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ABSTRACT Next-generation sequencing (NGS) represents a powerful tool to unravel
the genetic make-up of the HIV reservoir, but limited data exist on its use in vitro. More-
over, most NGS studies do not separate integrated from unintegrated DNA, even
though selection pressures on these two forms should be distinct. We reasoned we
could use NGS to compare the infection of resting and activated CD4 T cells in vitro to
address how the metabolic state affects reservoir formation and dynamics. To address
these questions, we obtained HIV sequences 2, 4, and 8 days after NL4-3 infection of
metabolically activated and quiescent CD4 T cells (cultured with 2 ng/ml interleukin-7).
We compared the composition of integrated and total HIV DNA by isolating integrated
HIV DNA using pulsed-field electrophoresis before performing sequencing. After a
single-round infection, the majority of integrated HIV DNA was intact in both resting
and activated T cells. The decay of integrated intact proviruses was rapid and similar in
both quiescent and activated T cells. Defective forms accumulated relative to intact ones
analogously to what is observed in vivo. Massively deleted viral sequences formed more
frequently in resting cells, likely due to lower deoxynucleoside triphosphate (dNTP) lev-
els and the presence of multiple restriction factors. To our surprise, the majority of these
deleted sequences did not integrate into the human genome. The use of NGS to study
reservoir dynamics in vitro provides a model that recapitulates important aspects of res-
ervoir dynamics. Moreover, separating integrated from unintegrated HIV DNA is impor-
tant in some clinical settings to properly study selection pressures.

IMPORTANCE The major implication of our work is that the decay of intact provi-
ruses in vitro is extremely rapid, perhaps as a result of enhanced expression. Gaining
a better understanding of why intact proviruses decay faster in vitro might help the
field identify strategies to purge the reservoir in vivo. When used wisely, in vitro
models are a powerful tool to study the selective pressures shaping the viral land-
scape. Our finding that massively deleted sequences rarely succeed in integrating
has several ramifications. It demonstrates that the total HIV DNA can differ substan-
tially in character from the integrated HIV DNA under certain circumstances. The
presence of unintegrated HIV DNA has the potential to obscure selection pressures
and confound the interpretation of clinical studies, especially in the case of trials in-
volving treatment interruptions.
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Historically, T-cell activation has been considered an important aspect in the patho-
genesis of HIV infection, since activated CD4 (aCD4) T cells appear more suscep-

tible to infection and virion release (1–3) and are massively depleted during the first
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phase of viral decay after antiretroviral therapy (ART) initiation (4–6). On the other hand,
resting CD4 (rCD4) T cells represent the major component of the HIV reservoir in
individuals on long-term ART (7, 8). Some studies have suggested that the HIV reservoir
of resting cells forms when aCD4 T cells revert to a resting state (9).

Studies comparing the kinetics of resting and activated T cells showed a dramatic
difference in the tempo of infection (2, 10–15). While the pace of infection was much
faster in aCD4 T cells, the final levels of integrated DNA after one round of infection
were comparable. These studies also suggested the most important difference between
the infection of these two cells was the superior ability of aCD4 T cells to release virions
and initiate spreading infection (16). Multiple cellular factors have been suggested to
restrict HIV infection in rCD4 T cells at multiple steps, including SAMHD1 for reverse
transcription (17–19) and TRABD2A for virion release (20).

The advent of next-generation sequencing (NGS) has led to a new era in the study
of HIV genetic make-up, with unprecedented opportunities in terms of both through-
put and depth of analysis. While many groups, including our own, have been using NGS
to study the proviral landscape of subjects on ART (21–26), there is limited literature on
NGS as a tool to study in vitro models and no analysis of differences in the genetic
landscape of integrated versus unintegrated HIV DNA. We realized that by studying the
kinetics of integrated and unintegrated HIV DNA in vitro using NGS, we could gain a
better understanding of selection pressures that would complement our longitudinal in
vivo studies.

In the present study, we used an in vitro model of primary T-cell infection to study
the HIV landscape in rCD4 and aCD4 T cells by NGS. Our data show that the frequency
of intact integrated proviruses is similar in rCD4 and aCD4 T cells. However, massively
deleted viral sequences are detected more often in resting cells, but they fail to
integrate in the chromosomal DNA as efficiently as intact sequences. This results in
similar levels of intact HIV DNA in both activated and resting T cells. We confirmed the
importance of separating integrated versus unintegrated HIV DNA in individuals with
HIV infection. Our results suggest it is essential to separate these two forms not only in
in vitro models but also in clinical settings where unintegrated HIV DNA is expected to
be present, because selection pressures on these two forms of DNA are distinct.

RESULTS
Comparison of total and intact HIV DNA dynamics in metabolically activated

and resting CD4 T cells by long terminal repeat (LTR) quantitative PCR (qPCR) and
a modified IPDA. We previously compared the kinetics of HIV infection in aCD4 and
rCD4 T cells using our primary T-cell model. With the advent of NGS, we wanted to
monitor the kinetics of the intact and defective viral forms in metabolically active and
resting cells. We isolated rCD4 T cells from peripheral blood mononuclear cells (PBMCs)
of an uninfected donor. Half of the cells were infected with NL4-3 and then cultured for
8 days in the presence of saquinavir (SQV) and interleukin-7 (IL-7) (2 ng/ml). The other
half was activated for 3 days using CD3/CD28 beads in the presence of IL-2 (50 UI/ml).
After 3 days, cells were infected and then cultured for 8 days with SQV (to prevent new
rounds of infection) and IL-2 (50 UI/ml). To study the kinetics of infection, we collected
cells at multiple time points over 8 days and measured the levels of total HIV DNA. In
line with previous studies (2, 11, 15), we confirmed that rCD4 T cells had a slower
kinetics of infection than aCD4 T cells. For rCD4 T cells, the levels of total HIV DNA were
the highest at day 2 (d2), while for aCD4 T cells the peak of infection was achieved
earlier and then declined over time (Fig. 1), consistent with prior studies (12). We next
estimated the number of intact viruses by intact proviral DNA assay (IPDA), sampling
�10,000 cells per time point. In line with our PCR estimates, the number of intact
viruses peaked earlier for aCD4 T cells (2.3 copies/cell at 6 h) and then declined over
time (0.14 copies/cell at d8), while for rCD4 T cells the number of intact viruses declined
from 1.1 copies/cell at d2 (peak infection) to 0.2 copies/cell at d8 (Fig. 1). Overall, IPDA
combined with total HIV DNA measures suggested that a significant fraction of DNA in
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a single-round infection was intact, especially in aCD4 T cells, and that defective forms
were more common in resting T cells.

Near-full-length viral sequencing of total HIV DNA reveals that the cellular
metabolic status influences the formation of deleted viral sequences. We were
interested to know if the IPDA estimates of intact DNA would predict intact sequences
estimated by sequencing. To address this question, we measured the decay of intact
viral forms in total HIV DNA in rCD4 versus aCD4 T cells by NGS. We performed HIV
near-full-length sequencing at limiting dilution, obtaining a total of 993 sequences. We
used samples collected at days 2, 4, and 8 after infection.

We found that the number of intact viruses declined over time in both aCD4 and
rCD4 T cells, similar to our IPDA prediction (Fig. 2). The absolute number of intact viral
sequences ranged from 0.7 copies/cell at d2 to 0.1 copies/cell at d8 in aCD4 T cells and
from 1.2 at d2 to 0.2 copies/cell at d8 in rCD4 T cells (Fig. 2). We estimated the decay
of intact viral forms to be faster than that of defective ones, with similar patterns in
rCD4 and aCD4 T cells. In fact, the half-life of intact viral sequences was 2.5 days in aCD4
T cells and 2.4 days in rCD4 T cells. Taken together, these data suggest that deleted viral
DNA sequences form more often in resting cells. Moreover, the faster decline of intact
viral sequences found in both resting and activated T cells suggests higher selection
pressure against intact over defective forms in culture, possibly due to higher viral

FIG 1 Dynamics of total and intact HIV DNA levels as determined by IPDA in rCD4 and aCD4 T cells after
in vitro infection. Cells were either infected with NL4-3 or activated for 3 days with CD3/CD28 beads
before infection. Cells were cultured with SQV and collected at 2, 4, 8, 24, 48, 96, and 192 h to measure
total HIV DNA by qPCR and intact HIV DNA by a modified IPDA. Total and intact HIV DNA followed a
similar pattern in terms of both peak infection and decay over time in culture.

FIG 2 Dynamics of intact and defective DNA forms as determined by NGS in the total fraction of HIV DNA
isolated from rCD4 and aCD4 T cells. Cells were collected at d2, d4, and d8 after a single-round infection
with NL4-3, and viral sequences were amplified by NGS. The number of intact viral sequences declined
in both aCD4 and rCD4 T cells over time in culture, with a faster decay than that of defective ones.
Moreover, massively deleted sequences formed more often in resting cells. We did not perform NGS on
DNA collected at earlier time points due to limited sample availability.
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expression leading to higher cytotoxicity. Another possible explanation is that defective
viral forms lack critical recognition sequences for innate sensing and might be less
efficiently targeted for degradation than intact ones. Importantly, the predominant
massively deleted viruses we sequenced in rCD4 T cells generally were not detected by
the primers used in the IPDA assay. While IPDA provided strong estimates of decay of
the intact sequences, it did not capture the dynamics of deleted forms accurately.

Near-full-length sequencing of integrated HIV DNA shows important differ-
ences in the dynamics of intact versus defective proviruses. To study whether
similar patterns occurred in the integrated fraction of HIV DNA, we used pulsed-field
electrophoresis (BluePippin; Sage Science) to select the high-molecular-weight fraction
of DNA (�20 kb) from the same samples shown in Fig. 2. This fraction is expected to be
enriched for integrated HIV DNA, as previously shown by others (27). NGS revealed a
similar decline in the intact HIV copies/cell over time in both activated and resting T
cells. This number declined from 0.3 at d2 to 0.05 copies/cell at d8 in aCD4 T cells and
from 0.4 to 0.1 copies/cell in rCD4 T cells (Fig. 3). The calculated half-life of integrated
intact proviruses was very similar in both cell types (2.2 days in aCD4 and 2.4 days in
rCD4 T cells), as predicted by in vivo modeling studies (28, 29). On the other hand,
defective proviruses only minimally declined (Fig. 3). This could be because an intact
provirus induces more cytotoxicity than a defective one, leading to the preferential
death of the infected cell harboring it. In conclusion, our results suggest a striking
difference in the genetic make-up of the total compared to the integrated fraction of
HIV DNA in rCD4 T cells.

Size distribution of the viral sequences isolated from total and integrated HIV
DNA suggests that massively deleted viral forms occur more readily in rCD4 T cells
but fail to integrate efficiently. To our surprise, despite the fact that deleted reverse
transcripts formed more frequently in rCD4 T cells (Fig. 2), these deleted forms were
rarely detected in the host chromosomal DNA in a single-round infection.

We wanted to know if the character of the deleted viruses was different in rCD4
versus aCD4 T cells. In Fig. 4, we combined all our sequences for total versus integrated
HIV DNA in resting as well as activated T cells and analyzed them by size. Viral
sequences were grouped in 1,000-bp bins to build histograms for both rCD4 and aCD4
T cells, differentiating the total from the integrated HIV fraction (Fig. 4 and Table 1).

Total HIV DNA amplified from rCD4 T cells contained a significantly larger fraction of
short sequences (less than 1,000 bp) than total HIV DNA from aCD4 T cells (P � 0.0001
by chi-square test). In fact, 23% of the analyzed sequences were less than 1,000 bp,
unlike the 3% observed in the total DNA fraction of aCD4 T cells. This was expected
since reverse transcription occurs more slowly in resting cells (11). Unexpectedly, the

FIG 3 Dynamics of intact and defective proviruses isolated from genomic DNA in rCD4 and aCD4 T cells
after removing unintegrated HIV DNA by pulsed-field electrophoresis. Cells were collected at d2, d4, and
d8 after a single-round infection with NL4-3, and integrated HIV DNA was isolated by pulsed-field
electrophoresis (BluePippin). Proviral sequences were amplified by NGS. The absolute number of intact
proviruses declined in both aCD4 and rCD4 T cells, while defective proviruses changed minimally over
time.
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proportion of massively deleted proviruses among the purified high-molecular-weight
DNA was similar in rCD4 and aCD4 T cells, with �0.5 to 1% of sequences smaller than
1,000 bp. Overall, these data suggest massively deleted viral forms are generated more
frequently in metabolically quiescent cells, but most of these deleted forms do not
appear to successfully integrate (Fig. 3 and 4 and Table 1). Why preintegration com-
plexes with deleted proviruses are less likely to successfully integrate remains unclear,
but several possible mechanisms are proposed in Discussion.

Separating integrated from unintegrated HIV DNA might have important
implications in clinical studies. Our in vitro results suggested the importance of
isolating integrated HIV DNA prior to NGS to avoid data misinterpretation. We were
interested in evaluating if this was true in a clinical setting. We purified DNA from PBMC
aliquots of a chronically infected subject off ART (Fig. 5A). PBMCs of this ART-naive
individual were collected on the day before ART initiation. We separated the high-

FIG 4 Size distribution of HIV DNA sequences isolated from total and integrated HIV of rCD4 and
aCD4 T cells. Sequences were grouped in 1,000-bp bins to build histograms. The percentage of
sequences with �1,000 bp was significantly higher in the total DNA fraction of rCD4 T cells (23%)
than in integrated HIV DNA (1%, P � 0.0001 by chi-square test) as well as DNA isolated from aCD4
T cells (0.5 to 3%, P � 0.0001 by chi-square test).

TABLE 1 Distribution of the viral sequences according to their sizea

Viral size (bp)

Frequency [no. (%)] of:

aCD4 total HIV aCD4 integrated HIV rCD4 total HIV rCD4 integrated HIV

0–1,000 4 (3) 1 (0.5) 71 (22.8) 5 (1.5)
1,001–2,000 3 (2.2) 1 (0.5) 13 (4.2) 3 (0.9)
2,001–3,000 0 0 9 (2.9) 3 (0.9)
3,001–4,000 2 (1.5) 2 (1) 4 (1.3) 2 (0.6)
4,001–5,000 3 (2.2) 0 9 (2.9) 7 (2)
5,001–6,000 5 (3.7) 3 (1.5) 5 (1.6) 2 (0.6)
6,001–7,000 2 (1.5) 2 (1) 8 (2.6) 2 (0.6)
7,001–8,000 2 (1.5) 4 (2) 8 (2.6) 6 (1.7)
8,001–9,000 113 (84.4) 191 (93.5) 185 (59.3) 313 (91.3)
Total 134 204 312 343
aWe compared the size distribution of viral sequences from rCD4 versus aCD4 T cells in the integrated and
total fractions of HIV DNA. Sequences were grouped in 1,000-bp bins, and the frequency of viral sequences
in each bin was used to build the histograms presented in Fig. 4. The frequency of viral sequences shorter
than 1,000 bp was significantly higher in total HIV DNA from resting cells than in total HIV DNA from
activated cells (P � 0.0001 by chi-square test). Moreover, it was significantly higher than the frequency of
massively deleted viral sequences observed in integrated HIV DNA (P � 0.0001 by chi-square test).
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versus low-molecular-weight DNA by BluePippin technology as described in Materials
and Methods and amplified HIV sequences from both fractions. The high-molecular-
weight DNA is expected to be enriched for integrated HIV, while the low-molecular-
weight fraction contains unintegrated HIV. We amplified 84 sequences from the
integrated fraction and 34 from the unintegrated fraction. We also obtained 123 HIV
sequences from the pool of total unfractionated DNA (Fig. 5A). We measured by qPCR
the levels of HIV LTR DNA to estimate the absolute number of viruses in each fraction.
In contrast to what we observed in vitro, we found that low-molecular-weight DNA
harbored more intact viruses (50%) than the high-molecular-weight fraction (30%). In
the total HIV DNA fraction, we found 34% of viruses were intact. As a control, we
isolated integrated HIV DNA from PBMCs of a subject on long-term ART (�10 years) and
found no evidence of unintegrated HIV DNA (Fig. 5B). The high-molecular-weight DNA
was used to amplify 96 proviruses. We found that the fraction of intact proviruses (7/96,
7%) was similar to the one observed in viral sequences obtained from the pool of total
HIV DNA (6/84 sequences, 7%). These results suggest that in settings where ongoing
replication is expected, such as structured treatment interruption (STI) trials, recent ART
initiation, or chronic infection, isolation of integrated HIV DNA should precede NGS to
avoid the amplification of unintegrated viral genomes, which can complicate data
interpretation.

Moreover, our results suggest that major selection pressures must occur in vivo
to account for the predominance of deleted proviruses observed in subjects on ART
(Fig. 6).

DISCUSSION

In this study, we used NGS to address how the cellular metabolic state affects
reservoir formation and dynamics. As we predicted, we found that reverse transcripts
with massive deletions formed more frequently in resting cells, but to our surprise,
these massively deleted reverse transcripts were only rarely detected in the host
chromosome. This, in turn, suggests a strong selection against massively deleted
viruses in the steps preceding integration. As a result of these selection pressures, the
majority of integrated HIV DNA after in vitro infection is intact in both resting and
activated T cells. Moreover, our study revealed another selection pressure occurring
after the step of integration, since the integrated intact HIV DNA decayed more rapidly

FIG 5 Number of intact HIV sequences in the high- and low-molecular-weight fraction of DNA in individuals with
HIV infection on and off ART. (A) BluePippin was used to separate high (�20 kb; HMW; 84 sequences)- and low
(�12 kb; LMW; 34 sequences)-molecular-weight DNA from PBMCs of one ART-naive individual with untreated HIV
infection. We then performed NGS as well as HIV LTR qPCR, using unfractionated DNA as a control (total DNA; 123
sequences). Intact HIV represented 50% of the sequences obtained from unintegrated HIV (7,874 copies/million
CD4s), while it made up 30% of the DNA obtained from integrated HIV, corresponding to 4,198 copies/million CD4
T cells. (B) NGS was used to compare the frequency of intact proviruses retrieved from the HMW versus
unfractionated DNA of one individual on long-term ART. We found no evidence of unintegrated DNA, since the
fraction and absolute number of intact proviruses (7%) was similar in the two samples. A consequence of these
results is that when unintegrated DNA is present, as occurs with ongoing replication, the percentage of defective
viral sequences is decreased. In our proof-of-concept example, 66% of viral sequences were defective in total HIV
DNA when ongoing replication occurred. However, after 3 years on ART, 97% of the HIV sequences from the same
subject were defective as a result of strong selection pressures on intact proviruses (see also Fig. 6 and reference
22).
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than the integrated defective DNA. As discussed below, these findings have important
implications for utilizing in vitro models as a tool to study reservoir dynamics in vivo.

Our approach of separating metabolically active from resting T cells as well as
separating integrated from unintegrated HIV DNA was essential for elucidating these
important differential selection pressures. Notably, no obvious distinctions between
intact and total HIV DNA could be identified when total HIV DNA measurements were
compared to intact HIV estimates by IPDA (Fig. 1), consistent with other reports (21, 25)
and with the fact that a large fraction of total DNA is intact in a single-round infection.
On the other hand, the use of NGS gave us the opportunity to unveil important
differences in the fate of intact versus defective viral sequences. In fact, we found that
intact HIV decayed rapidly while defective viral forms were more stable. This proved
true when we examined total DNA (containing both integrated and unintegrated HIV;

FIG 6 HIV sequences undergo strong pre- and postintegration selection. Here, we provide a visual summary of possible
mechanisms contributing to the preintegration bottleneck for massively deleted viral sequences in rCD4 T cells as well as
the postintegration selection of intact proviruses. (A) Negative selection for defective viral sequences occurs prior to
integration. As a result of multiple factors, including low dNTPs and higher levels of restriction factors, HIV reverse
transcription is slow in resting cells and might result in the generation of more deleted viral sequences than activated cells.
Preintegration complexes (PICs) containing intact DNA sequences appear to translocate the nuclear pore more efficiently
(B) than deleted ones (A). This is reasonable, since deleted sequences generally lack structural elements, such as the central
polypurine tract (cPPT), that might contribute to nuclear import. Additionally, reverse transcriptase pausing might provide
a longer temporal window for innate restriction factors, including Mx2, to have an effect. This, in turn, could lead to the
decreased efficiency of nuclear import. (B) Negative selection for intact forms after integration. Cells harboring intact
proviruses are more likely to be cleared as a result of both viral and immune cytotoxicity. (Courtesy of Mary Leonard;
reproduced with permission.)
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Fig. 2) or high-molecular-weight DNA (containing integrated and chromosomal DNA;
Fig. 3). Moreover, when we separated integrated from unintegrated DNA, we identified
a bottleneck between the step of reverse transcription and integration preferentially
affecting the massively deleted reverse transcripts (Fig. 3 and 4).

Short defective transcripts form more frequently in rCD4 T cells. Our work
suggests that deleted reverse transcripts form more frequently in rCD4 T cells than in
aCD4 T cells. However, these deleted viral intermediates do not integrate as efficiently
as intact ones. While our study does not address the mechanisms behind these
observations, we hypothesize that in rCD4 T cells the cellular environment itself (with
higher levels of restriction factors [reviewed in reference 30]) and lower levels of
deoxynucleoside triphosphates (dNTPs) create favorable conditions for the generation
of these short preintegration viral forms. Early in vitro studies reported restriction at the
step of reverse transcription in rCD4 T cells (1–3). However, subsequent studies showed
that reverse transcription occurs in rCD4 T cells, although with slower kinetics (2,
10–15), and it can be boosted by the knockdown of cellular restriction factors as well
as the addition of dNTPs (11, 17, 31, 32). Previous work from our group showed that
dNTPs increase the integration rate in rCD4 T cells without inducing T-cell activation
(11). We also hypothesize that pausing of the reverse transcriptase (RT) on the HIV
template contributes to the formation of deleted preintegration sequences, increasing
the chance that RT could dissociate and then reassociate in a different region of the
template, potentially leading to the formation of deleted viral sequences (33, 34).

There is a preintegration bottleneck for massively deleted viral forms. In our in

vitro model, we were surprised to notice that short defective viruses did not integrate
as efficiently as intact ones. Reverse transcription occurs at a lower rate in rCD4 T cells,
likely due to the presence of multiple restriction factors (30, 35) as well as lower levels
of dNTPs. This, in turn, might result in the generation of more deleted reverse
transcripts than those of activated T cells (Fig. 2). We speculate that massively deleted
preintegration complexes (PIC) enter the nucleus less efficiently (Fig. 6). One of the
reasons might be the lack of the central DNA flap, which has been proposed to mediate
HIV nuclear import (36). Moreover, while some PICs might protect the RT complex more
efficiently from host factors, resulting in minimal pausing and successful integration,
other PICs might provide less protection for the RT complex (Fig. 6). As a consequence,
restriction factors might more easily access the RT complex, increasing pausing and
deletion frequency (30). Pausing can provide a wider temporal window for immune
sensing to regulate viral nuclear import. Restriction factors, including Mx2, are likely
induced after infection, limiting the nuclear entry of the viral genome (30, 37–39). We
are aware that the interaction between HIV and host factors is complex and can occur
either in the cytoplasm or in the nucleus. For this reason, while technically challenging,
we envision future fractionation studies helping to identify the major contributors to
this preintegration bottleneck.

Our in vitro model mirrors important aspects of decay in vivo, although clearance
is significantly accelerated. We found that the vast majority of integrated HIV DNA was
represented by intact proviruses in both rCD4 and aCD4 T cells. As previously men-
tioned, limited NGS data exist to study in vitro models. At first inspection, our results
appear to disagree with previous literature (25), but this discrepancy can be explained
by the range of activation states as well as the presence of DNA intermediates in the
cultures. Imamichi et al. (21) reported �20% of deleted viral sequences in vitro (similar
to our experience with phytohemagglutinin [PHA]; not shown), while Bruner et al.
found �40% of deleted forms in a single-round infection (25). This difference might be
due to a different degree of cellular activation in the sample. Regardless, in both cases
the authors did not separate integrated from unintegrated HIV DNA (21, 25). Neglecting
to separate these two fractions might mask important aspects of reservoir selection
that influence its formation and dynamics.

Our in vitro and in vivo data suggest selection against intact HIV is much
stronger than that against defective HIV DNA. Our in vitro model is consistent with
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longitudinal data for subjects on ART showing that intact proviruses are cleared faster
than defective ones. However, decay is dramatically faster in vitro than in vivo. This
accelerated decay could be due to an altered cytokine milieu that may reduce T-cell
longevity in vitro. Alternatively, the absence of CD8 T cells from our in vitro model may
lead to enhanced HIV expression, as is proposed to occur in CD8 depletion studies (40,
41). Our data suggest that the postintegration selection for defective forms in vivo must
be very strong, since the defective forms appear to integrate inefficiently, making up
less than 10% of integrated DNA in a single-round infection. Similar to in vivo forms, the
deleted forms appear to be more stable than intact ones. We were surprised to observe
a similar decay of intact proviruses in resting and activated CD4 T cells, since activated
cells express higher levels of toxic proteins and have a superior ability to release virus
(16). This might be due to the fact that even low-level HIV expression, as occurs in
resting cells, could be sufficient to trigger viral clearance, perhaps by innate sensing.
Moreover, these findings are consistent with in vivo modeling studies (29) that have
postulated similar decay in metabolically active and quiescent cells.

The predominance of intact proviruses in vitro has important implications for
ex vivo superinfection models. Our data reinforce the idea that major selective
pressures shape the reservoir in vivo, since the vast majority of proviruses are defective
in subjects on ART while in a single-round infection they are mostly intact. Models
utilizing CD4 T-cell superinfection to study CD8-mediated viral clearance might not
reflect in vivo conditions, since the majority of viral sequences in superinfected cells
would be intact and therefore more easily cleared by effector cells (42, 43). This is
different from what we observe in vivo in individuals on long-term ART, where only a
small fraction of proviruses is intact.

Is the separation of integrated from unintegrated HIV DNA clinically relevant?
Overall, our findings suggest the importance of separating integrated from uninte-
grated HIV DNA. While it is generally thought that subjects on ART only have minimal
levels of unintegrated HIV DNA, nonetheless this might not be the case in several
clinical settings. As an example, in STI studies (44), the impact of an intervention could
be masked by ongoing replication and/or clonal expansion. Without isolating the
integrated HIV fraction, there is a risk to miss whether a change in the size and
composition of the “true” reservoir occurred. A similar argument can be raised in
studies utilizing NGS to define the pre-ART composition of the reservoir or the change
in the viral landscape in the first months after ART initiation (45). The use of BluePippin
was proposed by the Richman laboratory as an approach to measure integrated HIV
DNA (27). We further advanced the use of this technique by providing proof of concept
of the striking difference that exists between sequences obtained from total versus
integrated HIV DNA in vitro. Moreover, we bolstered these findings in a clinical setting
by showing that the composition of the proviral landscape is different in the low-
molecular-weight DNA (containing unintegrated HIV DNA) from that of the high-
molecular-weight DNA (containing integrated HIV and chromosomal DNA) in a subject
off ART (Fig. 5).

Our study has several limitations. First, due to the limited number of defective
sequences, we were not able to study selective pressures exerted on different catego-
ries of defective viruses. Second, we only performed NGS on rCD4 T cells maintained in
culture with low levels of IL-7. Our rationale was based on literature showing that
IL-7-treated T cells exhibit minimal phenotype changes, even at higher dose (46), and
have longer survival in culture (47). Third, in our in vitro experiments, we only allowed
one round of infection. This is different from what is observed in vivo, where even early
ART initiation occurs after many rounds of replication. Future experiments designed to
capture the viral landscape after multiple rounds of infection might provide additional
insights into reservoir dynamics. Lastly, one potential limitation is that we used se-
quence samples from only one in vitro inoculation. However, we made the deliberate
choice to sequence deeply over a thousand HIV amplicons at limiting dilution rather
than performing many replicate experiments. Notably, in our in vitro system, the
frequency of defective viral sequences was extremely low. If we had chosen to obtain
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fewer sequences in replicates, we likely would not have detected any defective virus in
the integrated HIV DNA fraction.

In conclusion, our in vitro model of rCD4 T-cell infection recapitulates important
aspects of reservoir dynamics. While reservoir decay is accelerated in vitro, our model
could be a powerful tool for preclinical testing. Moreover, our results suggest the
clinical importance of separating unintegrated HIV DNA from integrated HIV DNA to
study differential selection pressures.

MATERIALS AND METHODS
Apheresis. Both HIV-negative and HIV-positive subjects enrolled in the study underwent apheresis

at the University of Pennsylvania according to protocol number 704904, approved by the Institutional
Review Board (IRB). Each subject signed informed written consent prior to enrollment. The pre-ART
sample used in this study was provided by S. Migueles (National Institutes of Health), who follows his
institutional protocol with IRB approval. For the individual off ART, plasma viral load at the time of cell
collection was 10,443 copies/ml and CD4 T-cell count was 312 cells/�l. For the individual on ART, the CD4
T-cell count was 768 cells/�l and plasma viral load was 35 copies/ml.

In vitro experiments. rCD4 T cells were negatively selected from PBMCs of uninfected donors using
the EasySep human CD4 T-cell isolation kit (Stemcell Technologies). Approximately 20 million cells were
either immediately infected or activated for 3 days prior to infection using CD3/CD28 beads (0.5 bead per
cell; Miltenyi) in RPMI supplemented with IL-2 (50 UI/ml), 30% fetal bovine serum (FBS), and penicillin-
streptomycin. Both rCD4 and aCD4 T cells were infected with NL4-3 by centrifuging viral supernatant on
cells at 1,200 � g for 2 h at 25°C (10). After spinoculation, cells were placed in the incubator for 2 h to
allow fusion, washed twice with medium, and then treated with DNase for 30 min to remove any residual
HIV plasmid DNA. Cells then were resuspended in fresh RPMI supplemented with 30% FBS and
penicillin-streptomycin. Saquinavir (SQV; 1 �M) was added to allow only a single round of infection. rCD4
T cells were supplemented with IL-7 (2 ng/ml), which has been shown at low concentrations to increase
cell survival with minimal effects on proliferation (48). aCD4 T cells were cultured in the presence of IL-2
(50 UI/ml). Cell viability was monitored over time using the trypan blue exclusion method. rCD4 and
aCD4 T cells were collected at 2, 4, 8, 24, 48, 96, and 192 h after infection and pellets frozen until further
use.

DNA isolation, size selection, and quantification of HIV DNA. DNA was isolated from rCD4 and
aCD4 T cells using the Gentra Puregene cell kit (Qiagen). About half of each sample was used for
quantification of total HIV DNA and for NGS (total HIV fraction). This fraction contained both integrated
and unintegrated HIV DNA. The remaining half was used to isolate high-molecular-weight DNA (20 to
80 kb) using BluePippin (Sage Science). The BluePippin platform uses pulsed-field electrophoresis for
DNA size selection (27). Table 2 shows that we were able to robustly and consistently remove low-
molecular-weight DNA (containing unintegrated HIV) from the high-molecular-weight fraction (which is
enriched for integrated HIV and chromosomal DNA). Up to 5 �g of total DNA was diluted in a volume
of 30 �l. Ten microliters of loading solution (Sage Science) was added to the DNA, and the total volume
of 40 �l was loaded on a BluePippin 0.75% agarose dye-free cassette according to the manufacturer’s
protocol. One lane of the cassette was reserved for the marker (Sage Science). We used a high-pass
protocol, setting the cutoff for DNA collection at 20 kb. The DNA fraction we collected was used to
measure HIV DNA levels and for proviral sequencing (integrated HIV fraction). For both the total and
integrated HIV samples, we confirmed the expected DNA size by fragment analysis (AATI fragment
analyzer; not shown). HIV DNA was measured using primers against the HIV LTR (22). For the experiments
that involved separating integrated from unintegrated DNA in individuals with HIV infection, we isolated
DNA from PBMCs and then collected the integrated HIV DNA fraction as described above. To isolate
unintegrated HIV DNA from PBMCs of the subject off ART, we performed multiple consecutive runs to
collect DNA for NGS. We used �40 �g of total DNA and loaded it on either a BluePippin 0.75% agarose
dye-free cassette (S1 marker) or 1.5% agarose dye-free cassette (R2 marker) to collect the DNA with size
ranging between 200 bp and 12 kb.

TABLE 2 BluePippin technology robustly and efficiently isolates high-molecular-weight DNAa

Sample

Pre-BluePippin Post-BluePippin

Efficiency (%)
Albumin/well
(no. of copies)

HIV LTR/well
(no. of copies) HIV/cell

Albumin/well
(no. of copies)

HIV LTR/well
(no. of copies) HIV/cell

1 19,510 39,489 2.0 3,122 4.1 0.001 99.990
2 16,154 135,658 8.4 10,295 90.3 0.009 99.933
3 22,132 266,301 12.0 4,479 12.9 0.003 99.995
4 19,839 374,192 18.9 6,708 9.5 0.001 99.997
aNL4-3 was digested with two restriction enzymes (FspI and NcoI) to generate a linearized plasmid (10,565 nucleotides). The plasmid DNA was isolated using
BluePippin (marker S1, 10- to 18-kb protocol, collection between 9.8 and 11.5 kb) and then diluted with uninfected genomic DNA at incremental ratios of HIV to
genomic DNA (samples 1 to 4). Half of the sample was used to isolate high-molecular-weight DNA by BluePippin (U1 marker, high-pass protocol, collection cutoff of
20 kb) before HIV LTR qPCR (see Materials and Methods for more details). This fraction was expected to contain genomic DNA but not linear HIV. The remaining half
(genomic and linear HIV DNA) was used for downstream HIV qPCR without further manipulation. We performed qPCR for albumin to estimate the number of cells/
well and HIV copies/cell. As shown, BluePippin removed the vast majority of linear HIV DNA from high-molecular-weight genomic DNA (�99.9% in every sample).

Pinzone et al. Journal of Virology

May 2020 Volume 94 Issue 9 e01900-19 jvi.asm.org 10

https://jvi.asm.org


HIV DNA was quantified by total HIV against the LTR (22). First-step PCRs were cycled using the Nexus
master cycler (Eppendorf), and qPCRs were cycled on a 7500 FAST real-time instrument (ThermoFisher).
PCR conditions for the first round were 95°C for 2 min; 95°C for 15 s, 64°C for 45 s, and 72°C for 1 min
for 12 cycles; and then 72°C for 10 min. Fifteen microliters of the first-round PCRs was run on the qPCR
instrument using the same primers. PCR conditions were 95°C for 15 s and then 95°C for 10 s and 60°C
for 20 s for 40 cycles (22).

Viral amplification and sequencing. Near-full-length HIV sequencing was performed using a
two-step nested PCR approach as previously described (22). Briefly, both primer sets were designed
within the LTRs and staggered to avoid localized LTR amplification as well as LTR-related PCR artifacts.
We used a long-range and high-fidelity polymerase enzyme for both reactions (Platinum SuperFi PCR
master mix; ThermoFisher). In the first PCR, DNA was diluted so that �30% of wells were positive for HIV
DNA. Nested PCRs were visualized by gel electrophoresis, and reaction mixtures containing more than
one band were excluded from further analysis. PCR amplicons were purified using the DNA Clean &
Concentrator kit (Zymogen). Amplicons were prepared using the Nextera library preparation kit (Illumina)
for sequencing on a MiniSeq system using a mid-output flow cell (Illumina).

Sequence assembly and removal of double proviruses. The bioinformatic pipeline used for viral
assembly has been described previously (22), the only difference being the use of NL4-3 instead of HXB2
as the reference sequence for in vitro experiments. Intact viral sequences were defined as those
containing a nearly complete psi packaging site, including SL2 and at least 2 other stem loops, and 9
complete open reading frames for all HIV genes. For sequences retrieved from individuals with HIV
infection, we allowed for truncated Nef and Tat genes, as commonly identified in infectious strains of HIV
(49). Additional requirements for intact viral sequences were the presence of major donor site 1 (D1) or
a GT dinucleotide cryptic donor site located four nucleotides downstream (50) and the presence of major
donor site 4 (D4). We also required the presence of splice acceptor site A5, A7, and either A4a, A4b, or
A4c, as well as an intact Rev-responsive element (RRE) sequence (50). A more detailed description of the
workflow is provided in reference 22. To identify hypermutated HIV sequences, all viruses were aligned
using MAFFT with the E-INSi algorithm and a 1.8 gap penalty, and an intact HIV sequence was selected
as the reference. The aligned HIV sequences were checked against the reference for hypermutation using
the LANL Hypermut 2 program. The viral sequence with the lowest chance of being a hypermutated one
(as determined by the Hypermut program) was selected as the reference, and once again Hypermut 2
was run on the alignment. Viral sequences determined to be hypermutated with a P value of �0.05 were
counted as hypermutated ones. As expected (51), for in vitro infected cells, we did not identify any
hypermutated virus.

Modified IPDA. IPDA was performed using a modified version of the method recently published by
Siliciano’s laboratory (52). For the amplification of HIV targets, we used the primers, probes, and cycling
conditions published in reference 52 and reported in Table 3. Briefly, �10,000 cells were assayed in
duplicate in a 20-�l volume using ddPCR Supermix for probes (no dUTP) on the Bio-Rad QX200 platform.
As a control for sheared DNA, we simultaneously set up a reaction on a separate aliquot using two sets
of primers annealing to the human CD4 gene (Table 3). The two amplicons generated are spaced at the
same distance as the HIV amplicons.

Statistical analysis and graphing. Statistical processes were performed using R and Microsoft Excel
software. GraphPad Prism software was used for graphing. Viral decay was calculated using linear
regression on log-transformed data. Confidence intervals were computed using previously described
models of HIV qPCR and digital PCR uncertainty (53–56).

Data availability. All relevant data used in the manuscript are available upon request. The proviral
sequences obtained from the HIV-positive individuals in the study are available in GenBank under
accession numbers MK383384 to MK385589 and in reference 22.
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TABLE 3 Primers and probes used for the modified IPDA assay utilized in the study

Primera Sequence

� F* CAGGACTCGGCTTGCTGAAG
� R* CAGGACTCGGCTTGCTGAAG
� Probe (FAM-MGB)* TTTTGGCGTACTCACCAGT
Env F* AGTGGTGCAGAGAGAAAAAAGAGC
Env R* GTCTGGCCTGTACCGTCAGC
Env Probe (VIC-MGB)* CCTTGGGTTCTTGGGA
CD4 F pair 1 GAGACTGTGCTAGACTCCTCTCT
CD4 R pair 1 CACTCCCTCTCTGATCTTGCTATTT
CD4 probe pair 1 (FAM-MGB) CAGCTCAGTGTCCAGAG
CD4 F pair 2 CTGGGTGACAGAGTGGATCTAAAC
CD4 R pair 2 GAGGTGATGGTGGAAGAAGGTATG
CD4 probe pair 2 (VIC-MGB) ATTTACAGTCAAGCCTCAAAG
aAsterisks indicate data published in reference 52.
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