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ABSTRACT

HIV-1 establishes a pool of latently infected cells early following infection. New therapeutic approaches aiming at diminishing
this persisting reservoir by reactivation of latently infected cells are currently being developed and tested. However, the reactiva-
tion kinetics of viral mRNA and viral protein production, and their respective consequences for phenotypical changes in infected
cells that might enable immune recognition, remain poorly understood. We adapted a novel approach to assess the dynamics of
HIV-1 mRNA and protein expression in latently and newly infected cells on the single-cell level by flow cytometry. This tech-
nique allowed the simultaneous detection of gagpol mRNA, intracellular p24 Gag protein, and cell surface markers. Following
stimulation of latently HIV-1-infected J89 cells with human tumor necrosis factor alpha (hTNF-�)/romidepsin (RMD) or HIV-1
infection of primary CD4� T cells, four cell populations were detected according to their expression levels of viral mRNA and
protein. gagpol mRNA in J89 cells was quantifiable for the first time 3 h after stimulation with hTNF-� and 12 h after stimulation
with RMD, while p24 Gag protein was detected for the first time after 18 h poststimulation. HIV-1-infected primary CD4� T cells
downregulated CD4, BST-2, and HLA class I expression at early stages of infection, proceeding Gag protein detection. In conclu-
sion, here we describe a novel approach allowing quantification of the kinetics of HIV-1 mRNA and protein synthesis on the sin-
gle-cell level and phenotypic characterization of HIV-1-infected cells at different stages of the viral life cycle.

IMPORTANCE

Early after infection, HIV-1 establishes a pool of latently infected cells, which hide from the immune system. Latency reversal
and immune-mediated elimination of these latently infected cells are some of the goals of current HIV-1 cure approaches; how-
ever, little is known about the HIV-1 reactivation kinetics following stimulation with latency-reversing agents. Here we describe
a novel approach allowing for the first time quantification of the kinetics of HIV-1 mRNA and protein synthesis after latency
reactivation or de novo infection on the single-cell level using flow cytometry. This new technique furthermore enabled the phe-
notypic characterization of latently infected and de novo-infected cells dependent on the presence of viral RNA or protein.

One major obstacle toward an effective human immunodefi-
ciency virus type 1 (HIV-1) cure is the establishment of a pool

of long-lived latently infected cells early after infection (1). Using
the rhesus macaque model of simian immunodeficiency virus
(SIV) infection, it was recently shown that latent reservoirs could
be seeded as early as 3 days after SIV exposure and before the
detection of viremia in blood (2). The vast majority of cells in-
fected with HIV-1 will die as a consequence of the infection or will
be eliminated by the immune system. A minority of infected cells,
however, turns into latently infected resting cells. These cells can
either be reactivated and release de novo HIV-1 particles (3) or
persist and homeostatically proliferate as long-lived memory T
cells (4, 5). While current antiretroviral treatments (ARTs) can
efficiently suppress HIV-1 replication and have dramatically im-
proved the life expectancy and life quality of infected individuals,
ART cannot eradicate the latent viral reservoir.

Several different biological processes have been described to
maintain latency in HIV-1-infected cells. Host transcription fac-
tors (TFs) such as nuclear factor kappa light-chain enhancer of
activated B cells (NF-�B) have multiple binding sites in the 5= long
terminal repeat (LTR) of the HIV-1 genome, and their binding has
been demonstrated to be necessary to initiate HIV-1 transcription
(6). Sequestration of these TFs in the cytoplasm is one of the

mechanisms enabling viral latency (7). Another described HIV-1
latency mechanism involves histone deacetylase (HDAC)-medi-
ated epigenetic silencing (8). During latency establishment,
HDAC molecules are recruited toward the 5=LTR of HIV-1 (9, 10)
and therefore maintain the LTR in a repressed state (11). Several
HDAC inhibitors (HDACis) targeting HDAC molecules have
been tested for their ability to reactivate latently HIV-1-infected
cells, including vorinostat, panobinostat, entinostat, and ro-
midepsin (RMD). These HDACis proved to efficiently induce
HIV-1 expression in latently infected resting CD4� T cells from
HIV-1-infected individuals (8, 12, 13). RMD, a drug that has
been used for the treatment of peripheral T-cell lymphoma,
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was also shown to be an effective HIV-1 latency reversal drug in
vivo by mediating histone H3 acetylation through the inhibi-
tion of HDACs (14–16). Cytokines also play a role in HIV-1
latency reactivation. Specifically, human tumor necrosis factor
alpha (hTNF-�), a proinflammatory cytokine, has been de-
scribed as an activator of latently HIV-1-infected cells (17) by
enhancing NF-�B translocation toward the nucleus and bind-
ing to the HIV-1 LTR, resulting in new rounds of HIV-1 repli-
cation (18–20).

Although HIV-1 latency reactivation has been extensively
studied (1), several important aspects remain unknown, including
the kinetics and extent of viral mRNA and viral protein produc-
tion following reactivation on the single-cell level. Currently, sev-
eral assays are being used to measure and quantify viral reservoirs
and HIV-1 reactivation, including digital-droplet PCR (21), the
Tat/Rev-induced limiting-dilution assay (TILDA) (22), and viral
outgrowth assays (23). While these assays have shown good sen-
sitivity, one limiting factor is the lack of phenotypic characteriza-
tion of cells that reactivate HIV-1 replication. In contrast to those
methods, flow cytometry allows staining for surface markers and
intracellular molecules at the single-cell level. Here we describe a
novel flow cytometry-based technique used to quantify and dif-
ferentiate between HIV-1-infected cell populations producing
only viral mRNA, viral mRNA and proteins, and viral proteins
alone. This assay furthermore allowed the quantification of HIV-1
reactivation kinetics in latently infected cells and their conse-
quences for surface molecule expression.

MATERIALS AND METHODS
Cell lines and reagents. MT-4 cells (a lymphocytic laboratory-stable cell
line) and J-Lat full-length cells (clone 10.6) were obtained through the
NIH AIDS Research and Reference Reagent Program (24–26). The J89 cell
line (a Jurkat cell line infected with HIV-1) was a kind gift from David N.
Levy (27). J89 and J-Lat cells (28) were maintained in RPMI 1640 L-glu-
tamine medium (Gibco, Carlsbad, CA, USA) supplemented with 10%
heat-inactivated Superior fetal bovine serum (FBS) (Biochrom, Berlin,
Germany). HEK 293T cells were obtained from the American Type Cul-
ture Collection (ATCC) (Manassas, VA, USA) and were grown with Dul-
becco’s modified Eagle medium (DMEM) (Sigma-Aldrich, Munich, Ger-
many) supplemented with 10% heat-inactivated FBS.

Recombinant hTNF-� (Peprotech, Rocky Hill, NJ, USA) was pre-
pared at a final concentration of 10 �g/ml according to the manufacturer’s
instructions. RMD (Selleck Chemicals, USA) was diluted at a concentra-
tion of 1 mM, and the final concentration used in cell cultures was 5 nM.
AMD3100 octahydrochloride hydrate (Sigma-Aldrich, Munich, Ger-
many) was used at final concentrations of 20 �g/ml and 100 �g/ml, as
indicated.

The following purified antibodies were used for cell line-based stain-
ing and/or blocking assays: anti-CD3 phycoerythrin (PE)-CF594 (clone
UCHT1; BD Horizon), anti-CD4 BV711 (clone RPA-T4; BioLegend),
anti-pan-HLA-I complex Pacific Blue (clone W6/32; BioLegend), anti-
BST-2 PE (clone RS38E; BioLegend), and anti-HIV-1 core antigen in PE
and fluorescein isothiocyanate (FITC) (clone KC57; Beckman Coulter).

Healthy cohort PBMCs and CD4� T cells. Peripheral blood mono-
nuclear cells (PBMCs) were obtained from the blood of healthy donors
from the Healthy Cohort Hansestadt Hamburg (HCHH), approved by
the Ethical Committee of the Universitätsklinikum Hamburg-Eppendorf.
PBMC purification was performed by using Biocoll (Biochrom, Berlin,
Germany), and PBMCs were maintained in R10 medium (RPMI plus 10%
heat-inactivated FBS).

CD4� T cells from healthy donors were isolated by using the EasySep
human CD4� T-cell enrichment kit (Stemcell, Cologne, Germany) ac-
cording to the manufacturer’s instructions. CD4� T cells were counted

and prepared in R10 medium at a final concentration of 1 � 106 cells/ml.
CD4� T cells were stimulated with Dynabeads Human T-Activator CD3/
CD28 (Thermo Fisher Scientific, Carlsbad, CA, USA) and 100 U/ml of
interleukin-2 (IL-2) (Peprotech, Rocky Hill, NJ, USA) and maintained for
3 days at 37°C in 5% CO2.

HIV-1 stock production. An HIV-1 NL4-3 plasmid (pNL4-3) was
obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH, from Malcolm Martin (29). HIV-1 NL4-3 strains were pro-
duced by transfecting HEK293T cells with 20 �g of pNL4-3 with Lipo-
fectamine 2000 (Thermo Fisher Scientific, Carlsbad, CA, USA) according
to the manufacturer’s recommendations. The first viral stock was col-
lected at 72 h posttransfection and used to infect MT-4 cells. The final viral
stock was recovered by centrifugation at 96 h postinfection from the su-
pernatant of MT-4 cells, filtered, and aliquoted. Virus titration allowing
the calculation of the tissue culture dose for 50% infectivity (TCID50) per
milliliter of virus stock was performed in MT-4 cells according to a pre-
viously described protocol (30).

CD4� T-cell infection. CD4� T cells were infected with the HIV-1
stock at a multiplicity of infection (MOI) of 0.02. Briefly, cell pellets were
spinoculated at 1,200 � g for 2 h at 37°C together with the appropriate
amount of the HIV-1 stock. After 2 h, cells were resuspended at a final
concentration of 1 � 106 cells/ml in RPMI medium supplemented with
10% FBS plus 100 U/ml of IL-2. Infected CD4� T cells were left for 72 h in
an incubator at 37°C. Uninfected controls were spinoculated with me-
dium only and later treated identically to the infected samples.

J89/J-Lat cell reactivation. J89 and J-Lat cells were prepared at a final
concentration of 1 � 106 cells/ml in RPMI medium supplemented with
10% FBS, and 2.5 ml of cells was seeded per well of a 6-well plate. At 1 h 30
min, 3 h, 6 h, 12 h, 18 h, 24 h, 36 h, and 48 h, cells were stimulated with
hTNF-� or RMD at final concentrations of 10 ng/ml and 5 nM, respec-
tively.

PrimeFlow RNA assay. The PrimeFlow RNA assay (Affymetrix Inc.)
was performed according to the manufacturer’s recommendations, in-
cluding minor modifications, and used the branched-DNA technology to
amplify the signal from the respective mRNA of interest. Cells of interest
were centrifuged, and the respective supernatant was cryopreserved for
subsequent analysis of virus production. As a modification from the orig-
inal manufacturer’s protocol, incubation of the PBMC samples with the
RNA probes was done for 3 h instead of 2 h at 40°C, and subsequent
incubations with Pre-Amp, Amp, and the label probes were done for 2 h
instead of 1 h 30 min, as longer incubations increased the mRNA signal.
Finally, cells were washed twice, resuspended in 200 �l of storage buffer,
and analyzed by using a BD LSRFortessa instrument. A p24 Gag enzyme-
linked immunosorbent assay (ELISA) to quantify HIV-1 p24 antigen lev-
els in the cell culture supernatants was performed according to the man-
ufacturer’s recommendations (GeneScreen HIV-1 Ag assay; Bio-Rad).
The cytotoxicity of RMD (5 nM) and hTNF-� (10 ng/ml) was assessed in
Jurkat cells at 48 h and 36 h poststimulation. Staining for live/dead cells
was performed by using ZombieAqua (BioLegend, Germany) and showed
no toxicity for hTNF-� and minimal cytotoxicity for RMD (�7%).

Real-time PCR. In addition, HIV-1 cellular mRNA was quantified via
real-time PCR. Briefly, HIV-1 mRNA was extracted from J89 cells by
using the High Pure RNA isolation kit (Roche Diagnostics, Germany).
HIV RNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ex-
pression levels were analyzed by using the LightCycler480 II system
(Roche, Mannheim, Germany). For HIV-1 RNA detection, the Artus HI
Virus-1 Rotor-Gene reverse transcription-PCR (RT-PCR) kit (Qiagen,
Hilden, Germany) was used according to the manufacturer’s recommen-
dations, with minor modifications. GAPDH expression was analyzed by
using QuantiFast one-step RT-PCR for detection of viral RNA and an
internal control (QuantiFast pathogen RT-PCR �IC kit; Qiagen) and the
primer-and-probe set for GAPDH (TaqMan Gene Expression assay
Hs99999905_m1; Life Technologies, Carlsbad, CA) according to the man-
ufacturer’s recommendations, using 5 �l of a 1:1,000 dilution of “dilution
buffer” eluant (Qiagen, Hilden, Germany). In parallel, the same samples
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were processed, and a PrimeFlow assay was performed to correlate both
measurements.

Blocking of reinfection of J89 cells. In order to test whether the single
p24 protein-positive population observed by using the PrimeFlow RNA
assay on reactivated J89 cells was due to de novo infection of J89 cells,
blocking-of-reinfection experiments were performed. At the same time
point at which J89 cells were reactivated with hTNF-� (10 ng/ml),
AMD3100, a drug that inhibits the CXCR4-viral protein interaction and
therefore blocks HIV-1 entry (31), was added to the cell culture at two
different final concentrations: 20 �g/ml and 100 �g/ml. Subsequently, a
PrimeFlow RNA assay was performed as described above.

H3K9 acetylation status. J89 cells were stimulated for 24 h, and a
PrimeFlow RNA assay was performed as described above. For Western
blot analysis, viral mRNA/p24 protein-double-negative and -double-pos-
itive J89 cells were sorted on a FACS-Fusion instrument. Proteins were
extracted by using cell extraction buffer (Life Technologies, Germany).
The samples were loaded onto an SDS-PAGE gel (4 to 12% gel) and
transferred onto a polyvinylidene difluoride (PVDF) membrane. The
membranes were blocked with 5% low-fat dried milk in Tris-buffered
saline for 1 h and incubated overnight with primary antibodies, including
anti-histone H3 (acetyl K9) antibody (Abcam, Germany) and histone 3
primary antibody (Cell Signaling Technologies, Germany). The corre-
sponding secondary antibody was added, and the signal was developed by
using the SuperSignal West Femto Maximum Sensitivity substrate (Life
Technologies, Germany).

Analysis and statistics. All flow cytometry data were analyzed with
FlowJo software (v10.1), and statistical analyses were performed by using
GraphPad Prism (v5).

RESULTS
Simultaneous quantification of viral mRNA and proteins fol-
lowing HIV-1 latency reversal. In order to quantify viral reacti-
vation of latently HIV-1-infected cells, we initially used the J89 cell
line containing a single, integrated, transcriptionally silenced copy
of the full HIV-1 genome (27). The integrated provirus contains
the gene for enhanced green fluorescent protein (EGFP) cloned
downstream of nef that can be used as a marker for HIV-1 expres-
sion upon stimulation of the LTR. The J89 cell line was selectively
subcloned from a pool of HIV-1 89ENG-infected Jurkat cells to
identify a cell line with a low basal level of EGFP expression (27).

In order to visualize different stages of HIV-1 reactivation from
mRNA expression to virus production, viral replication in J89
cells was reactivated with two different stimuli, hTNF-� and the
HDACi RMD. J89 cells were stimulated over time periods ranging
from 1 h 30 min to 36 h (for RMD) and from 1 h 30 min to 48 h
(for hTNF-�) (Fig. 1). Using a flow cytometry-based assay allow-
ing combined staining of intracellular mRNAs and proteins
(PrimeFlow RNA assay), HIV-1 p24 gagpol mRNA, intracellular

p24 Gag protein, and cell surface protein levels were simultane-
ously quantified on the single-cell level. The mRNA of interest was
targeted by a set of probes against gag-pol areas and was stained by
using Alexa Fluor 750. Unstimulated cells (0 h) were used as a
control for HIV-1 baseline replication in J89 cells.

Following 3 h of stimulation of J89 cells with 10 ng/ml
hTNF-�, a small population of gagpol mRNA-single-positive cells
(1.7%) was detectable by flow cytometry, which increased over
time to up to 27.4% at 18 h. At 18 h, the viral mRNA-positive
(mRNA�) cell population shifted toward a population of cells that
was simultaneously expressing gagpol mRNA and p24 Gag protein
(5.2%) (Fig. 2A and B). This viral mRNA/protein-double-positive
population further expanded over time. At the last time point, at
48 h poststimulation, the percentage of viral mRNA-single-posi-
tive cells decreased to �3% within the J89 population, indicating
that the first stages of HIV-1 reactivation were completed. The
viral mRNA/protein-double-negative population representing
J89 cells that did not reactivate HIV-1 in response to hTNF-� was
on average �15% of the total population at that time point (Fig.
2A and B).

Compared to hTNF-� treatment, stimulation of J89 cells with
RMD resulted in a slow induction of HIV-1 mRNA production,
and at 12 h poststimulation, only 4.4% of J89 cells were positive
for gagpol mRNA (Fig. 3A and B). The proportion of viral mRNA-
single-positive cells quickly increased subsequently to 25.2% at 18
h poststimulation. At this time point, as also observed for hTNF-�
stimulation, the viral mRNA/protein-double-positive cell popu-
lation became apparent (4.9%) (Fig. 3A and B). RMD induction of
HIV-1 replication in J89 cells reached its peak at 36 h poststimu-
lation, with 50% viral mRNA/protein-double-positive J89 cells;
however, even at this time, �40% of J89 cells did not reactivate
HIV-1 (Fig. 3B). RMD stimulation resulted in significant cell tox-
icity at later time points, not allowing an assessment at later time
points following stimulation (data not shown). RMD has been
shown to affect the acetylation status of H3K9 in treated cells
(32, 33). Indeed, RMD treatment resulted in acetylated H3K9
(H3K9ac) upregulation at 24 h poststimulation in double-nega-
tive cells compared to unstimulated J89 cells, which was increased
in cells that reactivated HIV-1 (Fig. 4). These results suggested that
RMD affected the H3K9 acetylation status of J89 cells and, to a
greater extent, in cells that were producing HIV-1.

Both RMD and hTNF-� stimulation of J89 cells also resulted in
the production of novel HIV-1 particles detectable in the cell cul-
ture supernatant by a p24 Gag ELISA. The amount of p24 Gag in
the supernatant increased exponentially after 18 h of stimulation

FIG 1 Outline of reactivation assay to determine HIV-1 latency reversal kinetics. J89 cells were stimulated either with hTNF-� (10 ng/ml) at time points ranging
from 1 h 30 min to 48 h or with RMD (5 nM) at time points ranging from 1 h 30 min to 36 h. As a control, unstimulated cells were used. The expression levels
of viral mRNA, viral protein, and cell surface markers were quantified by using the PrimeFlow RNA assay.
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until the experiment endpoint at 48 h (Fig. 2C and 3C), matching
the presence of p24 Gag-positive cells observed with the Prime-
Flow RNA assay and suggesting a fast release of virus. Further-
more, the amount of cellular viral mRNA quantified by real-time
PCR strongly correlated with the amount of viral cellular mRNA
measurable by PrimeFlow RNA assay (R2 of 0.94 and P value of
�0.005 for hTNF-�; R2 of 0.99 and P value of �0.001 for RMD),
demonstrating that both techniques were comparable in the mea-
surement of viral mRNA levels (Fig. 2D and 3D).

Of note, a fourth population of J89 cells expressing only p24
Gag protein was detectable at late stages (starting at 24 h) follow-
ing reactivation with hTNF-� and RMD (Fig. 2A and 3A). To test
whether the appearance of this fourth population that was positive
only for HIV-1 p24 Gag protein was due to newly incoming p24
Gag resulting from reinfection of J89 cells that did not reactivate
viral replication, or, rather, late stages of HIV-1 production with-
out detectable viral mRNA, we performed a reinfection-blocking
experiment. AMD3100, a CXCR4 antagonist that competes with
HIV-1 for infection (31), was added to J89 cells simultaneously
with hTNF-� stimulation during 24 h, and a PrimeFlow RNA
assay was performed. The addition of AMD3100 did not reduce
the proportion of the viral protein-single-positive population
(Fig. 5A), suggesting that this population was not the result of
incoming p24 Gag protein due to de novo infection. To confirm
this result, a second set of experiments was performed by using
J-Lat cells. J-Lat cells are Jurkat cells infected with a full-length
HIV-1 genome bearing a frameshift in env and therefore produc-
ing incomplete viral particles that cannot infect new cells (28).
These cells were stimulated for 24 h and 48 h as described above
for J89 cells. As shown in Fig. 5B, stimulation with hTNF-� or
RMD induced an accumulation of p24 Gag protein-single-posi-
tive J-Lat cells, further demonstrating that this population was not
due to reinfection but rather was the result of late stages of viral
reactivation when viral RNA had already disappeared.

Assessment of the impact of HIV-1 latency reversal on cell
surface marker expression. As the PrimeFlow RNA assay also
allows the detection of cell surface markers, CD4 expression levels
on J89 cells following HIV-1 reactivation using RMD and hTNF-�
were measured. Twenty-four hours after stimulation with
hTNF-�, CD4 expression was significantly downmodulated in the
viral mRNA/protein-double-positive cell population compared
to the double-negative population, as previously described (P �
0.05) (27) (Fig. 2E). Of note, this downmodulation was already
quantifiable and significant in the gagpol mRNA single-positive
population, as reflected by a 30% decrease of the CD4 mean fluo-
rescence intensity (MFI) (P � 0.05) (Fig. 2E). RMD treatment,
similarly to hTNF-� treatment, also led to a statistically significant
decrease of CD4 expression levels on the cell surface of the single-

positive gagpol mRNA population compared to nonactivated cells
(P � 0.005), and this decrease was even more pronounced in the
double-positive viral mRNA/protein population (P � 0.05) (Fig.
3E). Taken together, the PrimeFlow RNA assay enabled the simul-
taneous assessment of viral reactivation kinetics and cell surface
expression in latently HIV-1-infected J89 cells on the single-cell
level.

Detection of HIV-1 mRNA and protein production on the
single-cell level in primary CD4� T cells following in vitro in-
fection. To determine whether the PrimeFlow RNA assay also
allowed the detection of HIV-1 infection in primary cells, CD4� T
cells isolated from three HIV-1-negative individuals were acti-
vated with anti-CD3/28 beads and IL-2 over 3 days and infected by
using an NL4-3 virus. To detect viral mRNA and/or viral protein,
the PrimeFlow RNA assay was performed at 24 h, 48 h, and 72 h
postinfection. As shown in Fig. 6A, viral gagpol mRNA and p24
Gag protein were detectable in in vitro-infected cells by as early as
24 h postinfection, indicating that HIV-1 infection can be traced
in primary cells by using this method. In line with data from pre-
vious studies (34, 35), HIV-1� populations within CD4� T cells
exhibited reduced expression levels of CD4, BST-2, and HLA class
I molecules (Fig. 6B and C). In all donors analyzed, the effect was
already present at an early stage of viral replication (single-positive
gagpol mRNA� populations) and increased in viral mRNA/pro-
tein-double-positive populations (Fig. 6A). The analysis of CD4
expression levels at the surface of infected cells allowed the differ-
entiation of three different populations of CD4� T cells (CD4neg,
CD4dim, and CD4bright) at day 3 postinfection, as depicted in Fig.
6B. As expected, the amount of CD4 surface expression declined
as viral mRNA/protein production increased, and HIV-1 replica-
tion (measured by viral mRNA and protein production) was tak-
ing place almost exclusively within the CD4neg population (Fig. 6C
and D). In contrast, no viral RNA or protein was detectable in the
CD4bright population, and viral mRNA and protein expression
patterns differed significantly between CD4neg, CD4dim, and
CD4bright T-cell populations (Fig. 6C and D). Similarly, assess-
ment of HLA class I and BST-2 expression levels on the surface of
HIV-1-infected CD4� T cells also revealed the presence of distinct
populations (Fig. 6B and C). This resulted in statistically different
viral mRNA/protein expression levels between the different pop-
ulations based on either HLA class I expression or BST-2 expres-
sion (Fig. 6D).

Taken together, these data demonstrate that the use of the
PrimeFlow RNA assay enables the evaluation of HIV-1 mRNA
and protein production on the single-cell level in primary CD4� T
cells infected with HIV-1 and the differentiation of surface protein
expression between cells expressing HIV-1 proteins and cells ex-
pressing only HIV-1 mRNA.

FIG 2 hTNF-� stimulation of J89 cells. J89 cells were activated with hTNF-� (10 ng/ml) at time points ranging from 1 h 30 min to 48 h. A PrimeFlow RNA assay
was performed at the indicated time points following stimulation. (A) Representative data showing the kinetics of the viral mRNA-single-positive population, the
viral mRNA/protein-double-positive population, and the viral protein-single-positive population. (B) Data from three independent replicates show that the
double-negative population decreased over stimulation time, while at 3 h, the viral mRNA single-positive population started to be detectable, reaching its peak
at 18 h poststimulation and decreasing to almost undetectable levels by 48 h poststimulation. The viral mRNA/protein-double-positive population was first
detectable at 12 h poststimulation and increased up to maximum levels of 80% (as a median) at 48 h poststimulation. (C) Measurement of p24 antigen levels in
stimulated J89 cell supernatants with a p24 ELISA (Bio-Rad). Unstimulated cells were used as a background control (0 h). Experiments were performed in
triplicates, and the horizontal bars are representative of medians 	 standard deviations. (D) Parallel measurement of viral mRNA levels by real-time PCR and a
PrimeFlow RNA assay on stimulated J89 cells at the indicated time points showed a statistically significant correlation (R2 
 0.94; P � 0.005). (E) CD4 expression in J89
cells was measured at 24 h poststimulation (n 
 3), after hTNF-� treatment (10 ng/ml). Data evaluated with a Wilcoxon signed-rank test indicated that CD4 levels were
already downregulated at the viral mRNA� stage (P � 0.05), and CD4 downregulation increased with increasing viral protein production (P � 0.05).

Martrus et al.

9022 jvi.asm.org October 2016 Volume 90 Number 20Journal of Virology

http://jvi.asm.org


0,74 0,24

0,2698,8

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 0,52 0,24

0,3398,9

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 0,80 0,30

0,2398,7

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

1,48 0,45

0,1697,9

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 4,10 0,91

0,1194,9

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 20,4 3,76

0,08175,8

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

26,6 22,1

0,8850,4

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 3,46 38,1

2,6555,8

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

p24 protein p24 protein p24 protein

p24 protein p24 protein p24 protein

p24 protein p24 protein

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

H
IV

-1
 p

ro
be

p24 protein

H
IV

-1
 p

ro
be

0 50 100 150 200 250
0

20

40

60

0hrs
12hrs 

18hrs 

24hrs 

36hrs 

R square = 0.99
P value < 0.001

viral mRNA RT-PCR (relative to mRNA GAPDH)

vi
ra

l m
R

N
A

 P
rim

eF
lo

w
 R

NA
 A

ss
ay

 (%
)

mRNA-pro
t-

mRNA+p
ro

t-

mRNA+p
ro

t+
0.0

0.2

0.4

0.6

0.8

1.0

*
*

C
D

4 
M

FI
 r

el
at

iv
e 

to
 m

R
N

A-
pr

ot
-

0h
1h

30 3h 6h 12
h

18
h

24
h

36
h

0

20

40

60

80

100

mRNA-prot-
mRNA+prot-
mRNA+prot+

time after stimulation (hrs)

%
 o

f J
89

 c
el

ls

0h
1h

30 3h 6h 12
h

18
h

24
h

36
h

1000

10000

100000

1000000

time after stimulation (hrs)

p2
4 

an
tig

en
 (p

g/
m

l)

0hrs 1hr30 3hrs

6hrs 12hrs 18hrs

24hrs 36hrs non-infected Jurkats

A

B C

D E

Q1
0,039

Q2
1,26E-3

Q3
0,25

Q4
99,7

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

HIV-1 Latency Reversal on the Single-Cell Level

October 2016 Volume 90 Number 20 jvi.asm.org 9023Journal of Virology

http://jvi.asm.org


DISCUSSION

Current treatment approaches cannot eradicate HIV-1 infection,
and a persistent pool of latently HIV-1-infected cells provides a
permanent source of viremia, representing a major obstacle to
HIV-1 cure attempts. Here we describe a novel approach based on
fluorescence in situ hybridization to quantify HIV-1 reactivation
kinetics on the single-cell level by flow cytometry, enabling the
identification of different cell populations according to their ex-
pression of viral mRNA and viral proteins and characterization of
their surface molecule expression depending on the stage of
HIV-1 reactivation. By using an HIV-1 latency cell line model,
faster kinetics of HIV-1 reactivation were observed for hTNF-�
than for RMD, and hTNF-� also reactivated a larger subset of the
latently infected J89 cells. Fluorescence in situ hybridization by
flow cytometry furthermore enabled the simultaneous character-
ization of surface marker expression on latently infected cells de-
pending on viral reactivation kinetics and showed downregula-
tion of CD4 expression levels. Moreover, by using a de novo
infection model of HIV-1 in primary CD4� T cells, CD4, BST-2,
and HLA class I expressions in relation to viral replication on the
single-cell level were visualized, demonstrating early and rapid
downregulation of these surface molecules.

In recent years, new techniques have focused on quantifying
HIV-1 reservoirs and characterizing virus-producing cells (21–
23). Detailed studies of viral reactivation kinetics are essential for

understanding both the mechanisms of viral suppression by anti-
viral drugs and the mechanisms leading to HIV-1 reactivation in
latently infected cells (36). The major strength of the fluorescence
in situ hybridization assay (PrimeFlow RNA assay) used here is the
ability to simultaneously and specifically quantify intracellular vi-
ral mRNA and protein expression levels as well as the expression
of cell surface molecules by flow cytometry on the single-cell level.
This approach allowed the distinction of cells expressing only viral
mRNA from cells producing viral proteins following HIV-1 la-
tency reversal and the consequences for cell surface molecule ex-
pression. Similarly, by using an in vitro model in which primary
CD4� T cells from healthy donors were infected with HIV-1,
fluorescence in situ hybridization enabled the distinction and fur-
ther characterization of viral mRNA- and protein-expressing cell
populations.

By analyzing the HIV-1 reactivation kinetics in J89 cells, we
observed that hTNF-� acted faster than RMD in inducing HIV-1
mRNA expression. Moreover, and in line with previously re-
ported results, RMD exhibited higher toxicity than hTNF-� (37).
Interestingly, hTNF-� induced HIV-1 latency reactivation in J89
cells more efficiently than did RMD. The distinct mechanisms of
action between hTNF-� and RMD might account for the differ-
ences observed in the kinetics and extent of HIV-1 latency reacti-
vation in J89 cells. hTNF-� acts by triggering intracellular signals
that stabilize the NF-�B transcription factor, allowing nucleus
translocation. Once in the nucleus, NF-�B can bind to the HIV-1
LTR region and promote HIV-1 transcription (38, 39). In con-
trast, the RMD mechanism of action is focused on inhibiting
HDACs that repress the HIV-1 LTR and help to initiate viral tran-
scription (15). The ability to measure and quantify HIV-1 reacti-
vation kinetics on the single-cell level will be critical not only for
the evaluation of latency-reversing drugs but also for understand-
ing the mechanisms by which these drugs act.

Fluorescence in situ hybridization by flow cytometry provided
the ability to quantify the levels of viral mRNA and protein pro-
duction simultaneously with cell surface marker expression on
latency cell models and infected primary cells. During HIV-1 in-
fection, CD4, the main entry receptor for HIV-1, has been shown
to be downregulated by the viral Nef, Vpu, and gp120 envelope
proteins (40, 41). CD4 downregulation enhances viral replication,
potentially by protecting virus-producing cells from cytotoxicity
related to superinfection events (39). As described previously by
Kutsch et al. (27), treatment of J89 cells with hTNF-� led to the
downregulation of the CD4 receptor at the cell surface at the stage
of viral protein production. Furthermore, hTNF-� and RMD
treatment already induced CD4 downmodulation in the gagpol
mRNA-single-positive population before the detection of p24 Gag

FIG 3 RMD stimulation of J89 cells. J89 cells were activated with RMD (5 nM) at time points ranging from 1 h 30 min to 36 h. A PrimeFlow RNA assay was
performed at the indicated time points following stimulation. (A) Representative data showing the kinetics of the viral mRNA-single-positive population, the
viral mRNA/protein-double-positive population, and the viral protein-single-positive population. (B) Analysis of viral mRNA and viral protein production over
time in J89 cells stimulated with RMD (5 nM) in three independent replicates. The double-negative population decreased over time with stimulation, while at 6
h, the single-positive viral mRNA population already started to be detectable, reaching its peak at 18 h to 24 h poststimulation and decreasing by 36 h
poststimulation. The viral mRNA/protein-double-positive population was first measurable at 12 h poststimulation and increased up to maximum levels of 56%
(as a mean) at 36 h poststimulation. Uninfected Jurkat cells were included as a control. (C) Measurement of p24 antigen levels in supernatants of stimulated J89
cells with a p24 ELISA (Bio-Rad). Unstimulated cells were used as a background control (0 h). Experiments were performed in triplicates, and the horizontal bars
are representative of medians 	 standard deviations. (D) Parallel measurement of viral mRNA by real-time PCR and a PrimeFlow RNA assay on stimulated J89
cells at the indicated time points showed a statistically significant correlation (R2 
 0.99; P � 0.001). (E) CD4 expression in J89 cells was measured at 24 h
poststimulation (n 
 3), after RMD treatment (5 nM). Data evaluated with a Wilcoxon signed-rank test indicated that CD4 levels were already downregulated
at the viral mRNA� stage (P � 0.005), and CD4 downregulation increased with increasing viral protein production (P � 0.05).
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protein, in line with the early production of Nef protein. Similarly,
in vitro HIV-1 infection of primary CD4� T cells resulted in the
downregulation of CD4, as well as BST-2 and HLA class I mole-
cules, from the cell surface as soon as gagpol mRNA was detectable
in infected cells. Overall, the combined quantification of levels of
intracellular viral mRNA and proteins with surface markers al-

lowed the assessment of the kinetics of changes in cell surface
markers in relation to viral replication on the single-cell level.

Further studies will need to investigate whether fluorescence in
situ hybridization by flow cytometry can be used to detect viral
mRNA in primary samples from HIV-1-infected individuals and
therefore measure latent reservoirs in different cell subsets after

FIG 5 The single-positive protein population is not the result of new rounds of HIV-1 infection. (A) hTNF-� was used at a final concentration of 10 ng/ml to
stimulate J89 cells for 24 h simultaneously with 20 �g/ml AMD3100 or 100 �g/ml AMD3100 or without AMD3100 (negative control). A PrimeFlow RNA assay
was performed to distinguish the double-negative population, the viral mRNA-single-positive population, the viral mRNA/protein-double-positive population,
and the protein-single-positive population. No blocking of the p24 protein-single-positive population was observed in the presence of the CXCR4 inhibitor
AMD3100. (B) J-Lat latency reactivation. RMD at a final concentration of 5 nM and hTNF-� at a final concentration of 10 ng/ml were used to stimulate 2.5 �
106 J-Lat cells at two time points, 24 h and 48 h. Unstimulated cells were used as a control. A PrimeFlow RNA assay was performed as described in the text to
distinguish four populations: the double-negative population, the viral mRNA-single-positive population, the viral mRNA/protein-double-positive population,
and the protein-single-positive population.
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FIG 6 Cell surface levels of BST-2, HLA class I, and CD4 in the mRNA-negative and protein-negative, the mRNA� protein-negative, and mRNA� protein-
positive CD4� T-cell populations. CD4� T cells isolated from three healthy donors were activated for 3 days with anti-CD3/28 beads and IL-2 (100 U/ml) and
then infected at an MOI of 0.02 with NL4-3 virus. (A) Fluorescence in situ hybridization was performed at 24 h, 48 h, and 72 h postinfection to quantify levels of
viral mRNA and viral protein production (B) The expression levels of BST-2, HLA-ABC, and CD4 at 72 h post-HIV-1 infection showed the presence of three
populations for each marker: negative, dim, and positive. (C) Representative plot from one donor displaying the expression levels of viral mRNA and protein in
the negative, dim, and positive populations for HLA-ABC, CD4, and BST-2 at 72 h postinfection. HIV-1 replication was almost exclusively restricted to the
negative populations. (D) Viral mRNA and protein expression from three independent donors at 72 h postinfection according to the above-described gating
strategy (shown in Fig. 6B). All the differences calculated with a Wilcoxon signed-rank test were statistically significant (P � 0.001).
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reactivation. Our data indicated that the current technique will
not be sufficiently sensitive to detect the frequency of HIV-1-in-
fected cells in primary samples from HIV-1-infected individuals
on highly active ART (HAART), in whom the frequency of in-
fected cells is much lower. However, the PrimeFlow RNA assay
allows tracing of the kinetics of HIV-1 replication using cell mod-
els and primary HIV-1-infected CD4� T cells and can be used as a
tool to characterize the cell surface modifications occurring dur-
ing HIV-1 replication. One limitation of the PrimeFlow RNA as-
say is that viral mRNA is measured by a combination of primers
targeting the gagpol mRNA, and distinguishing between spliced
and unspliced viral mRNA is therefore not possible. To detect
spliced viral mRNA, probes would need to be designed to specif-
ically bind to the short Tat-Rev junction, such as the ones used for
TILDAs (22). However, the use of only two sets of primers for the
PrimeFlow RNA assay is currently not yet specific enough to de-
tect mRNA populations and therefore limits the technique to the
detection of unspliced HIV-1 RNA at this point. In conclusion,
simultaneous quantification of viral reactivation and replication
dynamics and their effects on cell surface markers on the single-
cell level is possible by using fluorescence in situ hybridization by
flow cytometry and represents an important novel tool to study
HIV-1 latency reversal kinetics and drug efficiency.
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