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Latent HIV-1 Can Be Reactivated by Cellular Superinfection in a Tat-
Dependent Manner, Which Can Lead to the Emergence of Multidrug-
Resistant Recombinant Viruses

Daniel A. Donahue,*® Sophie M. Bastarache,®® Richard D. Sloan,>?* Mark A. Wainberg®®

McGill University AIDS Centre, Lady Davis Institute, Jewish General Hospital, Montreal, Québec, Canada®; Department of Microbiology and Immunology, McGill University,
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The HIV-1 latent reservoir represents an important source of genetic diversity that could contribute to viral evolution and mul-
tidrug resistance following latent virus reactivation. This could occur by superinfection of a latently infected cell. We asked
whether latent viruses might be reactivated when their host cells are superinfected, and if so, whether they could contribute to
the generation of recombinant viruses. Using populations of latently infected Jurkat cells, we found that latent viruses were effi-
ciently reactivated upon superinfection. Pathways leading to latent virus reactivation via superinfection might include gp120-
CD4/CXCR4-induced signaling, modulation of the cellular environment by Nef, and/or the activity of Tat produced upon super-
infection. Using a range of antiviral compounds and genetic approaches, we show that gp120 and Nef are not required for latent
virus reactivation by superinfection, but this process depends on production of functional Tat by the superinfecting virus. In a

primary cell model of latency in unstimulated CD4 T cells, superinfection also led to latent virus reactivation. Drug-resistant
latent viruses were also reactivated following superinfection in Jurkat cells and were able to undergo recombination with the
superinfecting virus. Under drug-selective pressure, this generated multidrug-resistant recombinants that were identified by
unique restriction digestion band patterns and by population-level sequencing. During conditions of poor drug adherence,
treatment interruption or treatment failure, or in drug-impermeable sanctuary sites, reactivation of latent viruses by superinfec-
tion or other means could provide for the emergence or spread of replicatively fit viruses in the face of strong selective pressures.

Latently infected resting CD4 T cells represent the major barrier
to curing HIV-1 infection. In all HIV-1-infected individuals, a
latent reservoir is established very early after acute infection (1, 2).
Latent viruses are replication-competent proviruses that are inte-
grated into cellular chromosomal DNA and do not produce viral
particles but can lead to virus production following appropriate
activation signals. Multiple mechanisms are involved in both the
establishment and maintenance of latency, and these generally act
to suppress viral transcription or to limit gene expression from
any viral transcripts produced (recent reviews include references
3,4, 5, 6,and 7). Since latent viruses are nonreplicating, they are
not affected by host immune responses or by antiretroviral ther-
apy. Reactivation and depletion of the latent reservoir are cur-
rently a major goal of the field, and multiple clinical trials have
been carried out or are under way (8, 9). Nonetheless, eradication
of latent reservoirs is far from being achieved at present.

Treatment failure can occur when viruses develop resistance to
one or more of the drugs in a treatment regimen. Since viruses can
be continually deposited into the latent reservoir during periods
of low-level viremia or during treatment failure and can exit the
latent reservoir when their host cell is activated (10), latency pro-
vides a means for the archiving and reemergence of sequences
representing the history of a patient’s quasispecies. When drug-
resistant viruses are present, they are also archived in the latent
reservoir (11-15). Since viral rebound from latently infected cells
occurs upon treatment interruption or treatment failure (16), pre-
viously existing drug-resistant viruses that are present in the latent
reservoir preclude patients from being treated with that drug or
drug combination in the future.

Cells multiply infected with HIV-1 in vivo have been previously
reported. This is especially common in secondary lymphoid tis-
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sues (17), where the majority of lymphocytes reside, and spleno-
cytes have been reported to harbor 3 to 4 proviruses on average,
with some cells containing up to 8 proviruses (18). In addition, 5
to 25% of infected lymphocytes in peripheral blood were reported
to carry multiple proviruses (19). Multiply infected cells can arise
from one of two general mechanisms, namely, by simultaneous
infection by several viruses or by sequential infection. Cell-to-cell
transmission has been shown to lead to the simultaneous transfer
of multiple virions across virological synapses in a process referred
to as multiploid inheritance (20), leading to multiple integrated,
transcriptionally active proviruses (21). In addition, the forma-
tion of polysynapses can lead to simultaneous transmission of
virions from one infected cell to multiple target cells (22). By lo-
cally increasing the multiplicity of infection, polysynapses might
contribute to the generation of multiply infected cells by both
cell-to-cell transmission as well as by superinfection. Superinfec-
tion, whether by cell-to-cell transmission or cell-free infection,
leads to the generation of multiply infected cells via sequential
infection (23).

The extreme genetic diversity of HIV-1 is a result of the high
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rate of nucleotide misincorporation and the propensity for tem-
plate switching by the viral reverse transcriptase (RT). Retrovi-
ruses package two genomic RNA molecules into each viral parti-
cle, and RT switches between these two templates several times
during the process of reverse transcription (reviewed in references
24 and 25). During infection of Jurkat T cells, an average of 7 to 8
template switches per virus were reported to occur at essentially
random locations, and an average of 30 template switches per
virus were reported in macrophages (26). Multiply infected cells
can produce heterozygous virions, which can result in the forma-
tion of recombinant viruses when RT switches between noniden-
tical templates during reverse transcription. The large number
(>50) and high prevalence of circulating recombinant forms
(CRFs) demonstrate the evolutionary success of HIV-1 recombi-
nants on a global scale (27). Recombination within individual
patients has been documented in numerous studies (reviewed in
reference 25), and recombination involving drug-resistant viruses
provides a mechanism for the spread of drug resistance through-
out a patient’s quasispecies (28-30).

Since the latent reservoir represents an archive of the history of
a patient’s quasispecies, including viruses with any previously ex-
isting drug resistance mutations (11-15), latent viruses represent
an important source for the further generation of genetic diversity
under selective pressure. This could occur following superinfec-
tion of a latently infected cell. Superinfection of latently in-
fected cells could occur either during treatment interruption or
failure, during periods of low-level viremia, or in compartmen-
talized sites of viral replication such as sanctuary sites that
might result from poor drug penetration. Although this pro-
cess is likely to be rare, the combination of the high multiplicity
of infection that is common in vivo coupled with the potentially
strong selective advantage of any resulting recombinant viruses
renders this an important process (31, 32). In fact, it has been
suggested that superinfection might modulate levels of latency
for many viruses, including HIV (33), and it has been suggested
that latent viruses might contribute to HIV-1 recombination in
vivo (25, 34).

In this study, we asked whether latent viruses would be reacti-
vated upon superinfection of their host cells, and if so, whether
they could contribute to the generation of recombinant viruses.
Using cell line and primary cell models of HIV-1 latency, we found
that superinfection reactivated latent viruses and that this process
required Tat production from the superinfecting virus. We also
found that reactivated, drug-resistant latent viruses could contrib-
ute to the development of multidrug resistance via recombination
with superinfecting viruses.

MATERIALS AND METHODS

Cell lines, viruses, and antiviral compounds. Jurkat (clone E6-1) and
HeLa-tat-1II (HeLa-tat) cells were obtained through the NIH AIDS Research
and Reference Reagent Program. Jurkat cells were maintained in RPMI 1640
medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, and 1% penicillin-streptomycin. HeLa-tat and 293T cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin-streptomy-
cin. pNL4-3-AE-EGFP (expressing enhanced green fluorescent protein) was
obtained through the NIH AIDS Research and Reference Reagent Program,
while pBR-NL4-3-IRES-EGFP (containing an internal ribosome entry site),
pBR-NL4-3-IRES-dsRed, and pBR-NL4-3-IRES-dsRed-nef-stop were kind
gifts from J. Miinch and F. Kirchhoff (35). The following constructs were
created by either site-directed mutagenesis or cloning: pNL4-3-AE-EGFP-
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tat(H13L), pNL4-3-AE-EGFP-tat(H13L)-RT(ASbfl/K103N), pBR-NL4-3-
IRES-dsRed-RT(M184V/AMbol), pBR-NL4-3-IRES-dsRed-tat(H13L), and
pBR-NL4-3-IRES-dsRed-tat(C22G). The nucleotide changes introduced are
as follows: tat H13L, CAT to TTA; tat C22G, TGT to GGA; ASbfl, CCTG
CAGG to CCTGCTGG; RT K103N, AAA to AAC; RT M184V, ATG to
GTG; AMbol, GATC to GTTC. Replication-competent reporter viruses
were produced by transfection of ~9 X 10° 293T cells with 25 pg of
plasmid DNA using Lipofectamine 2000 (Invitrogen). The viruses used in
Fig. 3 [pBR-NL4-3-IRES-dsRed-tat(wt/H13L/C22G), where “wt” repre-
sents “wild type”] were produced under the same conditions, except by
transfection of HeLa-fat cells. Pseudoviruses were produced by cotrans-
fection of 293T cells with 6.25 ug pVPack-VSV-G (Stratagene)—a vesic-
ular stomatitis virus G protein (VSV-G) envelope-encoding con-
struct—in combination with 18.75 pg of pNL4-3-AE-EGFP derivatives,
as described above. All transfections were carried out using Opti-MEM
medium (Invitrogen) supplemented with 2.5% FBS. Virus-containing su-
pernatants were harvested at 48 h posttransfection, clarified by centrifu-
gation for 5 min at 470 X g, and passed through a 0.45-pm-pore filter. All
viruses were then treated with 50 U/ml benzonase (Sigma) in the presence
of added benzonase buffer (10X = 500 mM Tris-HCI [pH 8.0], 10 mM
MgCl,, and 1 mg/ml bovine serum albumin [BSA]) at 37°C for 20 min to
digest residual plasmid DNA. Viral titers were determined by enzyme-
linked immunosorbent assay (ELISA) for viral capsid (p24), using a Vi-
ronostika HIV-1 antigen (Ag) kit (bioMérieux). The RT inhibitor efa-
virenz (EFV), the integrase inhibitor raltegravir (RAL), and the protease
(PR) inhibitor darunavir (DRV) were obtained through the NIH AIDS
Research and Reference Reagent Program.

Jurkat cell latency model. Populations of latently infected cells were
established as described previously (36). Briefly, Jurkat cells were infected
with VSV-G-pseudotyped NL4-3-AE-EGFP-tat(H13L) or NL4-3-AE-
EGFP-tat(H13L)-RT(ASb{I/K103N) and were cultured for up to 2
months. At various time points, samples were treated for 24 h with tumor
necrosis factor a (TNF-a) (20 ng/ml) to reactivate latent viruses, before
being fixed in 2% paraformaldehyde for 20 min. Flow cytometry was
performed using a FACSCalibur or LSRFortessa cell analyzer (Becton,
Dickinson), and data were analyzed with either FCS Express or Flow]o
software. Live cells were gated by forward and side scatter properties,
single cells were then gated based on forward and side scatter width and
height, and levels of EGFP were then measured.

Primary cell latency model. A previously described primary cell la-
tency model (37) was used with minor modifications. Peripheral blood
mononuclear cells (PBMC) were isolated from blood of HIV-1-negative
donors by Ficoll-Hypaque density gradient centrifugation and were im-
mediately processed to isolate unstimulated CD4 T cells using a Dyna-
beads untouched human CD4 T-cell isolation kit (Invitrogen). Isolated
cells were stained with anti-CD3-phycoerythrin (PE), anti-CD4-e450,
and anti-CD69-fluorescein isothiocyanate (FITC) and acquired on an
LSRFortessa cell analyzer. Isolated CD4 T cells were cultured overnight in
RPMI supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin-
streptomycin, in the absence of interleukin-2 (IL-2). The following day,
CD4 T cells (~0.5 million) were infected with NL4-3-IRES-dsRed (wt or
H13L tat) by spinoculation in 5-ml polystyrene tubes at 1,200 X gfor 2 h
at 25°C, using 200 ng p24 per million cells (50% virus-containing super-
natant and 50% supplemented RPMI, by volume). Immediately after spi-
noculation, cells were resuspended in supplemented RPMI in the pres-
ence of 1 WM DRV and then cultured in 96-well round-bottom plates for
3 days. On day 3 postinfection (p.i.), samples of uninfected or infected
cells were incubated with anti-CD3/CD28 magnetic beads (Invitrogen),
using 1 bead per cell in the presence of 10 wM RAL, to reactivate postin-
tegration latent viruses. Cells were fixed 48 or 72 h later and used for flow
cytometry.

Superinfection. (i) Jurkat cells. A total of 2 X 10° Jurkat cells latently
infected with NL4-3-AE-EGFP-tat(H13L), or uninfected Jurkat cells were
infected with NL4-3-IRES-dsRed (or its tat/nef mutant derivatives: 120 ng
p24 was used for each virus in Fig. 1 and 2, while 90 ng p24 was used for the

jviasm.org 9621


http://jvi.asm.org

Donahue et al.

viruses in Fig. 3. A wide range of superinfecting virus levels were used, as
indicated, in Fig. 4. Similarly, 2 X 10° Jurkat cells latently infected with
NL4-3-AE-EGFP-tat(H13L)-RT(ASbfI/K103N) or uninfected Jurkat
cells were infected with 300 ng p24 of NL4-3-IRES-dsRed-RT(M184V/
AMbol). Infections were by spinoculation at 1,500 X g for 2 h at 37°C in
the presence of EFV, RAL, or DRV as required (1 wM each). Following
spinoculation, cells were allowed to rest for 1 h at 37°C and then were
resuspended in supplemented RPMI containing EFV, RAL, or DRV as
required. At 72 h p.i., cells were fixed and analyzed by flow cytometry.

(ii) Primary cells. Latently infected CD4 T cells (3 days p.i.) were
superinfected by spinoculation with NL4-3-IRES-GFP (or supplemented
RPMI for controls; 1,200 X g for 2 h at 25°C), using 200 ng p24 per million
cells. Cells were cultured in supplemented RPMI (in the absence of IL-2)
plus 1 uM DRYV for 3 days before fixation and flow cytometry.

PCR. Integrated HIV-1 DNA. A total of 2 X 10° Jurkat cells were
infected with 90 ng p24 of NL4-3-IRES-dsRed (or its tat mutant deriva-
tives) by spinoculation as described above, and 1 wuM DRV was added to
prevent reinfection. Cellular DNA was extracted 48 h p.i. using a DNeasy
blood and tissue kit (Qiagen). A previously described nested Alu-gag PCR
(38) was used with the following modifications. The first-round reaction
(performed in both the presence and the absence of an Alu-specific
primer) was performed using undiluted samples (65 ng DNA) and 1:4
dilutions of each sample (16.25 ng DNA from infected Jurkat cells diluted
with DNA from uninfected Jurkat cells [65 ng DNA total]) in the presence
of 2mM MgCl, and 200 nM deoxynucleoside triphosphates (ANTPs) in a
total volume of 20 pl, using the primers Alu-F (5'-GCCTCCCAAAGTG
CTGGGATTACAG-3") and gag-R (5'-GTTCCTGCTATGTCACTTCC-
3"). The cycling conditions were 95°C for 2 min, followed by 20 cycles of
95°C for 15 s, 50°C for 15 s, and 72°C for 3.5 min. Nine microliters of the
resulting first-round product was used as the template for the second-
round nested reaction in the presence of 5 mM MgCl, (final concentra-
tion, including carryover from the first round) and 200 uM added dNTPs,
in a total volume of 20 pl. The second-round primers were LTR-F (long
terminal repeat forward) (5'-TTAAGCCTCAATAAAGCTTGCC-3") and
LTR-R (long terminal repeat reverse) (5'-GTTCGGGCGCCACTGCTAG
A-3"), and only the “wild-type” probe (38) was used. The second-round
cycling conditions were 50°C for 2 min, 95°C for 1 min, and 45 cycles of
95°C for 15 s and 60°C for 30 s, using Platinum quantitative PCR (qPCR)
SuperMix-UDG (Invitrogen) on a Corbett Rotor-Gene 6000 thermocy-
cler. To generate a standard curve for relative quantification of integrated
DNA, Alu-gag PCR was first performed on a 2-fold dilution series of DNA
from infected Jurkat cells (diluted with DNA from uninfected Jurkat
cells). Samples were normalized to their B-globin contents as described
previously (39).

RT-PCR for viral genomic RNA. Viral RNA was extracted from su-
pernatants of infected cells using a QIAamp viral RNA minikit (Qiagen).
RT-PCR was performed using a SuperScript III one-step RT-PCR kit (In-
vitrogen) and 6 pl viral RNA template, with primers Recomb-F (5'-AAT
GGATGGCCCAAAAGTTAAACA-3’ [corresponding to HXB2 coordi-
nates 2140 to 2163] and Recomb-R 5'-CTGTTAATTGTTTCACATCAT
TAGTGTGGG-3' [corresponding to HXB2 coordinates 3174 to 3203]) in
atotal volume of 30 pl. The cycling conditions were 55°C for 15 min, 94°C
for 2 min, and 40 cycles of 94°C for 20 s, 60°C for 20 s, and 68°C for 1 min.
Products were visualized on 1% agarose Tris-acetate-EDTA (TAE) gels.

Identification of recombinant viruses. To analyze recombination by
restriction digestion, 5 pl of each RT-PCR product (containing amplified
viral genomic RNA) was double digested with both Sbfl and Mbol (New
England BioLabs) in a total volume of 15 pl for 15 min at 37°C. Products
were then visualized on 1% agarose TAE gels (1 h at 125 V), and band
patterns were compared to digests of plasmids representing wt, latent, or
superinfecting viruses. To analyze recombination by sequencing, RT-PCR
products containing amplified viral genomic RNA were sequenced by
standard methods using the primers Recomb-F and Recomb-R (see
above). All chromatograms were visually inspected, and chromatogram
peak intensities at relevant nucleotide positions were used to calculate the
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relative proportion of each virus in the population. Results from forward
and reverse sequence reads were averaged for each position. As described
in further detail in the Results section, estimates for the percentage of
recombinant viruses in each population are conservative.

Statistical analyses. Unpaired two-tailed ¢ tests, one-way analysis of
variance (ANOVA), and linear regression analysis were performed with
GraphPad Prism 5.0.

RESULTS

Superinfection of latently infected cells reactivates latent
HIV-1. To determine whether superinfection of latently infected
cells would reactivate latent viruses, we first used a Jurkat-based
model of HIV-1 latency establishment and reactivation that we
have previously described (36). This model takes advantage of
viruses encoding the tat H13L variant that attenuates Tat activity
by decreasing its interaction with P-TEFb. When H13L Tat s pres-
ent at sufficient levels, it appears to be fully functional, supporting
viral gene expression at levels comparable to those of wild-type tat
viruses (40). However, lower concentrations of H13L Tat lead to
more rapid shutdown of viral transcription compared to wt (40).
This facilitates the entry into latency, since a low Tat threshold is
reached sooner, allowing the establishment of latency (41-43).
H13L tat viruses have been extensively characterized in the con-
text of HIV-1 latency in both Jurkat and primary cells and repre-
sent genuinely latent viruses that behave similarly to latent viruses
that encode wt Tat (36, 40, 44-47). The use of H13L tat thus
represents an experimentally useful tool to increase the number
and frequency of latently infected cells available for study.

In our Jurkat latency model, a population of latent GFP re-
porter viruses representing diverse integration sites is established.
Culturing these cells for several weeks gives rise to a heterogeneous
population of cells harboring latent proviruses, with no virus-
producing cells present. In the latent populations used here,
~14% of cells harbored TNF-a-inducible latent viruses (Fig. 1A
and B). Uninfected Jurkat cells or latently infected Jurkat cells that
encode viral EGFP were then infected with the replication-com-
petent reporter virus NL4-3-dsRed (where dsRed is expressed
from an internal ribosome entry site [IRES] from nef transcripts
[35]). Superinfection of latently infected cells, in the absence of
any antiviral inhibitors, led to reactivation of latent virus, as dem-
onstrated by the increased percentage of EGFP-positive cells fol-
lowing superinfection (Fig. 1C and D).

Interaction of gp120 with CD4 and CXCR4 is not required
for latent virus reactivation. We next wished to characterize the
mechanism(s) by which superinfection can reactivate latent vi-
ruses. In resting or suboptimally activated CD4 T cells, interaction
of gp120 with CD4 and either CCR5 or CXCR4 can lead to induc-
tion of Ca?" and NFAT (nuclear factor of activated T cells)—an
important transcription factor involved in HIV-1 transcrip-
tion—in the absence of full cellular activation (48-52). Addition-
ally, HIV-1 envelope was reported to induce viral replication from
resting cells of HIV-1-infected patients (53). Latently infected cells
were superinfected in the presence of inhibitory levels (1 uM) of
the RT inhibitor efavirenz (EFV). Blocking productive superinfec-
tion at reverse transcription, which is downstream of the gp120-
CD4/CXCR4 interaction, resulted in no increase in latent virus
gene expression compared to that of latently infected cells that
were not superinfected (P = 0.75) (Fig. 1C and D).

Reactivation of latent viruses by superinfection requires
gene expression of the superinfecting virus. Next, latently in-
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FIG 1 Superinfection of latently infected cells reactivates latent HIV-1 and requires gene expression but not gp120-CD4/CXCR4 signaling from the superin-
fecting virus. (A) Schematic representation of the experimental design. (B) Characterization of the latently infected Jurkat cell populations used in Fig. 1 to 4.
FSC-H, forward scatter height. Results of three independent experiments performed in duplicate are shown. (C and D) Uninfected or latently infected Jurkat cells
were superinfected with NL4-3-dsRed in the presence or absence of 1 pM RT inhibitor EFV, IN inhibitor RAL, or PR inhibitor DRV. Representative results are
shown in panel C, and the results of three independent experiments performed in triplicate are shown in panel D. dsRed represents superinfecting virus, and GFP

represents latent virus. Error bars represent standard errors of the mean (SEM

fected cells were superinfected in the presence of the integrase
(IN) inhibitor raltegravir (RAL), which prevents integration and
thus productive viral gene expression, or in the presence of the
protease (PR) inhibitor darunavir (DRV), which acts after inte-
gration and viral gene expression. As shown in Fig. 1C to D, latent
virus reactivation required gene expression of the superinfecting
virus. It is noteworthy that superinfection in the presence of an
integrase inhibitor led to a minor and borderline significant (P =
0.05) increase in latent virus reactivation. This could be due to
incomplete inhibition of viral replication in the presence of 1 puM
RAL, which might be explained by the comparatively poor inhib-
itory capacity of this drug during a single round of viral replication
(54). Alternatively, low-level gene expression from unintegrated
viral DNA might explain this observation (55).

Nef is not required for latent virus reactivation via superin-
fection. HIV-1 Nef modulates numerous cellular pathways, in-
cluding several related to T-cell activation. Recent studies sug-
gest that Nef lowers the activation threshold for CD4 T cells.
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[n = 3 for error bar calculations]).

This implies that when cells encounter activation signals in the
presence of Nef, greater induction of transcription factors, in-
cluding NF-«kB and NFAT, as well as greater Ca>" release and
IL-2 production, can result (reviewed in references 56 and 57).
Furthermore, it has been reported that Nef alone is sufficient to
upregulate numerous cellular genes involved in LTR-driven
transcription, including NFAT and many other transcription
factors, as well as CDK9 and other factors involved in the elon-
gation of viral transcripts (58). Expression of Nef from unin-
tegrated DNA can also modulate T-cell activation pathways
(59). We therefore wished to determine whether Nef might be
contributing to the reactivation of latent viruses that we ob-
served in Fig. 1. Latently infected cells were superinfected with
a replication-competent reporter virus containing two stop
codons near the start of nef (Anef virus). Consistent with the
enhancement of infectivity associated with Nef, superinfection
with Anefvirus resulted in fewer dsRed-positive cells compared
to superinfection with Nef-encoding virus. However, latent vi-
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NL4-3-dsRed-Anef. Representative results are shown in panel A, and the results of three independent experiments performed in triplicate are shown in panel B.
dsRed represents superinfecting virus, and GFP represents latent virus. FSC-H, forward scatter height. Error bars represent SEM (n = 3 for error bar

calculations).

ruses were reactivated at least as efficiently in the absence of Nef
as with wt virus (Fig. 2), excluding a requirement for Nef in the
reactivation of latent viruses by superinfection in our model.
Latent virus reactivation via superinfection requires expres-
sion of functional Tat by the superinfecting virus. It is reason-
able to hypothesize that production of Tat by superinfecting vi-
ruses might be required for reactivation of latent viruses.
Accordingly, we produced replication-competent reporter viruses
that encode functional (wt), attenuated (H13L), or transactiva-
tion-negative (C22G) Tat. Infection of Jurkat cells with these vi-
ruses resulted in equivalent levels of integrated DNA, whereas the
percentage of cells positive for Tat-dependent viral reporter gene
expression followed the expected pattern of wt > H13L > C22G
(Fig. 3A). This demonstrates that these viruses are equally func-
tional for all steps up to and including integration and that any
differences in latent virus reactivation following superinfection
would be due to different Tat activities and not due to any defect in
superinfection. These viruses were then used to superinfect la-
tently infected cells (Fig. 3B and C). While superinfection with wt
tat virus efficiently reactivated latent viruses, superinfection with
attenuated tat virus resulted in a modest but statistically insignif-
icant reactivation of latent virus. Latent virus reactivation was not
detectable when transactivation-negative tat virus was used for
superinfection. Of note, the level of superinfection achieved with
wt tat virus here is lower than that in comparable infections shown
in Fig. 1 and 2. This is due to the use of HeLa-tat cells for produc-
tion of the viruses used here (necessary for the production of
C22G tat viruses and used for H13L and wt tat viruses to ensure
consistency) as opposed to virus production in 293T cells, used
elsewhere in this study. Since HeLa-tat transfection produced rel-
atively low viral titers, lower viral inputs were used for the subse-
quent superinfections. However, all comparisons made with these
viruses are internal (i.e., wt versus H13L versus C22G virus, all
produced in HeLa-tat cells), and all were used at equal p24 infec-
tion levels. As a control for any secreted Tat that might result from
the use of HeLa-tat cells for virus production, latently infected
cells were incubated directly with HeLa-fat supernatant; no latent
virus reactivation was observed in this case (Fig. 3B and C).
Together, the results of Fig. 1 to 3 show that reactivation of
latent viruses by superinfection requires gene expression of the
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superinfecting virus and, specifically, production of functional
Tat. Linear regression analysis reveals a strong positive correlation
(* = 0.97) between the extent of superinfection and the extent of
latent virus reactivation (Fig. 3D).

Efficiency of latent virus reactivation following superinfec-
tion. Based on the above results, we reasoned that latent viruses
would be reactivated by superinfection across a wide range of in-
fection rates and that superinfection with viruses encoding H13L
Tat might also reactivate latent viruses if higher superinfection
rates were achieved. Therefore, latently infected cells were super-
infected with either wt or H13L fat viruses (both produced in 293T
cells) using a 32-fold range of superinfecting virus inocula (Fig.
4A). DRV (1 pM) was added to limit infection to a single round.
As expected, latent viruses were reactivated across a wide range of
superinfecting virus input levels when wt tat viruses were used
(Fig. 4B), and there was a strong positive correlation (r* = 0.98)
between the extent of superinfection and the extent of latent virus
reactivation. One-way ANOVA and Dunnett’s multiple-compar-
ison posttest indicated that the reactivation of latent viruses was
statistically significant (P < 0.0001) for all superinfection input
levels. Interestingly, latent viruses were also reactivated when
HI13L tat viruses were used for superinfection (Fig. 4C) (©* =
0.88). One-way ANOVA and Dunnett’s multiple-comparison
posttest indicated that the reactivation of latent viruses was statis-
tically significant (P < 0.0001) at the two highest superinfection
input levels, while a nonsignificant reactivation was observed for
lower superinfection levels. This also provides additional support
for our above finding that latent virus reactivation following su-
perinfection requires Tat function.

Latent HIV-1 can be reactivated by superinfection in un-
stimulated primary CD4 T cells. To test our hypothesis in a
more physiologically relevant system, we used a primary cell
model of HIV-1 latency that involves direct infection of un-
stimulated CD4 T cells. In this model, latency is established in
multiple CD4 T-cell subsets, including naive, central memory,
and transitional memory cells (37). Furthermore, CD4 T cells
are cultured in the absence of cytokines, such as IL-2, and are
infected shortly after isolation, preserving the in vivo distribu-
tion of CD4 T-cell subsets. The authors of this model also
showed that infection of freshly isolated CD4 T cells gave near-
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identical results compared to infection of more extensively pu-
rified resting memory cells, which is likely because activated
CD4 T cells in peripheral blood are present at only low fre-
quency. Additionally, the latent viruses generated in this model
respond to reactivating compounds with the same patterns ob-
served for ex vivo-treated patient cells (37). Although some
productively infected cells were also generated, spreading in-
fection was prevented by a protease inhibitor.

We first assessed the purity and activation status of CD4 T cells
isolated from multiple donors. The vast majority (typically
~97%) of cells expressed both CD3 and CD4, but they did not
express the activation marker CD69 (<1%) (Fig. 5B). Addition-
ally, these cells were small and were nondividing, consistent with
their being resting CD4 T cells. Isolated CD4 T cells from individ-
ual donors were infected with replication-competent dsRed-
encoding reporter viruses, in the presence of 1 WM protease inhib-
itor DRV to prevent spreading infection. Across a wide range of
infecting virus levels (25 ng to 400 ng p24 per million cells), infec-
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tion with attenuated (H13L) tat virus resulted in higher levels of
silencing than infection with wt tat virus, and postintegration,
latent viruses were reactivated in all cases by treatment with anti-
CD3/CD28 beads in the presence of 10 uM RAL (data not shown).
Since the ratio of silent to active viruses was greater for attenuated
tat virus infections (Fig. 5B) (data not shown), we used an atten-
uated tat reporter virus to address our hypothesis in this primary
cell model (Fig. 5A).

Next, latency was established in primary cells of multiple do-
nors, and these cells were superinfected with a GFP reporter virus
(in the presence of 1 M DRV) to assess latent virus reactivation
(Fig. 5B to D). The results of Fig. 5D to E show that superinfection
led to a modest but significant reactivation of latent viruses in cells
from nine individual donors (mean ~30% increase in virus-ex-
pressing cells; P = 0.001). Due to the low overall infection rates
achievable in unstimulated primary CD4 T cells, higher rates of
superinfection and latent virus reactivation might be unlikely to
occur. Nonetheless, these data indicate that, similarly to Jurkat
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encoding wt or H13L Tat. The indicated superinfection inoculum levels (ng
p24) are per 75,000 cells. DRV (1 uM) was added immediately after superin-
fection to limit viruses to a single round of replication. Linear regression anal-
ysis was used to test for any correlation between superinfection and latent virus
reactivation. One-way ANOVA indicated that the reactivation of latent viruses
was statistically significant (P < 0.0001) for both wt and H13L tat superinfec-
tions. Dunnett’s multiple-comparison posttest was used to determine which
conditions led to a statistically significant latent virus reactivation, compared
to mock-superinfected latently infected cells (“no superinfection”). All condi-
tions were statistically significant in panel B, while the two highest superinfec-
tion input levels were statistically significant in panel C. Error bars represent
SEM (n = 3 for error bar calculations). The results of three independent
experiments performed in duplicate are shown.

cells, latent viruses can be reactivated from unstimulated primary
CD4 T cells by superinfection.

Drug-resistant latent viruses are reactivated by superinfec-
tion with other drug-resistant viruses. We next wished to deter-
mine whether reactivated latent viruses could contribute to the
generation of recombinants. Latent Jurkat populations were es-
tablished, in which the latent virus encodes the RT drug resistance
mutation K103N, which confers resistance to nonnucleoside re-
verse transcriptase inhibitors (NNRTIs), including EFV (Fig. 6B).
To facilitate the identification of potential recombinants, the la-
tent viruses also contained a noncoding restriction site change
that removes an SbfI site (ASbfI) located ~20 nucleotides from
the K103N mutation. K103N latent populations were superin-
fected with a dsRed-encoding drug-resistant reporter virus that
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encodes the RT mutation M 184V, which provides for resistance to
nucleoside RT inhibitors (NRTIs), including emtricitabine
(FTC). The superinfecting virus also contained a noncoding re-
striction site change that removed an Mbol site (AMbol) located
~20 nucleotides from the M184V mutation (Fig. 6A). As demon-
strated in Fig. 6C to D, superinfection of K103N latent popula-
tions with M 184V virus led to reactivation of drug-resistant latent
viruses.

Reactivated latent viruses can recombine with superinfect-
ing viruses, which can contribute to the development of multi-
drug-resistant recombinants. To determine whether recombina-
tion would occur between reactivated latent viruses and
superinfecting viruses, supernatants of superinfected latent cells
(which are expected to include some heterozygous virions [ASbfI
K103N/M 184V AMbol]) were collected 3 days after superinfec-
tion and used for new infections (Fig. 6A). After 20 h (a time
sufficient for the completion of reverse transcription but prior to
the next round of viral replication [39]), EFV and FTC were added
together at a range of concentrations to select for potential recom-
binants. This will select for only a small fraction of recombinant
viruses: i.e., only those in which recombination occurred between
amino acid positions 103 and 184 of RT and in the correct orien-
tation to maintain both resistance mutations. Following addition
of RT inhibitors, cultures were maintained for 6 days, and ~1 kb
of RT was then amplified by RT-PCR from supernatant viral
genomic RNA.

Two approaches were used for the identification of recombi-
nant viruses. First, RT amplicons were subject to double-restric-
tion enzyme digestion with Sbfl and Mbol, making use of the
noncoding restriction site changes introduced into each virus. As
shown in Fig. 6E (left), recombinant but not parental viruses are
expected to result in both bands a and c. Recombinant viruses
were detected in many but not all biological replicates across a
range of drug-selective pressures, with representative results
shown in Fig. 6E (right). Lanes 11, 13, and 14 (showing bands a, c,
d, and e) represent a mixture of recombinant and superinfecting
viruses. In contrast, only superinfecting virus was present follow-
ing infection of Jurkat cells (lanes 7 and 8) or of latent populations
with no drug-selective pressure (lane 10). Comparison of the in-
tensities of band a across different lanes gives an approximation of
the overall level of virus present, since both superinfecting and
recombinant viruses contribute to band a. (For example, lane 12
represents a lower level of virus than lane 11, 13, or 14, consistent
with the absence of recombinant viruses despite drug-selective
pressure in that sample).

Second, bulk sequencing was used to estimate the proportion
of recombinants in each sample. Recombinant viruses were only
considered to be present when mathematically necessary. For ex-
ample, if a population was 40% ASbfl K103N and 90% M184V
AMbol, then at least 30% of the population must be recombinant
viruses (where ASbfl, K103N, and M 184V AMbol are on the same
genomic RNA). If all mutations were present at <50%, the pop-
ulation was not considered to contain recombinants. The pres-
ence of the ASbfl and AMbol mutations additionally confirms
that recombinants are genuine, as opposed to the de novo acqui-
sition of resistance mutations by either parental virus. As shown in
Fig. 6F, multidrug-resistant recombinant viruses resulted from
superinfection of latently infected cells in many but not all biolog-
ical replicates. Since levels of recombinants increase with longer
times in culture (in the presence of EFV plus FTC), the specific
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percentages depicted are not themselves important. Rather, the  drug-selective pressure. Together, these results demonstrate that
presence versus absence of recombinants should be noted. No latent viruses can serve as a source for recombination, which
recombinants were detected following infection of Jurkat cells or  might contribute to the emergence of multidrug-resistant recom-
following superinfection of latently infected cells in the absence of ~ binants.
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DISCUSSION

Latent virus reactivation might occur by superinfection of latently
infected cells (33). Although it has been suggested that latent vi-
ruses might contribute to recombination in vivo (25, 34), this
process has not been experimentally characterized. In this study,
we asked whether latent viruses would be reactivated when their
host cells are superinfected, and if so, whether they could contrib-
ute to the generation of recombinants. We demonstrated that su-
perinfection of latently infected cells led to latent virus reactiva-
tion (Fig. 1), although we found no evidence for gp120 (Fig. 1) or
Nef (Fig. 2) being required for this process in our Jurkat latency
model. Inhibitors targeting different stages of viral replication
were used to demonstrate that latent virus reactivation required
gene expression of the superinfecting virus (Fig. 1), and use of
functional, attenuated, or inactivated tat viruses demonstrated
that latent virus reactivation required the activity of newly ex-
pressed Tat by the superinfecting virus (Fig. 3). Superinfection
using wt or HI3L tat viruses led to reactivation of latent viruses
across a wide range of superinfection levels (Fig. 4). Superinfec-
tion of latently infected primary CD4 T cells also led to reactiva-
tion of latent viruses (Fig. 5). Finally, drug-resistant latent viruses
were subject to reactivation by superinfection in Jurkat cells (Fig.
6A to D), which led to the generation of multidrug-resistant re-
combinants under selective pressure (Fig. 6E and F).

Lentiviruses, including HIV-1 have evolved various strategies
to downregulate cell surface CD4, which might serve to impair
immune recognition of infected cells and/or to limit cellular su-
perinfection in a phenomenon referred to as superinfection im-
munity (35, 60, 61). Although CD4 downregulation can decrease
superinfection rates (35), this effect is not absolute, and others
have observed minimal interference with superinfection (26). Re-
gardless of the magnitude of superinfection immunity, we were
interested in superinfection of latently infected cells. Since latent
viruses express little or no viral gene products, neither CD4 down-
regulation nor superinfection immunity would be expected.

Most clinically relevant latent viruses are found in resting CD4
T cells. This implies that superinfection of latently infected cells in
vivo would require infection of resting cells, which is much less
efficient than infection of activated cells. Nonetheless, infection of
resting cells does occur both in vitro and in vivo (reviewed in ref-
erences 3 and 62). Furthermore, infection of phenotypically rest-
ing CD4 T cells is enhanced in chemokine- or cytokine-rich envi-
ronments, such as secondary lymphoid tissues (22, 63—67) where
the majority of lymphocytes—including multiply infected cells—
reside, and several studies have reported that pretreatment of rest-
ing CD4 T cells with various chemokines increases subsequent
infection rates (68—70).

Reactivation of latent viruses by superinfection (Fig. 1 to 4)
results in cells expressing two genetically distinct viral genomes.
Notably, HIV-1 has a much higher effective rate of recombination
than some other retroviruses, such as murine leukemia virus
(MLV). This is not due to higher rates of RT template switching,
butrather to higher rates of heterozygous genomic RNA dimeriza-
tion and packaging (25, 71, 72). The segregation of HIV-1 but not
MLV genomic RNA molecules into assembling virions is effec-
tively a random process, and there is now direct physical evidence
that heterozygous HIV-1 virions are produced according to a
Hardy-Weinberg equilibrium (73). Furthermore, it has been esti-
mated that nearly all HIV-1 virions undergo recombination dur-
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ing reverse transcription, as opposed to only a subpopulation of
viruses (26, 72, 74). It has also been suggested that superinfection
contributes to recombination to a much greater extent than does
cell-to-cell transmission, on the assumption that multiple infec-
tion by cell-to-cell transmission involves genetically identical vi-
rions (23). Regardless of the pathways of infection through which
recombinant viruses arise, their evolutionary success is apparent
given the global abundance of CRFs. More direct examples of the
success of recombinants are shown by studies in which rhesus
macaques were inoculated with two simian immunodeficiency
virus (SIV) strains, each deleted in one or more accessory genes. In
these studies, recombinants emerged as the dominant quasispe-
cies in most macaques (31, 32). In settings of highly active antiret-
roviral therapy (HAART), the selective advantages of multidrug-
resistant viruses might be even greater than for these accessory
gene-deleted lentiviruses.

Previous studies have examined superinfection of cell lines
harboring defective or latent viruses, although not in the same
context as explored here. The authors of one study infected the U1
and ACH-2 cell lines (which harbor latent or defective proviruses)
or their parental cell lines with HIV-1 that was pseudotyped with
an amphotropic MLV envelope (75). In that study, superinfection
was used as a tool to uncover cellular determinants of viral latency
in Ul and ACH-2 cells and provided useful insights into HIV-1
latency at a time when little was known in that regard. However,
latent virus reactivation and subsequent recombination were not
addressed. A second study demonstrated recombination when a
cell line chronically infected with a Vpr-deleted provirus was su-
perinfected with other accessory gene-deleted viruses (76). More
recently, our group has demonstrated recombination following
superinfection of a cell line chronically infected with a multidrug-
resistant virus, although the cell line carried an envelope-defective
virus rather than a latent virus (77). Another study recently dem-
onstrated that coinfection with distinct reporter viruses led to
higher than expected levels of double-positive cells and that this
required Tat (78). This likely indicates that Tat expression from
one coinfecting virus is sufficient to drive expression of both viral
genomes, potentially limiting the earliest events involved in the
establishment of latency. In the present study, we have used pop-
ulations of both Jurkat cells and unstimulated primary CD4 T
cells, each harboring latent viral genomes across diverse integra-
tion sites. Of note, the latent viruses used here encode H13L Tat
that attenuates its activity by decreasing Tat—P-TEFD interactions.
This is reminiscent of the enrichment of attenuated tat viruses that
was identified in resting CD4 T cells of patients on suppressive
therapy, where those tat mutations also caused decreased affinity
for P-TEFD (79). Finally, one study showed that coinfection of a
T-cell line with two distinct drug-resistant viruses led to the emer-
gence of multidrug-resistant recombinants following passage in
cell culture under selective conditions (80).

While many of the same mechanisms appear to govern the
establishment and maintenance of latency in Jurkat cells and pri-
mary cells (3, 81), their intracellular environments exhibit impor-
tant differences. Thus, our examination of the effect of gp120 on
latent virus reactivation (Fig. 1) might not be applicable to latency
in primary resting cells, whose activation state is unlikely to be
represented by Jurkat cells. Similarly, this issue might apply to our
examination of the role of Nef in latent virus reactivation (Fig. 2).
If anything, however, our results might suggest a modest inhibi-
tory effect of Nef on latent virus reactivation in Jurkat cells (Fig. 2B
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and 3D; compare the Anef data point to the linear regression line),
although this is purely speculative. These differences notwith-
standing, our results indicate that latent viruses can be reactivated
by superinfection in both Jurkat cells and primary CD4 T cells. It
is worth discussing our use of an NRTI-resistant virus in the re-
combination experiments presented in Fig. 6, since some NRTI
resistance mutations alter recombination rates. However, the
M184V mutation used here has only a minor effect on RT tem-
plate-switching rates (82). Additionally, it has been shown that
recombination occurs at similar frequencies in both Jurkat cells
and primary cells (26).

Recombination is expected to occur whenever there is ongoing
replication. While two recent studies have provided evidence for
ongoing HIV-1 replication during suppressive HAART (83, 84),
the general consensus is that ongoing replication does not occur in
most HAART-treated patients (85-88). Nonetheless residual
viremia is present in most HAART-treated individuals, which
likely arises from reactivation of latent viruses, and a recent study
demonstrated that residual viremia during long-term suppressive
HAART was infectious (89). This suggests that new rounds of
replication could occur during periods of low drug adherence or
treatment interruption or even during adherent treatment if the
residual virus was drug resistant. Superinfection of latently in-
fected cells might be expected to occur regularly in untreated pa-
tients and could also occur during HAART as a result of infectious
residual viremia, regardless of whether the residual viremia origi-
nated from activation of individual latent viruses, low-level ongo-
ing replication, or viral rebound following treatment failure. As
demonstrated here, reactivated latent viruses are capable of un-
dergoing recombination. Recombination is widely acknowledged
to increase viral evolution in individual patients (24, 25, 34, 90,
91), often though not always accelerating the emergence of mul-
tidrug resistance (92-94). Since all viral quasispecies, including
drug-resistant viruses, can be latently archived (11-15), reactiva-
tion of latent viruses by superinfection or other means could pro-
vide for the emergence or spread of replicatively fit viruses in the
face of strong selective pressures.
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