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ABSTRACT Several recent studies indicate that mutations in the human immunode-
ficiency virus type 1 (HIV-1) 39polypurine tract (39PPT) motif can reduce sensitivity to
the integrase inhibitor dolutegravir (DTG). Using an in vivo systematic evolution of
ligands by exponential enrichment (SELEX) approach, we discovered that multiple
different mutations in this viral RNA element can confer DTG resistance, suggesting
that the inactivation of this critical reverse transcription element causes resistance.
An analysis of the viral DNA products formed upon infection by these 39PPT mutants
revealed that they replicate without integration into the host cell genome, concomi-
tant with an increased production of 1-LTR circles. As the replication of these virus
variants is activated by the human T-lymphotropic virus 1 (HTLV-1) Tax protein, a
factor that reverses epigenetic silencing of episomal HIV DNA, these data indicate
that the 39PPT-mutated viruses escape from the integrase inhibitor DTG by switching
to an integration-independent replication mechanism.

IMPORTANCE The integrase inhibitor DTG is a potent inhibitor of HIV replication
and is currently recommended in drug regimens for people living with HIV. Whereas
HIV normally escapes from antiviral drugs by the acquisition of specific mutations in
the gene that encodes the targeted enzyme, mutational inactivation of the viral
39PPT sequence, an RNA element that has a crucial role in the viral reverse transcrip-
tion process, was found to allow HIV replication in the presence of DTG in cell cul-
ture experiments. While the integration of the viral DNA into the cellular genome is
considered one of the hallmarks of retroviruses, including HIV, 39PPT inactivation
caused integration-independent replication, which can explain the reduced DTG sen-
sitivity. Whether this exotic escape route can also contribute to viral escape in HIV-
infected persons remains to be determined, but our results indicate that screening
for 39PPT mutations in patients that fail on DTG therapy should be considered.

KEYWORDS antiretroviral agents, dolutegravir, drug resistance mechanisms, human
immunodeficiency virus, retroviruses

Integration of the reverse-transcribed viral DNA in the cellular DNA is considered an
essential step in the replication cycle of all retroviruses, including human immunode-

ficiency virus type 1 (HIV-1). This step is executed by the virus-encoded integrase pro-
tein, and several antiretroviral drugs targeting integrase are potent inhibitors of virus
replication. The integrase strand-transfer inhibitor (INSTI) dolutegravir (DTG) is cur-
rently recommended in first-line and second-line drug regimens for people living with
HIV (1, 2). Although DTG has a high genetic barrier for resistance, integrase mutations
have been linked to DTG resistance (3). More recently, in vitro and in vivo studies linked
mutations in the viral 39-polypurine tract (39PPT) to DTG resistance (4, 5). Malet et al.
(4) selected a DTG-resistant HIV variant with mutations in the 39PPT region by long-
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term virus passage in the presence of DTG. Wijting et al. (5) observed 39PPT mutations
in a patient that failed on DTG monotherapy, although others reported that these
39PPT mutations are not sufficient to confer DTG resistance in a phenotypic drug-resist-
ance assay (6, 7). We and others confirmed that mutations in the 39PPT region can
indeed reduce DTG sensitivity (8, 9). However, these mutations also significantly reduce
viral fitness, and we demonstrated that replication of 39PPT-mutated HIV variants can
be activated by the HTLV-1 Tax protein that was previously shown to reverse epige-
netic silencing of unintegrated HIV DNA (8, 10, 11).

Upon infection of a cell by HIV, the viral RNA genome is copied into double-stranded
DNA (dsDNA) by the viral reverse transcriptase (Fig. 1). Following minus-strand DNA syn-
thesis, the viral RNA template is degraded by the RNase H activity of reverse transcrip-
tase, but the 39PPT and central PPT (cPPT) motifs (59-AAAAGAAAAGGGGGG-39) resist
cleavage (step 4) and the short leftover RNA molecules function as primers for plus-
strand DNA synthesis (step 5) (12–14). Complementarity of the sequences at the termini
of the partially double-stranded linear HIV DNA induces circularization to form 1-LTR
circles (step 7). The subsequent continuation of second-strand DNA synthesis and lineari-
zation, which involves strand displacement of the LTR sequences, results in a linear
dsDNA molecule with complete LTR motifs at both termini (steps 8 to 9) (15). The 39 ter-
minus of the 39PPT primer (indicated with a red star in Fig. 1) thereby determines the 59
end of the dsDNA product (indicated with yellow star), which—together with the 39 end
of the dsDNA—forms the substrate for integration into the host cell DNA by the HIV inte-
grase (step 10a) (16). Binding of DTG to the dsDNA-integrase complex prevents integra-
tion, which results in an increased production of 2-LTR circles (step 10b) (17). The 39PPT
mutations linked to DTG resistance are mostly located in the 39 terminal G6-motif (Fig.
2A), and mutations in this motif have been described to affect RNase H cleavage and
thereby the formation of the 59 end of the HIV dsDNA (18, 19).

Here, we describe the use of the powerful in vivo systematic evolution of ligands by
exponential enrichment (SELEX) method to identify novel mutations in the 39PPT that
confer DTG resistance and investigated the resistance mechanism by analyzing the viral
DNA products formed upon the infection of cells. Our data suggest that the DTG-resist-
ant viruses switched to an integration-independent, episomal replication mode, thus ele-
gantly explaining the resistance phenotype.

RESULTS

To identify mutations that can confer DTG resistance, we initially cultured the HIV-1
subtype B LAI strain, a primary CXCR4-using virus isolate (20), on SupT1 T cells in the
presence of high DTG levels. When massive virus-induced syncytia were observed, the
virus-containing culture medium was passaged onto fresh SupT1 cells. We repeated
this procedure to extend the culturing time and thus the time for virus evolution.
Successful passaging to fresh cells required a relatively large culture volume (100 mL)
as we frequently lost the replicating virus with smaller volumes, indicating no or poor
DTG resistance development. After 81 days of virus passage, intracellular DNA was iso-
lated and the HIV 39PPT region was amplified by PCR, followed by sequencing of sev-
eral individual PCR clones (Fig. 2B). This analysis revealed the frequent presence of
point mutations in the 39PPT and occasionally in the upstream T-stretch, but different
PCR clones carried distinct mutations and the wild-type (wt) sequence was usually still
present at a low frequency. Similar results were obtained at day 135 of the HIV evolu-
tion experiment. An analysis of the HIV integrase coding region did not reveal any
known DTG resistance-associated mutations (RAMs) or new candidates (results not
shown). Overall, we were underwhelmed by these initial results. Although fluctuation
of the 39PPT was readily observed, we did not see the outgrowth of a particular mutant
clone that outcompeted the wt virus.

As an alternative approach to identify 39PPT mutations that confer DTG resistance,
we used in vivo systematic evolution of ligands by exponential enrichment (SELEX), a
method that we developed to probe the sequence requirements of several HIV RNA
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domains (21, 22). A full-length HIV-1 DNA genome library based on the pLAI plasmid
was constructed in which the 39PPT G6-motif was randomized (Fig. 2A), theoretically
yielding a library of 4,096 virus variants. To obtain a large and diverse collection, bacte-
rial transformation of the plasmids was scaled up until approximately 7,400 transform-
ants were obtained. Multiple individual clones were sequenced to confirm sequence
diversity in the G6-motif and the absence of a predominant sequence (Fig. 2C). All
transformed bacteria were pooled for DNA isolation. The resulting HIV DNA library was

FIG 1 HIV reverse transcription. Upon infection, the viral positive-strand RNA genome is copied into double-
stranded DNA (dsDNA) by the viral reverse transcriptase. The cellular tRNALys3 binding to the primer binding site
(PBS) functions as a primer for minus-strand DNA synthesis (step 1). After being reverse transcribed, the viral RNA
template is degraded by the RNase H activity of reverse transcriptase, but the 39PPT (indicated with PPT) and
central PPT (cPPT) motifs resist cleavage and function as a primer for plus-strand DNA synthesis (steps 4 and 5).
Complementarity of the sequences at the termini of the partially double-stranded linear HIV DNA induces
circularization to form 1-LTR circles (step 7). Subsequent continuation of second-strand DNA synthesis and
linearization, which involves strand displacement of the LTR sequences, results in a linear dsDNA molecule with
complete LTR motifs at both termini (steps 8 and 9). This full-length 2-LTR dsDNA is integrated into the cellular
DNA by the viral integrase protein (step 10a; no DTG). When integration is blocked, for example in the presence
of DTG, 2-LTR circles accumulate (step 10b). The red star indicates the 39 end of the 39PPT RNA fragment, and
the yellow star indicates the 59 end of the 5’LTR in the 2-LTR dsDNA products.
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FIG 2 Selection of DTG-resistance mutations in the HIV 3’PPT. (A) Schematic of the HIV genome and nucleotide sequence of the 39PPT region. The 39PPT
nucleotide sequence is indicated in bold. The G6-motif that is randomized in the SELEX library is indicated in red. (B) 39PPT-mutations identified upon
long-term culturing of HIV with DTG on SupT1 T cells. After 81 and 135 days of virus passage, intracellular DNA was isolated and the HIV 39PPT region was
amplified by PCR, followed by sequencing of 8 individual PCR clones. The frequency by which each 39PPT sequence was found is indicated (D, nucleotide
deletion; dashes are used to align sequences). The 39PPT nucleotide sequence is indicated in bold. Nucleotide substitutions are in red. (C) The 39PPT
sequence in individual plasmid clones from the full-length HIV-1 library in which the G6-motif was randomized. The wt sequence is shown on top for
comparison. The 39PPT nucleotide sequence is indicated in bold. Nucleotide substitutions are in red. (D) C8166 T cells were infected with the HIV-1 library
and cultured with 0, 50, or 500 nM DTG. Upon syncytium formation (at day 7 without DTG and day 14 with DTG), the 39PPT region of the virus population

(Continued on next page)
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transfected into 293T cells to produce a virus stock that was used to infect C8166 cells.
The C8166 cell line is an HTLV-1-transformed T cell line that is frequently used in HIV
replication studies because it supports efficient virus replication (23, 24). Infected cells
were cultured in the absence or presence of DTG. When massive syncytia were
observed, intracellular DNA was isolated and the 39PPT region was amplified by PCR and
analyzed by sequencing (population sequence). Analysis of the 39PPT after culturing
without DTG for 8 days indicated the rapid outgrowth of the wt virus (Fig. 2D) (59-
AAAAGAAAAGGGGGG-39), which unequivocally demonstrates the importance of the
39PPT motif for efficient HIV replication, consistent with previous studies (13, 18). The anal-
ysis upon culturing with 50 or 500 nM DTG for 14 days revealed a mixed 39PPT sequence
with variable nucleotides in the randomized part (Fig. 2D) (59-AAAAGAAAANNNNNN-39).
The 39PPT sequence remained mixed upon prolonged culturing for up to 142 days (results
not shown). The subsequent analysis of individual PCR fragments confirmed the presence
of multiple sequence variants (Fig. 2E). As the 39PPT sequence overlaps with the nef open
reading frame, most 39PPT mutations cause amino acid substitutions in the Nef protein
(Fig. 2E). Furthermore, we observed a 4-bp deletion and a 65-bp duplication in the
upstream nef region in the 50 nM DTG culture. These modifications create a premature
stop codon in the nef open reading frame (Fig. 2F). Nef is an accessory viral factor that is
important for in vivo HIV replication but not for in vitro replication on transformed T cell
lines, such as the C8166 cells used in this experiment (25). For a control, we PCR amplified
and sequenced the HIV integrase coding region, which did not reveal any additional
changes.

To demonstrate that the 39PPT/nef mutations confer DTG resistance, HIV LAI molec-
ular clones were generated for some of the selected variants without (M1 to M3) or
with the additional 4-bp deletion (M4 and M5) plus 65-bp duplication (M6 and M7)
(Fig. 3A). We reported previously that the M1, M2, and M3 mutations do indeed reduce
DTG sensitivity in a single-cycle infection assay but also significantly reduce viral fitness
(8). These variants were found to replicate in C8166 cells and in genetically modified
HTLV-1 Tax-expressing CEM-SS T cells but not in CEM-SS cells that did not express Tax
(8, 10). Here, we set out to compare the replication capacity of the M1 to M3 variants
and the newly generated M4 to M7 variants. The molecular clones were transfected
into 293T cells to produce virus stocks. All variants showed a similar level of viral CA-
p24 production in the culture medium as the wt construct, which demonstrates that
the 39PPT/nef changes do not affect viral gene expression and virus production (Fig.
3B). Tax-expressing CEM-SS cells were infected with serial dilutions of the virus stocks.
For comparison, we included an HIV LAI variant with the 39PPT mutations identified by
Malet et al. (4) (9053 mutant). After culturing the infected cells without or with 500 nM
DTG for up to 10 days, we calculated the median tissue culture infectious dose (TCID50)
for each variant (Fig. 3C). In the absence of DTG, all 39PPT variants demonstrated signif-
icantly reduced viral infectivity compared with the wt virus (4 to 7 log reduction).
Whereas DTG administration reduced the infectivity of the wt virus by more than 8 log,
the infectivity of the 39PPT variants was not or was significantly less reduced (up to 2
log). In fact, the infectivity of the mutants was 1 or 2 log higher than that of the wt vi-
rus in the presence of DTG. Although the infectivity and DTG sensitivity varied for the
different variants, no obvious differences could be observed for the HIV variants with
or without the 4-bp deletion and 65-bp duplication. For some virus variants (wt, M2,

FIG 2 Legend (Continued)
was PCR amplified and analyzed by sequencing. The randomized G6-motif is indicated in red and underlined. (E) Sequence analysis of the 39PPT/nef region
upon long-term culturing of the HIV-1 library with 50 (cultures 1 and 2) or 500 nM DTG (culture 3). Intracellular viral DNA was isolated from the infected
C8166 cells at the indicated day, followed by PCR amplification of the 39PPT/nef region and ligation of the PCR product into a TOPO TA cloning vector.
Several TA clones were sequenced. The observed 3'PPT nucleotide sequences with their amino acid translation of the overlapping nef open reading frame
are shown. Nucleotide substitutions are in red and underlined. Amino acid substitutions are in red. When indicated, a 4-bp deletion and 65-bp duplication
(sequence shown in F) was detected in the upstream nef region. The variants indicated with M1-M7 were cloned into the full-length HIV-1 LAI construct
for further analysis. (F) Sequence alignment of the 39PPT/nef region in wt HIV and the M4 and M6 variants. The 39PPT nucleotide sequence is indicated in
bold. Nucleotide substitutions are indicated in red, deletions are indicated by D, and the duplicated sequence is indicated with two-sided arrows. The
deletion and duplication result in a premature stop codon in the nef open reading frame (in blue and underlined).
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M7, and 9053), the TCID50 was also determined upon infection of CEM-SS cells that did
not express Tax (Fig. 3D). Whereas the wt virus did replicate in the absence of Tax,
none of the 39PPT mutants showed a detectable level of replication (no virus-induced
syncytium formation or cell death), which is in agreement with our previous observa-
tion that Tax activates the replication of the 39PPT mutants (8).

These results demonstrate that all tested 3’PPT mutations reduce HIV replication in
the absence of DTG and improve replication in the presence of DTG, but we did not
observe an obvious effect of the additional mutations in the nef region. We therefore set
up very sensitive virus competition assays that are ideally suited to detect small replica-
tion differences in an internally controlled manner (26). We compared variants with an
identical 39PPT variation but without (M1 and M2) and with (M6 and M7) the upstream
modifications in nef (Fig. 4A). C8166 cells were infected with a virus mixture (M11M6 or

FIG 3 Production and replication of 39PPT-mutated viruses. (A) Mutations in the 39PPT/nef region of different HIV-1 pLAI molecular
clones. The mutations M1 to M7 were selected in the SELEX experiment (Fig. 2). Nucleotide substitutions in the G6-motif of the
different variants are in red. Nucleotide substitutions in the G6-motif of the different variants are in red. The 4-bp deletion in
variants M4-M7 (4 bp D) and 65-bp duplication in the upstream nef region in variants M6-M7 (65 bp) are indicated. The 9053
variant corresponds to the 39PPT mutant that was earlier described by Malet et al. (4). In addition to the indicated mutations in the
G6-motif, this variant has a C-to-T substitution immediately upstream of the 3’PPT. (B) HEK293T cells were transfected with the HIV
molecular clones, and the CA-p24 level in the culture supernatant was measured at 2 days after transfection. Average values
obtained in 2 to 4 experiments are shown, with the error bars indicating the standard deviation. Statistical analysis using one-way
analysis of variance (ANOVA) demonstrated that the CA-p24 production of the different variants did not differ significantly
(P . 0.05). (C and D) Equal amounts of the different viruses, based on the viral CA-p24 protein, were serially diluted and used to
infect CEM-SS cells with a doxycycline-inducible HTLV-1 tax gene (10). Viral replication was scored based on the virus-induced
syncytium formation at 10 days after infection. Average TCID50 values obtained in two experiments are shown, with the error bars
indicating the standard deviation. (C) The infected cells were cultured in the presence of 0.5 mg/mL doxycycline to induce Tax
expression, and either in the absence or presence of 500 nM DTG to analyze the DTG sensitivity of the different variants. (D) The
infected cells were cultured without doxycycline (2Tax) or with 0.5 mg/mL doxycycline (1Tax) to analyze the effect of Tax on virus
replication (1Tax values in D are identical to the 2DTG values in C). Statistical analysis using one-way ANOVA demonstrated that the
TCID50 values obtained for the different mutants did not differ significantly (P . 0.05).
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M21M7) and cultured without or with 500 nM DTG. Total intracellular DNA was isolated
at 1 and 8 days after infection, and the produced viral DNA was analyzed by PCR amplifi-
cation of the nef-39PPT-U3 region (PPT PCR, Fig. 4A) and gel electrophoresis. Two differ-
ently sized PCR products, corresponding to the two input viruses, were detectable at

FIG 4 Viral DNA products formed during the replication of 39PPT-mutated viruses. (A) Schematic of the 39 end of integrated proviral DNA with the primers used
for Alu PCR and PPT PCR indicated. The PPT PCR amplicon size for the different 39PPT/nef variants is indicated. The nucleotide substitutions in the G6-motif of
the different variants are in red. (B) C8166 cells were coinfected with M11M6 or M21M7 virus and cultured without or with 500 nM DTG. Intracellular DNA was
isolated at 1 and 8 days after infection, and viral DNA production was analyzed by PPT PCR. pLAI, control wt plasmid. (C and D) Upon coinfection of C8166 cells
with M61wt or M71wt virus, cells were cultured with 0, 50, or 500 nM DTG. (C) Viral DNA production was analyzed at several times after infection by PPT PCR.
(D) Integrated HIV DNA was analyzed by Alu PCR followed by PPT PCR (top). As a control, the same DNA input and PCR conditions (limited number of PCR
cycles) were used in the PPT PCR (bottom). (E) C8166 cells were coinfected with integrase-deficient HIV variants with either a mutated or wt 39PPT (M6/IN21
wt/IN2 or M7/IN21wt/IN2). Viral DNA production was analyzed at several times after infection by PPT PCR. (F to H) 2-LTR and 1-LTR circle formation in M61wt-
and M71wt-infected cells (cultures as used in C and D) was analyzed by PCR. (F) The 2-LTR PCR amplifies the 2-LTR circle junction and results in a 478-bp
product for both the wt and 39PPT-mutated virus. (G) PCR products obtained for M61wt-infected cells after culturing for 6 days in the presence of 50 or 500 nM
DTG (as shown in F) were cloned into a Topo TA cloning vector, and individual clones were sequenced. The frequency of each observed sequence is indicated at
the left side. (H) The 1-LTR circle PCR results in a 1,030-bp product for the wt virus and a 1,091-bp fragment for the 39PPT variants.
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1 day after infection, but the smaller fragment, corresponding to the M1 or M2 variant,
was slightly more abundant than the larger fragment, corresponding to the M6 or M7
variant, both without and with DTG (Fig. 4B). This difference in intensity is possibly due
to the more efficient PCR amplification of smaller DNA fragments. Importantly, at 8 days
postinfection, the ratio between the fragments had changed and the larger M6 and M7
products were more abundant than the smaller M1 and M2 products. This shift in ratio
indicates that the M6 and M7 variants replicate more efficiently than the M1 and M2 var-
iants, respectively. These results thus suggest that the additional nefmodifications improve
replication of the 39PPT mutants, both in the absence and presence of DTG. Variants M6
and M7 were therefore used for further analysis of the viral DNA products formed upon
infection.

Similar internally controlled virus competition assays were used to analyze the
effect of the 39PPT/nef mutations on viral DNA production. C8166 cells were coinfected
with the wt virus and either the M6 or M7 mutant (M61wt and M71wt cultures) and
cultured with 0, 50, or 500 nM DTG. Without DTG, virus-induced syncytium formation
was rapidly observed and the culture was stopped after 6 days when massive syncytia
were present. In the presence of DTG, syncytium formation was much slower. At day
11, syncytia were observed and the virus-containing culture medium was used to
infect fresh cells, which were subsequently cultured for up to day 20. At several times
after infection, total cellular DNA was isolated and used as the template for the PPT
PCR to detect viral DNA (Fig. 4C). While the virus input for the different DTG conditions
was identical, the ratio between the shorter (wt) and the larger (mutant) PCR products
varied for the different conditions. Noticeably, the wt product rapidly became more
dominant over time in cultures without DTG, whereas the mutant product became
more dominant in cultures with 50 and 500 nM DTG. These ratio changes are in agree-
ment with the more efficient replication of the wt virus in the absence of DTG and the
more efficient replication of the 39PPT/nef-mutated viruses with DTG.

We next analyzed the effect of the M6 and M7 mutations on viral DNA integration.
We analyzed the DNA isolated from the M61wt- and M71wt-infected cells in an Alu-
PCR assay in which the size variation in nef can again be used to distinguish wt and
mutant products. In a first PCR step, integrated viral DNA was amplified with primers
annealing to nef and to Alu repeat sequences, which are likely present in the flanking
cellular DNA (Fig. 4A). As integration will occur at different chromosomal positions, this
PCR will not result in a single product with a specific size but in a mixture of differently
sized products. These products were used as the template in the PPT PCR that creates
discrete products for wt (658 bp) and mutant viruses (719 bp). The number of PCR
cycles in this second step was limited such that no PCR product was detected when
the first PCR step was omitted (Fig. 4D, bottom). In both the M61wt and M71wt cul-
tures without DTG, predominantly the wt PCR product was detected after 1 day of cul-
turing and later (Fig. 4D, top), reflecting efficient integration of the wt virus. In cultures
with DTG, neither the wt nor the mutant PCR product was detected, indicating that
the 39PPT/nef mutations do not restore viral integration in the presence of DTG.

The combined data suggest that the 39PPT variants can replicate in the presence of DTG
but without detectable HIV DNA integration. Although this surprising finding would provide
an easy explanation of the DTG resistance phenotype, it is remarkable as integration is con-
sidered one of the hallmarks of the retroviral replication cycle (27, 28). To confirm that the
39PPT/nef-mutated viruses can indeed replicate without the viral integrase function, we inac-
tivated the integrase function by mutation of the crucial enzymatic DDE motif into NNQ (29,
30). C8166 cells were coinfected with the integrase-deficient viruses with a wt and a M6 -or
M7-mutated 39PPT/nef region. At 7 days after infection, massive virus-induced syncytia were
observed and the virus-containing culture supernatant was used to infect fresh cells. Viral
DNA production was analyzed by PPT PCR at several times after infection. Both the wt and
mutant DNA products (658 and 719 bp, respectively) were observed at day 1 (Fig. 4E). The
ratio between these products changed over time, and a strongly reduced level of the wt
product and an increased level of the mutant product were observed at day 21. These
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results confirm that the 39PPT/nef-mutated viruses can replicate in C8166 cells without the
viral integrase function.

Nakajima et al. (30) previously reported low-level replication of integrase-defective
HIV variants in C8166 cells. Irwan et al. (10, 11) demonstrated more recently that this
replication was due to the expression of Tax protein in these HTLV-1-transformed T
cells (23). Tax was shown to prevent epigenetic silencing of unintegrated HIV DNA, in
particular the 2-LTR DNA circles that accumulate when integration is blocked (Fig. 1).
We used C8166 cells for the selection of the DTG-resistant 39PPT-mutated HIV variants
and demonstrated that the replication of these 39PPT mutants is activated by Tax (Fig.
3D) (8). We therefore analyzed the effect of the 39PPT-mutations on 2-LTR circle pro-
duction. Unfortunately, the size variation in nef cannot be used to distinguish wt and
mutant 2-LTR circles by PCR, as combining a primer annealing upstream of the nef
modifications with a primer annealing in the LTR region will result in a short PCR prod-
uct that does not include the U5-U3 junction, while combining the upstream primer
with a primer annealing in gag will result in the preferential amplification of a 1-LTR
circle fragment (see below). Previous studies demonstrated that mutations in the
39PPT, like single- and dual-nucleotide substitutions in the G6-motif, can cause aber-
rant RNase H cleavage and lead to the formation of 2-LTR circle U5-U3 junctions with
an extended U3 region due to the retention of 39PPT sequences (19, 31, 32). We there-
fore analyzed the 2-LTR circles present in the M61wt- and M71wt-infected cultures by
PCR with forward and reverse primers binding to U3 sequences upstream and down-
stream of the 2-LTR junction, followed by sequencing of the PCR product (Fig. 4F and
G). For both cultures, we observed a single DNA product on the agarose gel, both in
the absence and presence of DTG. Sequencing of this product obtained from the cul-
tures with DTG at day 6 revealed only regular U5-U3 junctions and small U5 and U3
deletions, as expected for the wt virus (19, 31, 32), but we did not detect any U5-U3
junctions in which the U3 region was extended (Fig. 4G). The level of 2-LTR circles was
higher in the presence of DTG than that without DTG (Fig. 4F), which is consistent with
an increase in 2-LTR circle formation when the integration of wt HIV is blocked (17).
Moreover, the level of 2-LTR circles in the cultures with DTG was relatively high at days
3 and 6, and much lower at day 20, which corresponds with the total viral DNA level
that was observed for the wt virus in the PPT PCR (Fig. 4C). These results indicate that
the 2-LTR circles are formed by the wt virus and not by the M6 and M7 mutant viruses.

Our experiments indicate that 39PPT-mutated viruses can replicate in the presence of
DTG without detectable 2-LTR circle formation and chromosomal integration. We there-
fore analyzed the production of 1-LTR circles, which are normally formed as an interme-
diate DNA product during reverse transcription (Fig. 1, step 7) (33). For this analysis, the
intracellular DNA isolated from the M61wt- and M71wt-infected cells was analyzed by
PCR with primers in nef and gag (Fig. 4H). This 1-LTR PCR results in a 1,030-bp product
for the wt virus and a 1,091-bp product for the mutant viruses. At 1 day after infection,
both products were detected, but the 1,091-bp product was more abundant, both with
and without DTG, which indicates that the 39PPT/nefmutations increase 1-LTR circle pro-
duction upon infection. In the cultures with DTG, the mutant product became clearly
more abundant over time. In cultures without DTG, the wt product became more domi-
nant at later times, which can be explained by the efficient replication of the wt virus
resulting in a high level of the reverse transcription intermediate. The 1-LTR circle pro-
duction by the wt and mutant viruses thus resembles total viral DNA production at later
times (compare Fig. 4H and C). Taken together, our results indicate that 39PPT/nef muta-
tions do not restore integration nor increase 2-LTR circle formation in the presence of
DTG but instead increase 1-LTR circle formation, which we argue is the source of the
observed low-level replication of these 39PPT-mutated viruses.

DISCUSSION

We used the in vivo SELEX approach to identify novel mutations in the HIV 39PPT
motif that confer DTG resistance. Surprisingly, many different virus variants with diverse
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39PPT mutations were identified. This information adds considerable sequence diversity
to the few 39PPT mutations that were already reported to provide DTG resistance in
other in vitro studies (4, 8, 9). What these mutants have in common is that the 39PPT
function is likely affected or even abolished, as this motif acts in a very sequence-specific
manner (13, 14). All of this evidence suggests that mutational inactivation of the 39PPT
motif is what is really needed to achieve DTG resistance. This evolutionary route is quite
exotic, as resistance to antiviral drugs is usually caused by one or multiple mutations in
the targeted enzyme (3). This DTG resistance mechanism is thus exceptional in at least
two ways. First, the resistance mutations are positioned in a regulatory 39PPT signal that
controls second-strand reverse transcription and not in the HIV gene that encodes the
integrase enzyme. Second, many different mutations instead of a specific mutation can
cause resistance, which led to the idea that 39PPT-inactivation is the critical event in the
acquisition of DTG resistance.

An analysis of the viral DNA products formed upon infection revealed that these
39PPT mutants replicate without integration in the cellular genome but with increased
formation of 1-LTR circle products. During reverse transcription of the HIV RNA genome,
second-strand DNA synthesis normally initiates from the central PPT (cPPT) and 39PPT
RNA fragments that resist RNase H cleavage (Fig. 1, steps 4 and 5) (12, 34). Sequence
complementarity at the termini of the partially double-stranded linear HIV DNA induces
formation of 1-LTR circles (step 7). Subsequent continuation of second-strand DNA syn-
thesis and strand displacement of the LTR sequences results in a linear 2-LTR dsDNA
molecule (steps 8 and 9) (15), which is integrated into the cellular DNA (step 10a). It is
likely that mutation of the 39PPT sequence affects the special RNA-DNA structure that
provides protection against RNase H cleavage (18, 35). Upon degradation of the 39PPT
RNA fragment, second-strand DNA synthesis may initiate only from the cPPT RNA (Fig. 5,
steps 4 and 5), which will result in the formation of completely double-stranded 1-LTR
circles (step 8). Our results are in accordance with the previous observation that 39PPT
deletion in a lentiviral vector induces the formation of 1-LTR circles (36).

Unintegrated HIV DNA, which includes linear and circularized 2-LTR DNA and 1-LTR
DNA circles, is normally silenced at the transcriptional level by cellular factors (37). We
demonstrated that the replication of 39PPT-mutated virus variants is activated by the
HTLV-1 Tax protein (Fig. 3D) (8), a factor that reverses epigenetic silencing of unintegrated
HIV DNA (10, 11). Accordingly, the 39PPT variants replicate and cause cytopathogenic effects
in C8166 cells, which are HTLV transformed and express Tax. Tax activation can explain why
our initial in vitro evolution experiment in SupT1 cells, which lack HTLV-1 sequences, did not
result in the selection of 39PPT-mutated DTG-resistant virus variants. The combined data sug-
gest that the 39PPT-mutated viruses escape from DTG inhibition by switching to an integra-
tion-independent replication mechanism in which 1-LTR circles are produced. The presence
of Tax likely prevents epigenetic silencing of this episomal DNA and stimulates the produc-
tion of all HIV transcripts and proteins needed to support virus replication.

Irwan et al. (10, 11) recently described Tax-dependent and integration-independent
replication of an HIV variant lacking a functional integrase but with a wt 39PPT. It was
suggested that this HIV variant replicates via episomal 2-LTR DNA circles that are
formed when integration is blocked (Fig. 1). Here, we show that the replication of an
integrase-deficient HIV variant in Tax-expressing cells is improved by the 39PPT muta-
tions (Fig. 4E). Superior replication of the 39PPT-mutated variant is probably due to the
increased production of episomal 1-LTR DNA circles (Fig. 4H).

This and previous studies demonstrate that the 39PPT-mutated viruses replicate
more efficient than wt HIV with DTG but worse than wt virus without DTG (6–8). 39PPT
mutations thus reduce the sensitivity toward DTG (resistance) but at the same time
reduce the viral replication capacity (fitness). Notably, we describe 39PPT-mutated
viruses with additional upstream frameshift mutations in the nef gene (4-bp deletion
and 65-bp duplication) that result in a premature stop codon in the nef open reading
frame (Fig. 2F). Nef is an accessory viral protein that is not essential for viral replication
in vitro, and mutations in the nef gene have been observed frequently upon long-term
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HIV culturing in vitro, in particular in transformed T cell lines that support a high level
of virus replication (25, 38, 39). We demonstrated that the nef mutations improved rep-
lication of 39PPT-mutated viruses in the C8166 T cell line. However, these additional
mutations are not essential for the observed DTG-resistance phenotype (8).

Reverse transcription of the HIV RNA genome into a double-stranded DNA copy and inte-
gration of this linear DNA into the cellular DNA are considered hallmarks of the replication
cycle of HIV and in fact all retroviruses. We describe 39PPT-mutated HIV variants that produce
1-LTR DNA circles and do not integrate, and yet, these variants can replicate at a low level.
We propose that 39PPT-mutated viruses replicate via the episomal 1-LTR circle DNA interme-
diate. We suggest that transcription occurs on these 1-LTR DNA circles to produce the HIV
RNA transcripts for protein production and to drive a low level of virus replication. Indeed,
there is literature showing that this exotic scenario is feasible (40–42). The replication cycle

FIG 5 Reverse transcription of 39PPT-mutated HIV variants. Upon infection, the viral RNA genome is copied into
double-stranded DNA (dsDNA) by the viral reverse transcriptase. We hypothesize that the mutation of the 39PPT
(indicated with DPPT) causes RNase H cleavage of this RNA fragment. As a consequence, second-strand DNA
synthesis may initiate only at the cPPT (steps 4 and 5), which results in the production of 1-LTR circles that cannot
linearize because of the extended double-stranded LTR region (steps 7 and 8).
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of these HIV variants thus mimics that of the Hepadnaviridae-like hepatitis B virus (HBV) that
reverse transcribes the full-length RNA into a circular DNA product that does not integrate
but is used as the template for transcription of all viral transcripts. Thus, HIV may change its
basic replication strategy upon DTG pressure.

Whether 39PPT mutations contribute to virus escape from DTG in vivo remains to be
determined. In our in vitro assays, replication of the 39PPT-mutated viruses was found to
be activated by the HTLV-1 Tax protein, likely to prevent epigenetic silencing of the 1-LTR
DNA circles. Such an HTLV-1 Tax effect on HIV-1 replication in vivo may seem a remote
possibility, but both HIV-1 and HTLV-1 infect T lymphocytes and coinfections are fre-
quently observed in some patient populations. For example, up to 10% of HIV-1-infected
persons in parts of Brazil are coinfected with HTLV-1 (43–45). Moreover, other viral pro-
teins may similarly stimulate the replication of nonintegrating HIV variants. For example,
the HIV Vpr, herpes simplex virus ICP0, and HBV HBx proteins can induce transcription
from unintegrated viral DNA (46–48). Additionally, although 39PPT-mutated viruses repli-
cate poorly, they may acquire additional mutations that improve virus replication upon
continued evolution (49). During preparation of this paper, Richetta et al. (50) reported
that the 39PPT-mutated HIV variant selected by Malet et al. (4) in HTLV-1-transformed MT-
4 cells replicates without integration or increased formation of 2-LTR circles and with an
increased production of 1-LTR circles, suggesting the involvement of this episomal DNA
in virus replication, like we describe here for our 39PPT variants. Interestingly, these
authors describe that the mutated virus can also replicate in the absence of Tax.
However, their results do not exclude a stimulatory effect of this protein. Therefore, the
role of Tax in the proposed episomal DNA replication pathway, or another protein or com-
pensatory mutation in the HIV genome that may have a similar effect, deserves further
investigation. This exotic drug-escape route will be missed by regular resistance assays
that are based on integrase genotyping. Screening for 39PPT mutations in patients that fail
on DTG therapy, in particular when no resistance-associated mutations are detected in
integrase, will reveal the clinical importance of this drug resistance pathway. However, rou-
tine 39PPT screening for patients on DTG therapy is complicated by the fact that many dif-
ferent 39PPT mutations can cause the resistance phenotype, unlike the specific resistance
mutations in targeted gene products regularly observed with antiretroviral drugs.

MATERIALS ANDMETHODS
Cell culture. Human embryonic kidney 293T (HEK293T; ATCC CRL-11268) cells were cultured in

Dulbecco’s modified Eagle medium (DMEM) (Gibco, Life Technologies) supplemented with 10% fetal calf
serum (FCS), nonessential amino acids (0.1 mM; Invitrogen), and penicillin and streptomycin (both at
100 U/mL). SupT1 (51) and C8166 (23) T cell lines were obtained through the NIH HIV Reagent Program
(AIDS Research and Reference Reagents Program, Division of AIDS, ARP-100 and ARP-404). CEM-SS T
cells carrying a doxycycline-inducible HTLV-1 tax gene were kindly provided by Bryan Cullen and Hal
Bogard (Duke University Medical Center, Durham, NC). T cell lines were cultured in advanced RPMI 1640
medium (Gibco, Life Technologies) with 1% L-glutamine, 1% FCS, penicillin (15 U/mL), and streptomycin
(15 U/mL). All cells were maintained in a humidified chamber at 37°C and 5% CO2. When indicated, cells
were cultured in the presence of 50 or 500 nM DTG (Tivicay, ViiV Healthcare).

DNA constructs. All HIV-1 constructs are based on the pLAI plasmid encoding the full-length HIV-1
LAI genome of a subtype B primary isolate (20). The duplicated 39PPT/nef sequence present upstream of
the 59LTR in this plasmid was removed by digestion with XbaI and PteI, followed by ligation of a gBlock
gene fragment without these 39PPT/nef sequences (Integrated DNA Technologies) into these sites (pLAI-
5’exPPT). A gBlock gene fragment encoding the 39PPT/nef region with a randomized G6-motif was
digested with XhoI and Kpn2I and ligated into the corresponding sites in the pBlue39LTR plasmid (40).
The ligation mix was transformed in max efficiency Stbl2 competent cells (ThermoFisher). Multiple indi-
vidual bacterial clones were isolated and analyzed by sequencing of the randomized segment to confirm
that all sequenced clones carry a different 39PPT sequence. The pooled Blue39LTR-39PPT randomized
library was digested with XhoI and Kpn2I, and the fragments with the randomized 39PPT were isolated
and ligated into the corresponding sites in pLAI-59exPPT to create the pLAI-59exPPT-39PPT randomized
library. The ligation mix was transformed in max efficiency Stbl2 competent cells, and multiple individual
clones were isolated and sequenced.

Topo TA vectors carrying the 39PPT regions that were selected in the in vivo SELEX assay (described
below) were digested with XhoI and Kpn2I, and the purified 39PPT/nef sequences were ligated into the
corresponding sites in pLAI-59exPPT, creating variants M1 to M7. A gBlock gene fragment encoding the
39PPT/nef region with the 39PPT mutations as described by Malet et al. (4) was similarly digested with
XhoI and Kpn2I and ligated into pLAI-59exPPT, which yielded the 9053 variant.
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The pNL4-3-NNQ molecular clone (30) was digested with restriction enzymes PshAI and NcoI. The inte-
grase fragment was ligated into the corresponding sites of pLAI-59exPPT, pLAI-59exPPT-M6, and pLAI-
59exPPT-M7. Ligation products were transformed in max efficiency Stbl2 competent cells (ThermoFisher),
and all sequences were confirmed by sequencing with the BigDye terminator kit (ThermoFisher).

Production of virus stocks. Virus stocks were produced by transient transfection of HEK293T cells
(5 � 105 cells per 10 cm2 well) with 4 mg of the pLAI-based molecular clones using Lipofectamine 2000
(ThermoFisher). The culture supernatant was collected at 48 h after transfection and centrifuged at
180 � g for 5 min to remove cells, and aliquots were stored at 280°C. The CA-p24 concentration of the
virus stocks was determined by ELISA as described previously (52).

HIV-1 evolution in SupT1 T cells. A total of 1 � 106 SupT1 T cells in 5 mL culture medium were
infected with HIV-1 LAI (corresponding to 100 ng CA-p24) and cultured with 50 or 500 nM DTG. When
cells formed massive syncytia, 100 mL of the culture supernatant was passaged onto fresh cells to con-
tinue virus replication. To analyze the intracellular viral DNA, cells were pelleted from 250 mL culture me-
dium by centrifugation at 180 � g for 5 min. Intracellular DNA was solubilized by resuspending the cells
in 75 mL 10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, and 0.5% Tween 20, followed by incubation with
200 mg/mL proteinase K at 56°C for 60 min and 95°C for 10 min. For PCR amplification of the 3’PPT/nef
region, 1.5 mL of the lysed cells was mixed with 2 mL DreamTaq green PCR master mix (ThermoFisher),
500 nM primer End-env-s (59-TAGAAGAATAAGACAGGGCTTGG-39), and 500 nM primer Circh (59-
CAGTTCTTGAAGTACTCCGG-39), and the volume was completed to 20 mL with water. The PCR mix was
incubated at 95°C for 1 min; followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and
a final incubation at 72°C for 5 min. The PCR products were cloned into a Topo TA cloning vector
(ThermoFisher) and sequenced (53).

In vivo SELEX in C8166 cells. A total of 2 � 105 C8166 T cells in 1 mL culture medium was infected
with LAI-randomized-39PPT virus (corresponding to 50 ng CA-p24) and cultured without or with DTG (50
or 500 nM). When cells showed massive syncytia, the intracellular viral DNA was isolated and the 39PPT/
nef region was amplified by PCR, as described above. The PCR product was directly sequenced (popula-
tion sequencing) or cloned into a Topo TA cloning vector followed by sequencing of individual clones.
The virus-containing culture supernatant was used to infect fresh C8166 cells. Initially, 100 mL of the su-
pernatant was used to infect 2� 105 cells in 1 mL culture medium, but the volume of this inoculum was
gradually reduced to 5mL after 10 weeks.

TCID assay. CEM-SS cells with a doxycycline-inducible tax gene (2 � 104 cells in 100 mL culture me-
dium) were infected with serial dilutions (dilution factor 3) of wt or 39PPT-mutated virus stocks (starting
at 10 ng CA-p24 per 100-mL culture). When indicated, cells were cultured with 0.5 mg/mL doxycycline
(Sigma D-9891) and 500 nM DTG. Syncytium formation was scored at 10 days after infection and the
TCID50 was calculated (54).

Virus competition and viral DNA analysis. A premix of two HIV variants was prepared by mixing
equal amounts (based on CA-p24) of two viruses. A total of 2 � 105 C8166 cells in 1 mL culture medium was
infected with an aliquot of this premix (corresponding to 5 ng CA-p24 of each virus) and cultured with 0, 50,
or 500 nM DTG. The intracellular viral DNA was isolated at several times after infection, and the 39PPT/nef
region was amplified by PCR, as described above. The same PCR protocol with different primers was used
for an analysis of the 2-LTR circle production (primers TA019 [59-AAGTGTTAGAGTGGAGGTTTG-39] and
3’envN [59-CTGCCAATCAGGGAAGTAGCCTTGTGT-39]) and 1-LTR circle production (primers End-env-S [59-
TAGAAGAATAAGACAGGGCTTGG-39] and Circ4 [59-CTTAACCGAATTTTTTCCCA-39]). For the first step of the
Alu-PCR analysis, the same PCR protocol, but with 35 (instead of 30) PCR cycles, was used with primers
59NEF-1 (59-GCAGTAGCTGAGGGGACAGATAGG-39) and Alu_reverse (59-TGCTGGGATTACAGGCGTGAG-39).
For the second step of the Alu-PCR analysis, 2 mL of the PCR product from the first step was used as input
DNA for 39PPT/nef PCR analysis as described above, but with only 16 (instead of 30) PCR cycles.
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