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HIV-1 latency poses a major barrier to viral eradication. Canonically, latency is thought to arise from progressive epigenetic si-
lencing of active infections. However, little is known about when and how long terminal repeat (LTR)-silent infections arise
since the majority of the current latency models cannot differentiate between initial (LTR-silent) and secondary (progressive
silencing) latency. In this study, we constructed and characterized a novel, double-labeled HIV-1 vector (Red-Green-HIV-1
[RGH]) that allows for detection of infected cells independently of LTR activity. Infection of Jurkat T cells and other cell lines
with RGH suggests that the majority of integrated proviruses were LTR-silent early postinfection. Furthermore, the LTR-silent
infections were transcriptionally competent, as the proviruses could be reactivated by a variety of T cell signaling agonists. More-
over, we used the double-labeled vector system to compare LTRs from seven different subtypes with respect to LTR silencing and
reactivation. These experiments indicated that subtype D and F LTRs were more sensitive to silencing, whereas the subtype AE
LTR was largely insensitive. Lastly, infection of activated human primary CD4� T cells yielded LTR-silent as well as productive
infections. Taken together, our data, generated using the newly developed RGH vector as a sensitive tool to analyze HIV-1 la-
tency on a single-cell level, show that the majority of HIV-1 infections are latent early postinfection.

Upon infection of target cells, HIV-1 integrates into the host
genome and the subsequent transcription of the provirus by

the cellular machinery leads to an accumulation of genomic and
spliced viral RNAs. However, the HIV-1 long terminal repeat
(LTR) can be transcriptionally inactive and, as a result, no viral
proteins are produced. Transcriptionally inactive, latent HIV-1
proviruses can form as a result of multiple and progressive epige-
netic mechanisms that silence otherwise productive infections
(reviewed in references 17 and 54). These mechanisms include,
but are not limited to, the following: (i) host cell activation state
and transcription factor pools, (ii) HIV-1 LTR chromatin struc-
ture and modifications (e.g., nucleosome positioning, histone tail
modification, DNA methylation), (iii) proviral genomic location
(e.g., host chromatin environment, provirus orientation relative
to host genes), (iv) threshold levels of the viral transactivator Tat,
and (v) upstream control of HIV-1 activation by a currently un-
known protein kinase (3). Cumulatively, these molecular mecha-
nisms have led to the prevailing view that HIV-1 latency is largely
the product of progressive epigenetic silencing of active infections.

Postintegration HIV-1 latency is one of the main obstacles to
viral eradication, since latently infected cells are not detected by
the immune system and are not affected by highly active antiret-
roviral therapy (HAART) (4–6). The latent reservoir is formed
within days of initial infection (7–10) and is primarily composed
of long-lived resting memory CD4� T cells, although other cell
types may exist (1). Latency makes lifelong HAART a requirement
for HIV-1-infected individuals (11), as cessation of therapy results
in viral rebound within weeks (12).

Eradication of HIV-1 requires novel pharmacotherapies di-
rected at modulating the latent reservoir. Such strategies necessi-
tate compounds that are able to potently and specifically induce
latent HIV-1 expression from the viral LTR promoter in a broad
range of epigenetic environments and cellular states. To date, ef-
forts to purge the latent reservoir have focused on the usage of

histone deacetylase inhibitors (HDACi) to induce LTR transcrip-
tion. While studies have been able to induce HIV-1 expression ex
vivo, early efforts with these drugs showed little impact on the
latent reservoir in vivo (13–15). A recent study demonstrated,
however, the induction of cell-associated HIV-1 RNA in patients
treated with the HDACi suberoylanilide hydroxamic acid (SAHA)
(16). A more comprehensive understanding of the processes de-
termining the establishment of HIV-1 latency is essential to dis-
covering efficacious new therapies.

Several model systems have been developed to study latency in
cell culture, since studies in vivo are complicated because latently
infected cells from patients are extremely rare (less than �1 � 106

per patient) and phenotypically indistinguishable from unin-
fected cells (6). Typically, HIV-1 latency models utilize a single
marker of active viral infection, such as an LTR-driven fluorescent
protein, such as green fluorescent protein (GFP), followed by se-
lection and long-term cell culture to establish latency (reviewed in
references 17, 18, and 19). However, this design inherently limits
the ability to study early latency establishment because of the ab-
sence of a positive marker for latent infection. Additionally, the
cell selection steps employed may polarize the model toward spe-
cific latent populations, i.e., either initial or secondary latency.
Some evidence suggests that “silent infections” may play a role in
HIV-1 latency (20); however, the frequency and regulation of
these infections remain largely unknown.
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In order to better study HIV-1 early latency establishment, we
constructed a “double-labeled,” single-cycle HIV-1 vector suit-
able for studying HIV-1 transcription at the single-cell level (Red-
Green HIV-1 [RGH]). We show that in infected Jurkat cells, a
substantial proportion of infections (approximately 65%) result
in an LTR-silent population very early after infection. The LTR-
silent population is transcriptionally competent and can be reac-
tivated by several HIV-1-activating compounds. In addition, we
show that the frequency of early silent infections is variable with
respect to specific HIV-1 subtype LTRs. Finally, we show that both
LTR-silent and productive infections are also represented in acti-
vated primary human CD4� T cells. In summary, the series of
RGH vectors described here provides a new model system to ef-
fectively study different aspects of HIV-1 latency at the single-cell
level without the need for selection steps or extensive culturing.

MATERIALS AND METHODS
Construction of a panel of RGH vectors. To construct the RGH molec-
ular clone, an ApaI-BssHII fragment containing gag-enhanced green flu-
orescent protein (eGFP) was cloned from the Gag-iGFP NL4-3 clone (21)
into pLAI (22) to create pLAI-Gag-iGFP. Of note, the Envelope open read-
ing frame was disrupted by the introduction of a frameshift at position
7136 by digestion with KpnI, blunting, and religation. The cytomegalovi-
rus-mCherry (CMV-mCherry) (23) cassette was PCR amplified from
pcDNA3.1�-mCherry and cloned into pLAI-Gag-iGFP using the BlpI-
XhoI sites to create the final double-labeled construct. The �U3 RGH
clone was created by cloning a �U3 linker from pTY-EFeGFP (24–27)
into the KpnI-SacI sites of the 3= LTR in the double-labeled clone. The
�CMV RGH clone was created by removing a BsmBI-PmeI fragment
containing the CMV promoter from the double-labeled construct.

The integrase mutant D116A was created by two-step PCR-mediated
site-directed mutagenesis and cloning of the final amplicon into the ApaI-
SalI sites of the RGH construct. The group M subtype promoters (n � 7;
B, A, C, D, AE, F, and G) were cloned into the RGH construct by trans-
ferring a HindIII-XhoI fragment from subtype constructs (28) to the 3=
LTR of the RGH clone.

Cell culture, virion production, and transduction. Jurkat E6-1 (29),
SupT1 (30), U937 (ATCC), HeLa (ATCC), and HEK293T (ATCC) cells
were cultured under standard conditions as previously described (31).

Vesicular stomatitis virus G (VSV-G) pseudotyped viral stocks were
created by transfecting HEK293T cells with viral molecular clones and
pHEF-VSVg (24) in a 10:1 ratio as previously described (31). Purified,
concentrated viral stocks were prepared by centrifugation of clarified su-
pernatants from transfected HEK293T cells through a 6% iodixanol–
OptiPrep (Sigma) cushion. Concentrated virions were resuspended in
complete media.

Jurkat E6-1 cells were infected by spinoculation as previously de-
scribed (32), except that 5 � 105 cells were subjected to spinoculation for
1.5 h in 12-well plates in 1 ml complete media supplemented with 4 �g/ml
Polybrene (500 � g, room temperature). A 25-�l volume of viral super-
natant was added to the cells to yield an average infection rate of 10%,
thereby ensuring single-copy integrations. Unless otherwise indicated, in-
fected cells were utilized for experiments at 4 days postinfection.

Primary T cell infections. Primary CD4� T cells from three healthy
donors (HC-8537, HC-8536, and HC-4142) were obtained from San-
guine Biosciences and thawed according to the company’s recommenda-
tions. Cells were cultured for 48 h in a humidified atmosphere of 37°C and
5% CO2 in RPMI 1640 –10% (vol/vol) fetal bovine serum–100 U/ml pen-
icillin–100 mg/ml streptomycin–20 U/ml interleukin-2 (IL-2) (33). Cells
(2.5 � 106) from each donor were incubated either with IL-2 alone (non-
activated) or with IL-2 and phytohemagglutinin (PHA-P [2 �g/ml]) (ac-
tivated) for 48 h.

Activated and nonactivated primary CD4� T cells were subjected to
spinoculation with purified RGH viral stocks as described for Jurkat cells,

except that 2.5 � 105 cells were subjected to spinoculation in 24-well
plates in 0.5 ml of complete media supplemented with 2 �g/ml Polybrene.
A 10- or 100-�l volume of 25�-concentrated viral supernatant was added
to the activated or nonactivated cells, respectively. For the remainder of
the experiment, cells were maintained in complete RPMI media supple-
mented with IL-2 (20 U/ml) and media was replenished every 2 days. Cells
were analyzed by flow cytometry 6 days postinfection.

Flow cytometry and drug treatments. Prior to flow cytometry analy-
sis, cells were fixed in 1% (vol/vol) formaldehyde for 10 min at room
temperature. A total of 10,000 to 20,000 live cell events (as determined on
the basis of forward scatter channel-side scatter channel [FSC/SSC] pro-
files) were analyzed on a Becton Dickinson LSRII flow cytometer, and the
data were analyzed using FlowJo. Statistical tests (Student’s t test) were
performed using R 2.15.1. Live cells were sorted by a Becton Dickinson
Influx fluorescence-activated cell sorter (FACS).

Cells were treated with various drugs for the times and durations in-
dicated in the individual experiments. Drugs were added at the listed
concentrations to complete media. Unless otherwise stated, drugs were
used at the following concentrations: raltegravir, 10 �M; tumor necrosis
alpha (TNF-�), 10 ng/ml; SAHA, 1 �M (34); trichostatin A (TSA), 50
ng/ml; phorbol 12-myristate 13-acetate (PMA), 4 ng/ml; ionomycin
(Iono), 1 �M; 5-aza-dC, 5 �M.

RESULTS
Characterization of the double-labeled HIV-1 molecular clone
RGH. We constructed an HIV-1 LAI molecular clone containing
two fluorescent markers to identify both silent and productive
HIV-1 infections (Fig. 1A).

The eGFP protein is flanked by HIV-1 protease cleavage sites
and placed in gag between matrix and capsid (21, 35). Each Gag
protein contains eGFP, resulting in green virions, which, upon
fusion with the target cell, release eGFP into the target cell (Fig.
1B). Upon integration, Gag-eGFP expression is under the control
of the HIV-1 promoter and may serve as a quantitative marker for
HIV-1 LTR gene activity. Moreover, Gag-eGFP is a late gene prod-
uct and, hence, is likely indicative of HIV-1 virus production. Of
note, low-level Gag expression in primary cells can occur in the
absence of virion production (2), suggesting that certain Gag ex-
pression levels are required for efficient production of new
virions.

The second reporter, inserted in the viral nef position, consists
of a cassette containing the CMV immediate-early promoter ex-
pressing mCherry fluorescent protein (23). mCherry is constitu-
tively expressed and allows detection of integrated virus regardless
of the transcriptional state of the HIV-1 LTR.

The combination of the two fluorescent proteins under the
control of the HIV-1 LTR and an internal CMV promoter (Red-
Green-HIV-1 [RGH]) allows quantitative detection of active virus
production (eGFP� and mCherry�; “yellow”), but more impor-
tantly, also detects nonproductive HIV-1 (eGFP� and mCherry�;
“red”) (Fig. 1C). In addition, the HIV-1 envelope is inactivated,
which prevents spreading viral replication and superinfection, as
well as envelope-induced/associated cell toxicity. The deletion in
envelope also allows us to circumvent the use of antiretroviral
drugs in cultures, which would be required to prevent multiple
rounds of infections.

Red-Green-HIV-1 identifies LTR-silent infections, which are
established early after infection and require integration. To test
the double-labeled system (Fig. 1), we produced VSV-G pseu-
dotyped RGH viral stocks in HEK293T cells and infected Jurkat T
cells at a low multiplicity of infection (MOI) (�0.2). At 1 day
postinfection, distinct green, yellow, and red populations were
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observed, but only the yellow and red populations, representing
integrated proviruses, persisted through later time points (Fig. 2A
and B). The number of LTR-silent infected cells (red) consistently
outnumbered the doubly positive HIV-1-producing cells (yel-
low), indicating that the majority of HIV-1 infections are silent
early postinfection. Interestingly, day 1 postinfection was charac-
terized by a high number of GFP� mCherry� cells, which were no
longer observed at later time points (Fig. 2A and B). This transient
eGFP� cell population is the result of the Gag-eGFP fusion pro-
teins incorporated in the virus used to infect the cells and hence
rapidly disappears after infection (Fig. 1B and references 21 and
35). Calculation of the ratio of red to yellow cells for all the time
points of the infection (Fig. 2C) showed a transient increase of the
number of red cells (eGFP-mCherry�) over the number of yellow
cells (eGFP�/mCherry�) 2 days postinfection. This spike could
reflect delayed late Gag-eGFP expression compared to more rapid
mCherry accumulation, and/or the observed drop in mCherry�

cell numbers could result from CMV promoter silencing. Impor-
tantly, however, the red cell/yellow cell ratio stabilized approxi-
mately 4 to 5 days after infection (Fig. 2C).

Nonintegrated 2-LTR circles have been described to express
several HIV-1 nonstructural proteins, such as Tat, Rev, and Nef
(36, 37). To exclude the possibility that the higher mCherry signal
results from expression from 2-LTR circles, we infected Jurkat
cells with RGH virus in the presence of the integrase inhibitor
raltegravir (Fig. 2D) or with an RGH virus bearing a D116A inac-
tivating mutation in integrase (Fig. 2E and reference 52). Both
raltegravir and the integrase mutant prevented the formation of
red and yellow cells (Fig. 2D and E), indicating that the red and
yellow signals observed in RGH-infected cells represent integrated
proviruses and not 2-LTR circles. The eGFP expression at day 1
postinfection, in contrast, was not affected by raltegravir or the
integrase mutation, underscoring that the initially observed eGFP

peak is caused by the virally packaged eGFP and not from newly
expressed eGFP in the target cells. Thus, the RGH vector can effi-
ciently discriminate between active and silent HIV-1 expression.
Moreover, infection of Jurkat cells with RGH suggests that the
majority of infections are latent early postinfection.

Identification of LTR-silent infections is dependent on the
presence of both LTR and CMV promoters. Infection of Jurkat
cells with RGH indicates that the majority of integrated proviruses
are LTR silent 4 to 5 days postinfection (Fig. 2). To characterize
the effect of both the LTR and CMV promoters on this infection
profile, we constructed a number of control RGH variant viruses
that lack CMV-mCherry, the CMV promoter, or the HIV-1 pro-
moter (Fig. 3A). As expected, CMV-mCherry-deleted virus pro-
duced only green cells (Fig. 3B). RGH lacking the U3 promoter
region of the 3= LTR results in an integrated virus devoid of the 5=
HIV-1 promoter and results in only red cells (Fig. 3B). Finally, the
deletion of the CMV promoter in RGH renders mCherry depen-
dent on the HIV-1 promoter and results in the simultaneous ex-
pression of eGFP and mCherry, thereby producing exclusively
eGFP� mCherry� (yellow) cells (Fig. 3B).

Inspection of Jurkat cells infected with wild-type RGH by fluo-
rescence microscopy showed two distinct cell populations: cells
expressing both fluorescent proteins (eGFP�/mCherry�; yellow)
and cells expressing only mCherry (eGFP�/mCherry�; red) (Fig.
3C). Taken together, these data confirm that having a virus with
independent expression of both fluorescent reporters is necessary
to detect early LTR-silent infections.

We next wanted to determine if the LTR-silent infections
were specific for Jurkat T cells or a bona fide property of HIV-1
infection. To do this, we infected different human cell lines
such as the T-cell line SupT1, the monocyte line U937, and the
nonimmune cell lines HEK293T and HeLa with the RGH viral
stocks. As shown in Fig. 3D, cell lines differed in their suscep-

FIG 1 Schematic representation of the Red-Green-HIV-1 (RGH) vector. (A) HIV-1 B-LAI �env is labeled with eGFP as an in-frame gag fusion flanked by HIV-1
protease cleavage sites (inverted triangles), and by a CMVIE-driven mCherry cassette located in place of nef. WT, wild type. (B) Schematic depiction of RGH
infection of target cells and the resultant fluorescent protein profiles over time. (C) Schematic depiction of HIV-1 RGH-infected cell populations detected by
FACS analysis.
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tibilities to infection (between 5% and 37% infection rate) (Fig.
3D) but most infected cell lines yielded at least twice as many
eGFP�/mCherry� (red) cells as eGFP�/mCherry� (yellow)
cells (for SupT1 cells, red, 24.5%, yellow, 12.3% [ratio, 1.99];
for U937 cells, red, 5.5%, yellow, 0.7% [ratio, 7.85]; for
HEK293T cells, red, 6.8%, yellow, 1.9% [ratio, 3.58]; and for
HeLa cells, red, 2.8%, yellow, 2.5% [ratio, 1.12]). These results
indicate that LTR-silent infections are common and evident in
many different cell types (Fig. 3D). Collectively, these data sug-
gest that the independent expression of the two fluorescent
reporters is necessary to detect early LTR-silent infections and
that these infections are a bona fide feature of HIV-1 infection.

Silent LTRs in infected cells are transcriptionally competent.
The HIV-1 LTR contains binding sites for a multitude of tran-
scription factors (such as NF-	B, nuclear factor of activated T-
cells [NFAT], and AP-1) that act downstream of the T-cell signal-
ing pathway and hence can be activated by a variety of signaling
agonists (reviewed in references 17 and 53). For example, tumor
necrosis factor alpha (TNF-�) and phorbol 12-myristate 13-ace-
tate (PMA)-ionomycin (Iono) are both potent activators of
HIV-1 (TNF-� in transformed T cells only) by stimulating the
protein kinase C (PKC) and mitogen-activated protein (MAP)
kinase/calcineurin pathways, respectively (39, 40). Additionally,
general epigenetic modifying drugs such as the HDAC inhibitors

FIG 2 LTR silencing in RGH-infected Jurkat cells occurs early and requires integration. (A) Flow cytometry time course of RGH-infected Jurkat cells. Plots
shown are representative of the results of triplicate infections. p.i., postinfection. (B) Plot of positive cells from each colored fraction (eGFP� mCherry�, eGFP�

mCherry�, eGFP� mCherry�) over the course of infection. Error bars represent standard deviations of the results of triplicate experiments. (C) Data from the
experiment represented by panel B are enumerated as ratios of red cells to yellow cells (proportion of eGFP� mCherry� to eGFP� mCherry�). Error bars
represent standard deviations of the results of triplicate experiments. ns, nonsignificant; *, P 
 0.05 (Student’s t test). (D) Jurkat cells were infected with RGH in
the presence of the integrase inhibitor raltegravir (10 �M). Cells were analyzed by flow cytometry over a period of 7 days. Error bars represent standard deviations
of the results of triplicate experiments. (E) Jurkat cells were infected as described for panel D, except that an RGH variant bearing a catalytically defective integrase
variant (D116A) was used. Additionally, raltegravir was excluded.
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FIG 3 Identification of LTR-silent RGH infections is dependent on both the LTR and CMV promoters, and is not specific for Jurkat T cells. (A) Schematic
representation of RGH variant viruses. Gag-eGFP lacks the CMV-mCherry construct, while �U3 and �CMV both contain both fluorescent coding sequences
(eGFP and mCherry) but lack U3 in the 3= LTR and the CMV promoter, respectively. Variants are otherwise isogenic. (B) Jurkat cells were infected with WT and
variant RGH and analyzed by flow cytometry 4 days postinfection. Plots shown are representative of the results of triplicate experiments. (C) Fluorescence
microscopy (�100) of RGH-infected Jurkat cells (4 days postinfection). eGFP� mCherry� and eGFP� mCherry� cells are indicated in the merge panel by red
and yellow arrows, respectively. Images shown are representative of the results of triplicate experiments. (D) SupT1, U937, HEK293T, and HeLa cells were
infected with RGH and analyzed by flow cytometry 4 days postinfection. Plots are representative of the results of duplicate experiments.
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SAHA and trichostatin A (TSA) cause hyperacetylation of LTR
nucleosomes and activation of LTR-driven transcription (41, 42).
The DNA methyltransferase inhibitor 5-aza-2=deoxycytidine (5-
aza-dC) has been shown to activate HIV-1 transcription, although
its effects depend on the model system used (43).

We next determined whether the majority of RGH-infected
Jurkat cells, which are LTR silent 4 days after infection (Fig. 2),
could be reactivated. We treated RGH-infected Jurkat cells 4 days
postinfection with TNF-�, PMA, Iono, PMA/Iono, 5-aza-dC,
SAHA, TSA, TNF-�/SAHA, or dimethyl sulfoxide (DMSO) (neg-
ative control) for 24 h followed by FACS analysis (Fig. 4A and B).
TNF-�, PMA, PMA/Iono, SAHA, TSA, and TNF-�/SAHA acti-
vated silent LTRs compared to the DMSO control (approximately
3-fold decrease in the red/yellow ratio) (Fig. 4A and B). Interest-
ingly, 5-aza-dC failed to activate silent LTRs (Fig. 4A and B). It has
been proposed that DNA methylation is a late mark in HIV-1
proviral silencing and, thus, that 5-aza-dC would not be expected
to play a role at an early time point after integration (38). Addi-
tionally, the combination of TNF-� and SAHA did not have an
additive effect on LTR activation, suggesting that the maximal
effect had been reached with either drug alone (Fig. 4A and B).

Interestingly, we consistently noticed a decrease in the double-
negative cell population upon reactivation of RGH (eGFP�

mCherry�) (lower left quadrant, Fig. 4A and B), which suggests
that the double-negative cells may harbor infected cells with inac-
tivated LTR and CMV promoters. To better understand the reac-
tivation features of the different RGH-infected cell populations,
we sorted RGH-infected Jurkat cells into their constituent popu-
lations (3 days postinfection). Each of the three sorted cell popu-
lations, as well as unsorted infected Jurkat cells, was activated with
TNF-� (Fig. 4C and D). The presorted infected Jurkat cells
showed the typical infection profile for both DMSO and TNF-�
treatment, with red cells outnumbering the yellow cells for DMSO
and a reversal of this distribution for TNF-� (Fig. 4D). TNF-�
treatment of the sorted double-negative cells resulted in both red
and yellow cells (4.5% red, 8.2% yellow; red/yellow ratio, 0.55)
(Fig. 4D), indicating that a portion of the “uninfected” cell popu-
lation, indeed, harbored fully competent proviruses with both
promoters silenced. The sorted mCherry singly positive popula-
tion remained predominantly mCherry positive and showed an
increase in the numbers of yellow cells upon TNF-� treatment
compared to the DMSO treatment (Fig. 4D). The sorted doubly
positive yellow cell population comprised primarily LTR-active
proviruses, and TNF-� activation resulted in only a minor in-
crease in the numbers of yellow cells, thus confirming that the
HIV-1 LTR is already fully activated in these cells (Fig. 4D).

Taken together, these data indicate that LTR-silent RGH pro-
viruses in Jurkat cells are transcriptionally competent and can be
reactivated by a variety of T-cell signaling agonists and HDAC
inhibitors.

Group M subtype LTRs differ in their sensitivities to latency.
Given that the RGH vector can detect LTR-silent infections in
Jurkat cells (Fig. 2, 3, and 4), we reasoned that the ratio of LTR-
silent red cells to LTR-active yellow cells would likely be affected
by intrinsic determinants within the HIV-1 LTR, such as tran-
scription factor binding sites. Therefore, we cloned natural sub-
type LTR variants (28) into the RGH vector and assessed the effect
of LTR variations on silent infections and reactivation potential.
Jurkat cells were infected with each of the RGH subtype LTR vi-
ruses (subtypes B, A, C, D, AE, F, and G) (Fig. 5A) at low MOI and

treated with PMA/Iono or DMSO 4 days postinfection to activate
LTR-silent RGH (Fig. 5B and C). After PMA/Iono activation, the
red/yellow ratio dropped substantially (approximately 2- to
4-fold) for most subtypes compared to the control DMSO treat-
ment results. However, subtype AE exhibited the lowest red/yel-
low ratio difference between DMSO and PMA/Iono treatment,
suggesting that the subtype AE promoter is constitutively ex-
pressed and thus cannot be further activated by PMA/Iono (Fig.
5C and D). Since the subtype AE promoter contains only one
canonical NF-	B binding site (28, 44), limited activation by the
PMA/Iono treatment could be the underlying reason (Fig. 5C
and D).

Interestingly, the fold change in latency ratios is significantly
higher for subtype D and F LTRs, suggesting that these promoters
are more prone to transcriptional silencing in Jurkat T cells (Fig.
5D). Of note, for subtype AE the fold difference in latency ratios
between DMSO and PMO/Iono treatment is substantially lower
than that seen with B-LAI (Fig. 5D).

Our results suggest that different HIV-1 subtypes display dif-
ferent levels of LTR silencing. Subtype AE was less likely to become
silenced than the other subtypes, which is in full agreement with
previous reports (28, 44), while subtypes D and F were more prone
to silencing. Using the RGH Jurkat cell model, we observed differ-
ences in the occurrence of LTR-silent infections between sub-
types, which recapitulated well the results observed in earlier stud-
ies using different models to study HIV-1 latency.

LTR-silent RGH infections occur in primary CD4� T cells.
The majority of RGH infections in Jurkat cells result in direct LTR
silencing (Fig. 2, 3, 4, and 5). Although Jurkat cells are widely used
to study HIV-1 latency, they may not accurately represent the
memory CD4� T cells that make up the latent HIV-1 reservoir in
vivo. To study RGH infection in a more relevant context, we in-
fected human primary CD4� T cells obtained from three healthy
donors. We subjected activated (IL-2-plus-PHA-treated) and
nonactivated (IL-2 alone) cells from the different donors to spin-
oculation with RGH and cultured the infected cells for 6 days prior
to flow cytometry analysis (Fig. 6A and B).

The activated cells (IL-2 plus PHA) showed both red and yel-
low cells indicative of successful infections. Red cells outnum-
bered yellow cells in all donors (Fig. 6A and C), demonstrating the
presence of LTR-silent infections in primary cells, similar to the
results seen with Jurkat cells (Fig. 2, 3, 4, and 5). However, many
cells were eGFP� only (Fig. 6A; compare RGH infected to mock
infected) and microscopy inspection of the cells shortly after in-
fection revealed the presence of large intracellular eGFP aggre-
gates that persisted for more than 6 days (data not shown). This
eGFP signal represents the initial, virally derived eGFP signal that,
in contrast to Jurkat cells (Fig. 2B), persists for a long time in
primary CD4� T cells.

Despite using 10-fold-more virus to infect nonactivated CD4�

T cells (IL-2 alone), we could not detect red or yellow infected cells
(Fig. 6B), indicating that the RGH virus is unable to productively
infect nonactivated cells. Of note, nonactivated CD4� T cells are
difficult to infect, a problem that may be overcome in some mod-
els by using a very high MOI (reviewed in references 18 and 19).
Despite the absence of productive infections, we detected eGFP�-
only cells at levels similar to those observed in activated cells from
the same donor (Fig. 6B).

Collectively, these data suggest that both LTR-silent and pro-
ductive infections occur in primary CD4� T cells.
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FIG 4 Silent LTRs in RGH-infected cells are transcriptionally competent. (A) RGH-infected Jurkat cells (4 days postinfection) were treated with DMSO, TNF-�,
PMA, PMA/Iono, 5-aza-dC, SAHA, TSA, or TNF-�/SAHA for 24 h prior to analysis by flow cytometry. Plots shown are representative of the results of triplicate
experiments. (B) Data from panel A are enumerated as the red/yellow ratio of the infected population. Error bars represent standard deviations of the results of
triplicate experiments. ns, nonsignificant; **, P 
 0.01; ***, P 
 0.001 (Student’s t test). (C) RGH-infected Jurkat cells were sorted to greater than 90% purity 3
days postinfection. The left panel depicts the Jurkat cells infected with RGH at day 3 postinfection, and the right panel shows the purity of the individual cell
populations after sorting (composite of three individual FACS plots). Cells were left to recover for 24 h prior to treatment with either DMSO or TNF-� for a
further 24 h, followed by analysis by flow cytometry. (D) Data from the experimental outline in panel C. Cells were analyzed by flow cytometry. Error bars
represent standard deviations of the results of duplicate experiments. inf., infected. **, P 
 0.01; ***, P 
 0.001 (Student’s t test).
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FIG 5 RGH recapitulates differences in latency observed between HIV-1 group M subtypes. (A) Schematic representation of RGH variants containing promoter
sequences from the major group M viral subtypes. Viruses are isogenic except for a 209-bp BseAI-AflII fragment containing the core promoter region of the LTR
that stretches from position �147 to position �68. (B) Jurkat cells were infected with the subtype RGH variants and analyzed by flow cytometry 4 days
postinfection. Plots shown are representative of the results of triplicate experiments. (C) Jurkat cells were infected with the subtype RGH variants. At 4 days
postinfection, cells were treated with either DMSO or PMA/ionomycin for 24 h and then analyzed by flow cytometry. Error bars represent standard deviations
of the results of triplicate experiments. (D) Data from panel C are enumerated as fold change between the PMA and DMSO treatments. Error bars represent
standard deviations of the results of triplicate experiments. R, red; Y, yellow; ns, nonsignificant; ***, P 
 0.001 (Student’s t test).
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FIG 6 LTR-silent RGH infections occur in primary CD4� T cells. (A) Activated (IL-2 � PHA) primary CD4� T cells from three healthy donors were infected
with purified RGH. Infected cells were cultured in IL-2-containing media for 6 days prior to FACS analysis. (B) Nonactivated (IL-2) primary CD4� T cells from
three healthy donors were infected with 10-fold more virus than in the experiment represented by panel A. Infected cells were cultured in IL-2-containing media
for 6 days prior to FACS analysis. (C) Data from panel A are displayed graphically, with the ratio of red cells to yellow cells indicated at the bottom.
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DISCUSSION

A better understanding of the dynamics of HIV-1 latency and the
cellular mechanisms controlling these processes is instrumental to
developing HIV-1 eradication strategies. In this study, we con-
structed and characterized a novel double-labeled HIV-1 vector
(Red-Green-HIV-1 [RGH]) (Fig. 1), which reduces the selection
bias inherent to traditional single-label models of latency. Addi-
tionally, this model allows examination of several phases of HIV-1
latency and reactivation, including establishment, maintenance,
and expression. By incorporating the CMV-mCherry reporter, the
RGH model can positively identify latently infected cells rather
than utilizing excluding selection steps, which is a common de-
nominator for many other latency systems. Moreover, utilization
of CMV-mCherry allows the distinction of latently infected cells
from uninfected ones, thereby allowing transcriptome and pro-
teome comparisons, without the need for viral reactivation by T
cell activation. Reactivation likely destroys the unique transcrip-
tional properties of latently infected cells, thus preventing mean-
ingful comparisons of the viral and cellular states of both latently
and actively infected cells. Thus, with the RGH vector, all popula-
tions of infected cells, including those with initially suppressed
LTRs, can be studied and quantified at both the single-cell and
population levels. Additionally, the RGH vector may also be used
to study canonical mechanisms of HIV-1 latency by continual
passaging. These mechanisms, which contribute to the progres-
sive epigenetic silencing of active infections, include both cis-act-
ing factors (e.g., HIV-1 integration site and chromatin environ-
ment) and trans-acting factors (e.g., cellular activation state and
transcription factor pools [reviewed in references 1 and 2]).

The major advantage of the RGH vector system is the LTR-
independent marker of infection (mCherry), which requires a
separate, HIV-1-independent promoter to drive its expression.
We choose the CMV promoter for this purpose since it is widely
used by the research community. Of note, the CMV promoter
may also have its limitations, especially in primary cells (45–47).
Activation of RGH-infected Jurkat cells (Fig. 4A and 4B, whole-
cell population, and Fig. 4D, double-negative sorted cells) re-
vealed that the eGFP�/mCherry� cell population also contains
LTR- and CMV-silent proviruses, which can be activated by
TNF-� treatment (Fig. 4). Inactive/silenced CMV promoters
would, therefore, lead to underestimation of the true infection
rate in our system. Moreover, the CMV promoter has been shown
to be responsive to T cell activation signals and, consequently, to
be expressed at much lower levels in nonactivated cells (45–47).
Thus, an alternative constitutive nonviral promoter such as EF1�,
PGK, or UbC may be useful alternatives to the CMV promoter
used in the current RGH vector. Despite these CMV promoter-
associated potential limitations, we observed that the majority of
RGH CMV-mCherry� infections were LTR silent (Fig. 2, 3, and 4)
in different cell lines (in T cell lines, Jurkat, Sup-T1, myeloid,
epithelial, etc.). In this light, utilizing a stronger mCherry pro-
moter would lower the frequency of double-silent promoter pro-
viruses, thereby ensuring that the detectable cells (eGFP� and
mCherry�) better represent the silenced HIV-1 provirus.

Importantly, the RGH infection experiments suggest that tran-
scriptionally competent, LTR-silent proviruses are common in T
cell lines, as well as in other transformed cell types (Fig. 2). More-
over, we also observed LTR-silent infections in primary CD4� T
cells, suggesting that RGH vector may also be suitable for studying

direct-silent infections in primary cells (Fig. 6). However, some
shortcomings of the RGH vector became more apparent in pri-
mary CD4� T cell infections. First, a substantial and persistent
eGFP�-only signal, reflecting eGFP-labeled incoming particles,
was present in both resting and activated CD4� T cells (Fig. 6A
and B). This was also observed for RGH-infected Jurkat cells, but
this virally packaged eGFP signal disappeared rapidly in the Jurkat
cells (Fig. 2). Apparently, the virally packaged eGFP is much more
stable in primary cells, possibly because the CD4� T cells divide
less, and thus, eGFP would not be lost by dilution. Importantly,
the presence of the eGFP�-only signal may complicate the distinc-
tion of the red and yellow infected cell populations, as virally de-
rived eGFP may cause red cells to shift into the yellow gate, thereby
leading to underestimation of the LTR-silent population. In addi-
tion, some of the cells in the eGFP� population could be infected
with only the transcriptionally LTR-active (eGFP� only) cells. In-
deed, the CMV promoter has been observed to be expressed with
lower efficiency in some primary lymphocyte systems (46, 48–50).
Moreover, the low infectivity in CD4� T cells is likely caused by
the insertion of eGFP into Gag, which was reported to have cell
type-specific effects on replication (21). Future versions of the
vector could address these CD4� T cell-specific limitations by
using other constitutive promoters (EF1�, PGK, or UbC) driving
mCherry and/or by replacing certain HIV-1 genes, such as the Vif
or Vpr gene, with the eGFP gene, so that the fluorescent reporter
would no longer be packaged into virions, and may be less detri-
mental to viral infectivity.

Despite these shortcomings, the RGH vector data suggest that
direct-silent infections have been underappreciated so far and,
thus, it is likely that these cells contribute to HIV-1 latency. To our
knowledge, only one other study has identified silent infection as a
contributor to HIV-1 latency. In that study, which used a singly
labeled vector to infect a cell line, silent infections were correlated
with NF-	B levels in cells at the time of infection, with transcrip-
tional interference from host genes being the actual silencing
mechanism (20). Further studies are needed to definitively ad-
dress whether control of latency by NF-	B is indeed a causative
factor and whether this mechanism applies to all sites of viral
integration.

Differential mechanisms that lead to silent infection or silenc-
ing from canonically formed latency may require unique pharma-
cotherapeutics to reactivate latent proviruses. One of the most
commonly proposed eradication strategies, called “shock and
kill,” would utilize small molecules to induce HIV-1 expression
from latently infected cells, thus allowing induced cells to be
cleared by the immune system or killed by viral cytopathic effects
(reviewed in references 11 and 51). However, any efficacious drug
suitable to purging HIV-1 latency would have to target both forms
of latent infection, as excluding any part of the latent reservoir
would render such therapy less effective. Given its ability to min-
imize selection bias and include all populations of infected cells,
the RGH vector model will be a very useful tool to screen for
latency-modulating drugs that fulfill these criteria.

In conclusion, we generated and characterized a comprehen-
sive panel of single-cycle vectors to study the very early events
involved in establishment of HIV-1 latency. Our results suggest
that the proviral LTR is silenced immediately upon integration in
a high proportion of infections. HIV-1 latency, thus, may not be
simply the result of progressive epigenetic silencing of active in-
fections but rather represents a multifaceted process that can form
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very early postintegration and in the absence of previous LTR
activity. This underappreciated and previously hard-to-measure
population of initially latent cells may have profound conse-
quences for the establishment and treatment of latency. A better
understanding of the mechanisms controlling the fate of inte-
grated proviruses will inform improved treatment strategies.
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