more
efﬁcient sequencing of full-length proviruses, possibly involving third-generation sequencing platforms (32).
MATERIALS AND METHODS
Study participants. During the CHER trial, HIV-infected infants who were asymptomatic and had
baseline CD4 percentages of ⱖ25% were randomized to deferred ART (arm 1), according to concurrent
guidelines, or to immediate time-limited ART for either 40 (arm 2) or 96 (arm 3) weeks. ART was initiated
in all three arms for CD4 percentages of ⬍25% or Centers for Disease Control stage C or severe
protocol-deﬁned stage B disease (33). The participants have been enrolled since December 2014 in an
February 2020 Volume 94 Issue 4 e01519-19
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TABLE 2 Participant characteristicsa
Age at
ART start
(mo)
2.0

Gender
F

ZA-014

M

Arm 2

2.2

Interrupted
after 9.9 mo;
reinitiated
after 13 mo

ZA-008

F

Arm 3

2.2

Continuous

ZA-003

F

Arm 3

2.3

Interrupted
after 2 yr;
reinitiated
after 4 mo

ZA-015

M

Arm 1

8.5

Continuous

ZA-011

F

Arm 1

9.2

Continuous

ZA-006

F

Arm 1

9.3

Continuous

ZA-016

F

Arm 1

11.1

Continuous

Median value

ART treatment
history
Continuous

Longitudinal viral load history
Viral blips for ﬁrst 6 mo on ART;
has subsequently maintained
undetectable viral load
Viremic for 1 yr following
interruption; viral load
undetectable 3 mo after ART
reinitiation; has subsequently
maintained undetectable viral
load
Viral load suppressed for 2 yr
on ART; viremic after 2.2 yr
on ART; viral load
undetectable 5 mo later; has
subsequently maintained
undetectable viral load
Viremic 4 mo after ART
interruption; viral load
undetectable 5 mo after ART
reinitiation; has subsequently
maintained undetectable viral
load
Has maintained undetectable
viral load
Has maintained undetectable
viral load
Has maintained undetectable
viral load
Poorly suppressed for ﬁrst 2.5 yr
on ART; has subsequently
maintained undetectable viral
load

5.4

Duration of
suppression
up to 6- to 7-yr
sample (yr)
5.4

Duration of
ART at
sample (yr)
9.1

HIV cellassociated
DNA (copies/
106 PBMCs)
186.2

4.8

6.9

81.9

4.2

7.0

42.3

8.1

8.6

129.6

6.5

7.9

247.6

5.1

7.3

181.5

7.0

8.2

46.7

4.9

8.8

86.3

5.3

8.1

108.0

aWith

the exception of participant ZA-009, ART for all participants consisted of zidovudine/lamivudine/lopinavir-ritonavir. After 7.7 years, the ART for participant ZA009 consisted of zidovudine/lamivudine/efavirenz.

ongoing follow-up study at the Family Centre for Research with Ubuntu (FAM-CRU) in Tygerberg
Academic Hospital, Cape Town, South Africa. Peripheral blood was collected from eight perinatally
HIV-infected children. The eight participants were selected on the basis of having sufﬁcient sample
material and HIV cell-associated DNA loads higher than 40 copies/106 PBMCs at the 6- to 7-year sampling
to increase the likelihood of obtaining nearly full-length amplicons. The median age of ART initiation was
5.4 months (range, 2.0 to 11.1 months) (Table 2). Two children had periods when ART was interrupted as
per the CHER trial. Periods of interruption ranged from 4 months to 1 year. One child was poorly
suppressed for the ﬁrst 2.5 years on ART, probably due to poor adherence. The remaining four participants were fully suppressed on ART. At the time of testing, participants had been on ART for a median
of 8.1 years (range, 6.9 to 9.1 years), and the median cell-associated HIV DNA load was 108 copies/106
PBMCs (range, 42.3 to 247.6 copies/106 PBMCs). All eight participants maintained undetectable viral loads
within the most recent 36 months of samples studied.
Ethical considerations. Ethical approval was obtained from the Human Research Ethics Committee
of Stellenbosch University (ethics approvals N13/04/046 and M14/07/029). Written informed consent was
obtained from the parents or legal guardians on behalf of the study participants.
Plasma viral load quantiﬁcation. Plasma viral loads were quantiﬁed using a Roche Amplicor HIV
Monitor assay, version 1.0 (Roche Diagnostics), or an Abbott Diagnostics Real Time HIV-1 assay (Abbott
Laboratories).
Total cell-associated DNA quantiﬁcation. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by Ficoll density gradient centrifugation. Total HIV-1 cell-associated DNA was
quantiﬁed using a real-time PCR assay targeting a conserved region of the pol gene as previously
described (34). The number of cells assayed in each sample was determined by quantifying the ccr5 gene.
NFL-PAS. Genomic DNA was extracted from 1.25 ⫻ 106 PBMCs as previously described, but the
method was modiﬁed by omitting template fragmentation by soniﬁcation in order to preserve the
integrity of longer fragments (34). Genomic DNA was diluted to a proviral endpoint, and nearly
full-length single-genome ampliﬁcation and sequencing (NFL-PAS) were performed with Ranger mix
(Bioline) and the following previously described primers, with minor modiﬁcations for HIV-1 subtype C:
prenested PCR Li_OuterF (5=-AAATCTCTAGCAGTGGCGCCCGAACAG-3=); Li_OuterR (5=-TGAGGGATCTCTA
GTTACCAGAGTC-3=); nested PCR Li_InnerF (5=-GCGGAGGCTAGAAGGAGAGAGATGG-3=); Li_InnerR (5=-GC
ACTCAAGGCAAGCTTTATTGAGGCTTA-3=) (35). For prenested PCR, 2 l of extracted DNA was added to 10
M forward and reverse primers, 1⫻ Ranger mix, and nuclease-free water up to a ﬁnal volume of 10 l.
February 2020 Volume 94 Issue 4 e01519-19
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Cycling conditions were 95°C for 2 min and 30 cycles at 98°C for 10 s, 61°C for 10 min, and 72°C for 10
min, followed by a hold at 4°C. Prenested PCR products were diluted by adding 80 l of 5 mM Tris-HCl.
For the nested PCR, 2 l of diluted DNA was added to 10 M forward and reverse primers, 1⫻ Ranger
mix, and nuclease-free water up to a ﬁnal volume of 10 l. Cycling conditions were 95°C for 2 min and
30 cycles at 98°C for 10 s, 65.5°C for 10 min, and 72°C for 10 min, followed by a hold at 4°C.
First, the assay was validated to determine the effect of background cellular DNA on detecting
low-copy-number targets using the HIV-1 LAV-infected 8E5 T cell line that contains one integrated copy
of HIV per cell. DNA from 8E5 cells was spiked into various amounts of HIV-negative DNA to mimic
patient samples where there is a low HIV-1 cell-associated DNA load in a high background of cellular
genomic DNA. Next, for each patient, single-genome amplicons were obtained at a dilution, and ⬍30%
of PCR replicates were positive.
PCRs on 96-well plates were stained with EZ vison blue light DNA dye (Amresco, PA) and viewed
under UV light. All ﬂuorescing wells were run on a 1% sodium borate (SB; boric acid, sodium hydroxide,
and distilled water) agarose gel to assess amplicon size. Samples that were 8.8 kb were selected for
further analysis while shorter fragments were considered to have large internal deletions.
Selection of 8.8-kb fragments for MiSeq. To detect sequences with a G-to-A hypermutation and
exclude products in which more than one template was present in the reaction mixture, a 1.5-kb region
spanning P6, protease, and the ﬁrst 900 nt of reverse transcriptase (p6-PR-RT; nt 1893 to 3408, HXB2
positions) was sequenced from each 8.8-kb amplicon as previously described (36). Sequences were
aligned using ClustalW and assessed for evidence of hypermutation in Hypermut (https://www.hiv.lanl
.gov/content/sequence/HYPERMUT/background.html). Sequences without evidence of G-to-A hypermutation were selected for next-generation sequencing by Illumina MiSeq (Illumina, CA). These samples
were gel extracted from a 1% SB agarose gel using a NucleoTrap gel extraction kit (Macherey-Nagel,
Germany) according to the manufacturer’s instructions.
MiSeq library preparation. MiSeq library preparation and sequencing were performed at the
Institute for Microbial Biotechnology and Metagenomics (IMBM) at the University of Western Cape. An
Illumina Nextera XT DNA library prep kit (Illumina, CA) was used. In a single reaction, DNA was
enzymatically fragmented, and adapters were added to the template. The DNA was then puriﬁed and
ampliﬁed by a PCR that indexed the samples by adding different primer pairs to individual samples. A
300-cycle MiSeq reagent kit, version 2 (Illumina, CA), was used to sequence the library. A 10% PhiX spike
was included for a low-diversity library as recommended by the manufacturer.
Bioinformatic analysis of MiSeq data. All reads with the same index were assembled to form a
consensus sequence. Next, sequences of ⬍ 8.8 kb or samples with mixed templates were excluded from
further analysis. The remaining sequences were translated and analyzed in the nine viral open reading
frames (ORFs). A sequence was determined to be intact if within these ORFs, there were no stop codons,
frameshift mutations, or hypermutations that could preclude viral infectivity.
Ampliﬁcation and sequencing of the HIV packaging signal and major splice donor site. A
forward primer was designed to bind upstream of the NFL product (gag Pr55; nt 642, HXB2 position). For
each limiting dilution that yielded an 8.8-kb intact sequence, prenested PCR product was added to a
nested PCR, using the newly designed forward primer NFL_alt_FW (5=-CCGAACAGGGACBHGAAAGCGA
A-3=) and the prenested reverse primer Li_Outer_R (5=-TGAGGGATCTCTAGTTACCAGAGTC-3=) to generate
an amplicon that included the gag leader region. For each reaction mixture, 5 l of DNA was added to
10 M forward and reverse primers, 1⫻ Ranger mix, and nuclease-free water up to a ﬁnal volume of 25
l. Cycling conditions were 95°C for 2 min and 30 cycles at 98°C for 10 s, 61.5°C for 10 min, and 72°C for
10 min, followed by a hold at 4°C. The product was 9,044 bp in length (gag Pr55-3= LTR; nt 642 to 9686,
HXB2 position). The 9,044-bp fragment was gel extracted from 0.8% Tris-acetate EDTA (TAE) buffer using
a NucleoTrap gel extraction kit (Macherey-Nagel, Germany). A 1-kb region containing the packaging
signal (psi) and major splice donor (MSD) site was sequenced by automated Sanger sequencing (ABI
3730xl; Applied Biosystems). The 1-kb length ensured a 750-bp overlap of the region that was previously
sequenced by MiSeq and conﬁrmed that the same variant was sequenced. All sequences that were
determined to be intact contained an intact packaging signal (psi) and Rev-responsive element (RRE).
Data availability. Accession numbers for sequences obtained in this study have been deposited in
GenBank under accession numbers MN611462 to MN611468.
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