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ABSTRACT

A major goal in HIV eradication research is characterizing the reservoir cells that harbor HIV in the presence of antiretroviral
therapy (ART), which reseed viremia after treatment is stopped. In general, it is assumed that the reservoir consists of CD4� T
cells that express no viral proteins. However, recent findings suggest that this may be an overly simplistic view and that the cells
that contribute to the reservoir may be a diverse population that includes both CD4� and CD4� cells. In this study, we directly
infected resting CD4� T cells and used fluorescence-activated cell sorting (FACS) and fiber-optic array scanning technology
(FAST) to identify and image cells expressing HIV Gag. We found that Gag expression from integrated proviruses occurred in
resting cells that lacked surface CD4, likely resulting from Nef- and Env-mediated receptor internalization. We also extended
our approach to detect cells expressing HIV proteins in patients suppressed on ART. We found evidence that rare Gag� cells per-
sist during ART and that these cells are often negative for CD4. We propose that these double-negative �/� T cells that express
HIV protein may be a component of the long-lived reservoir.

IMPORTANCE

A reservoir of infected cells persists in HIV-infected patients during antiretroviral therapy (ART) that leads to rebound of virus if
treatment is stopped. In this study, we used flow cytometry and cell imaging to characterize protein expression in HIV-infected
resting cells. HIV Gag protein can be directly detected in infected resting cells and occurs with simultaneous loss of CD4, consis-
tent with the expression of additional viral proteins, such as Env and Nef. Gag� CD4� cells can also be detected in suppressed
patients, suggesting that a subset of infected cells express proteins during ART. Understanding the regulation of viral protein
expression during ART will be key to designing effective strategies to eradicate HIV reservoirs.

Areservoir of infected cells exists in HIV-infected patients on
antiretroviral therapy (ART) that leads to rebound of viremia

when ART is stopped and remains an important barrier to HIV
cure (1–3). The majority of proviruses found in ART patients
are hypermutated or contain large deletions that render these
proviruses defective for replication (4). Proviruses carrying
large deletions are generally not thought to be expressed since
the viral genes tat and rev, which are required for efficient
transcription and export of viral RNAs (5–11), are often miss-
ing or mutated (4, 12).

While the reservoir is frequently described as transcriptionally
silent, several studies suggest that a portion of the HIV reservoir
may be transcriptionally active in ART patients in vivo (13–15).
Notably, up to 10% of cells containing HIV DNA appear to con-
tain viral RNA that can be detected with primers to the gag region
(16). In contrast, tat and rev multiply spliced RNA (msRNA)
forms were detected at a much lower frequency (16). We have
studied HIV expression in an in vitro model of latency that in-
volves direct infection of primary resting CD4� T cells in which
viral spread is undetectable. Consistent with in vivo data from
Kaiser et al. (16), we found that gag unspliced RNA (usRNA) is the
predominant viral transcript in resting CD4 T cells infected in
vitro, whereas tat and rev msRNA is present at much lower levels
(17). We extended this work with the novel finding that Gag ap-
pears to be expressed in a fraction of infected resting T cells. More-

over, we found tantalizing evidence that a low frequency of cells
also express Gag protein in vivo in patients on ART (18).

However, we must acknowledge a limitation to our previous
studies (17, 18); there is a possibility that the detected Gag signal
was due to binding of the Gag antibody to uninfected cells. For
example, the Gag protein detected in infected cultures could rep-
resent unfused virions that were bound to an uninfected cell after
release from a nearby, productively infected T cell. The gag usRNA
detected in these cultures could similarly have been due to bound
(“incoming”) virus as suggested by Saleh and others (19, 20). Fur-
thermore, reverse transcriptase PCR (RT-PCR) assays that target
the gag HIV RNA also detect read-through transcripts from up-
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stream cellular promoters (21). Because of the possibility of
bound virions and/or read-through transcription, the presence of
gag usRNA signal does not necessarily reflect nascent long termi-
nal repeat (LTR)-driven transcription in these experiments.

Our current studies further address the question of whether the
Gag signal detected in vitro and in vivo represents true viral expres-
sion or an artifact. The question is important, as the possibility of
viral expression in infected resting CD4� T cells has implications
for HIV eradication strategies. In addition, the development of
reliable assays to measure baseline expression is essential for the
accurate evaluation of therapies aimed at enhancing HIV protein
expression in patients on ART. Thus, we considered it important
to decipher if the Gag signal we detected in our original studies was
an artifact of incoming virions or nonspecific staining.

We began by conducting experiments in our in vitro model of
latency (17, 18) to better define the specificity of our Gag staining
and to further characterize the Gag� cells. We discovered that the
Gag� cells had a unique CD4� CD8� “double-negative” (DN) T
cell phenotype, and we went on to show that similar cells exist in
patient samples. Thus, Gag� double-negative T cells may provide
a unique phenotype for identifying infected cells that express HIV
proteins.

MATERIALS AND METHODS
Ethics statement and patient cohort. Normal donor peripheral blood
mononuclear cells (PBMCs) were obtained through the University of
Pennsylvania’s Human Immunology Core. All normal donor identifiers
were removed prior to transfer. Treated and untreated HIV-infected pa-
tients were recruited from the Clinical Research Center, NIH (Bethesda,
MD) and signed informed-consent forms approved by the NIAID insti-
tutional review board (IRB). Additional patients were also recruited to
donate at the University of Pennsylvania. The University of Pennsylvania
IRB approved the recruitment and collection of patient samples at Hos-
pital of the University of Pennsylvania and the transfer of materials from
the NIH. All treated patients had been on ART for 2 to 9 years. Viral loads
were undetectable (�20 to 75 copies per ml) for all patients at the time of
sample collection for fiber-optic array scanning technology (FAST), RNA,
and DNA assays. CD4 counts at sample collection were as follows: ART1,
624; ART2, 736 (2009), 703 (2013), and 780 (2014); ART3, 578; ART4,
869; and ART5, 1,167. Times below the limit of detection are as follows:
ART1, 9 years (except one viral blip to 1,083 in 2009); ART2, 2 to 7 years;
ART3, 3 years; ART4, 4 years (except two viral loads less than 100); and
ART5, 4 years. Viral loads were monitored quarterly or biannually.

Isolation of resting CD4� T cells. PBMCs from HIV-infected patients
were isolated from pheresis products by Ficoll purification. CD4� T cells
were enriched from PBMCs by adding phycoerythrin (PE)-labeled anti-
bodies against lineage and activation markers (CD8, CD11c, CD14,
CD16, CD20, CD56, BDCA2, T cell receptor �/� [TCR-�/�], CD25,
CD69, and HLA-DR), incubated with anti-PE magnetic beads, and de-
pleted on a magnetic column to isolate a highly pure population of resting
CD4� T cells. Purity was determined by flow cytometry and was generally
above 95%.

Viral isolates. NL4-3, CH058, 89.6, 89.6�vpu, and 89.6�nef were
made by 293 transfection with a single plasmid and were provided by the
University of Pennsylvania’s Center for AIDS Research Viral/Molecular
Core. p89.6�vpu, p89.6�nef, and p89.6�env (22, 23) were kindly pro-
vided by Ron Collman. 89.6�env was pseudotyped with Env89.6 by
cotransfecting p89.6�env with pcDNA89.6env. (pcDNA89.6 env was ob-
tained through the NIH AIDS Reagent Program, Division of AIDS, NI-
AID, NIH [catalog number 12845], and pcDNA 89.6 env was obtained
from Kathleen Collins and Ronald Collman [22–24].) VRX494 (25) and
VRX1090 (26) virus preparations were pseudotyped with LAI Env by
transfecting 293TS with different vectors, LAI Env and VIRPAC packag-

ing constructs (25) provided by Laurent Humeau and Nikolay Korokhov,
formerly at VIRxSYS. pNL43�5743-7250 was made by first annealing two
oligonucleotides (5=-AATTCGGCGAGGACGCGTGG-3= and 5=-CTAG
CCACGCGTCCTCGCCG-3=) to generate a staggered linker with over-
hanging EcoRI and NheI sites and an internal MluI site, which is under-
lined. pNL4-3 was digested with EcoRI and NheI, and the resulting
13,318-bp fragment was gel purified using the QIAquick gel extraction kit
(Qiagen). The gel-purified pNL4-3 fragment was incubated with the
linker in the presence of T4 DNA ligase (New England BioLabs) to
generate pNL43�5743-7250, which uniquely contains an MluI site.
pNL43�5743-7250 was screened by MluI digestion and confirmed by
sequencing across the deleted region. NL43�5743-7250 was generated by
293 transfection with pNL43�5743-7250, pHXB2-env, and pCV-1. (The
pHXB2-env DNA and the pCV-1 DNA were obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH; pHXB-2 was
obtained from Kathleen Page and Dan Littman [27] and pCV-1 from
Flossie Wong-Staal [28].) NLENG1-IRES (G1I) and NLENG1-IRES-
�Tat (G1I�Tat), i.e., NLENG1-IRES utilizing the NL4-3 backbone, have
been previously described (29, 30). NLENG1-IRES-�Tat was generated
by introducing a stop codon using overlap extension PCR after the codon
for amino acid 18 in Tat, between the overlapping Vpr and Rev open
reading frames (ORFs), in order to inactivate Tat expression without dis-
rupting splice junctions or expression of other HIV-1 proteins. Infectious
stocks of G1I and G1I�Tat were generated by transfection into 293T cells
as previously described (31).

Virus infection. Purified resting CD4� T cells were spinoculated at
1,200 � g for 2 h at 25°C at a concentration of 5 � 106 cells/ml in viral
transfection supernatant (32). Cells were washed after spinoculation and
treated with 50 	g/ml of DNase (Roche) in 10 mM MgCl2 for 1 h when
appropriate. Cells were cultured in RPMI medium plus 20% fetal bovine
serum (FBS) with 50 	M deoxynucleoside (33, 34) and 1.25 	M saquina-
vir or 1 	M raltegravir as indicated below. For NLENG1-IRES and
NLENG1-IRES�Tat infections, in the experiment whose results are
shown in Fig. 4B, cells were spinoculated at 1,200 � g for 2 h at 37°C at a
concentration of 1.5 � 106 cells per ml. Cells were then washed. Efavirenz
(EFV) (1 	g/ml) was applied to cells, where indicated below, at the time of
infection. Indinavir (2 	M) was applied to the cells 2 days after infection.

Protein staining for flow cytometry and fluorescent-activated cell
sorting (FACS) of cells infected in vitro. Cells infected in vitro were har-
vested 3 days postinfection, and viability was determined by LIVE/DEAD
aqua staining (ABi). Cells were stained with antibodies against CD3
(AF700 [BD Biosciences]) and CD4 (phycoerythrin-Cy5.5 [PE-Cy5.5;
eBiosciences] or allophycocyanin [APC; Pharmingen]) and the activation
markers CD25, CD69, and HLA-DR (APC [BD Biosciences]) where indi-
cated below prior to fixation in 1% paraformaldehyde (PFA). After
fixation, cells were treated with ice-cold 50% MeOH for 10 min and
permeabilized with 0.1% NP-40 (35). Mouse IgG was added after per-
meabilization to block nonspecific binding. KC57-fluorescein isothiocya-
nate (FITC) was used to visualize intracellular Gag. Cell sorting experi-
ments were performed on an ARIA instrument. For the experiment whose
results are shown in Fig. 4B, intracellular staining for Gag was performed
with a PE-conjugated anti-HIV-1 Gag antibody (KC57-RD1; Beckman
Coulter) on cells treated with a Cytofix/Cytoperm kit (BD Biosciences).
Fixation and permeabilization of cells resulted in a 1-log-unit reduction in
green fluorescent protein (GFP) fluorescence (31).

qPCR for HIV DNA. DNA was isolated from sorted cell populations
using a DNeasy isolation kit (Qiagen). Levels of integrated HIV DNA were
measured by Alu-Gag qPCR as previously described (36). When cell num-
bers were insufficient to measure integrated HIV DNA (as in Fig. 5), a
total HIV, RU5 quantitative PCR (qPCR) assay was substituted (36).

RNA isolation and quantitative RT-PCR. RNA was isolated using the
method described by Boom et al. (37). cDNA synthesis was performed in
a 30-	l volume per the manufacturer’s instructions (ABi) with a 60-min,
50°C incubation. Primers amplifying gag usRNA and tat and rev msRNA
have been described elsewhere (38). Primers and probe for read-through
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reverse transcriptase PCR (RT-PCR) were designed to target the U3 re-
gion and untranslated region (UTR) region of the HIV LTR (forward,
5=-AGTGGCGAGCCCTCAGATG-3=; reverse, 5=-CAGCAAGCCGAGT
CCT-3=; and probe, 5=-CCAGAGTCACACAACAGACGGGCACA-3=).

Fiber-optic array scanning technology (FAST). Patient cells were
thawed, centrifuged once, and resuspended in 3 ml of phosphate-buffered
saline (PBS). NL4-3-infected cells were cultured for 3 days postinfection,
collected, centrifuged, and resuspended in 3 ml of PBS. Approximately, 20
million patient PBMCs or NL4-3-infected CD4� T cell cultures were al-
lowed to adhere for 40 min at 37°C in 100% humidity on pretreated slides.
Cells were fixed, permeabilized, and stained with KC57, mouse anti-hu-
man CD4 Alexa 647, or TCR-
/� and 4=,6-diamidino-2-phenylindole
(DAPI) nuclear stain. Each slide of immunolabeled cells was scanned, and
fluorescence emission from labeled cells was collected in an array of opti-
cal fibers forming a wide collection aperture. Cells that had a ratio of
average wavelength intensity to target wavelength intensity greater than
one were considered to be autofluorescent and were excluded by the FAST
algorithm filters. Potential “hits” for Gag-expressing cells were localized
to an accuracy of 40 	m by the FAST scan and then reimaged using an
automated digital microscope with a 20� objective. Manual image review
was performed for each positive “hit,” and debris and dye aggregates were
further excluded based on morphology. To quantify the total number of
PBMCs per slide, Thermo Scientific Cellomics Array VT was used to
count DAPI� nuclei.

RESULTS
Resting CD4 T cells express Gag protein after direct infection in
vitro (Fig. 1). We previously described Gag protein signal in our in
vitro model of directly infected resting CD4 T cells. We were con-
vinced of the quiescent nature of the infected cells since they
lacked activation markers and included cells that are phenotypi-
cally naive (17). We interpreted our results initially to represent de
novo protein expression (17); however, it was possible that the Gag
signal originated from bound, unfused virions (19). For example,
rare, activated, and productively infected cells could release viri-
ons that bind to nearby uninfected resting CD4 T cells, giving a
false appearance that could be mistaken for nascent expression
from a resting cell. In addition, expression from unintegrated HIV
DNA has also been reported and could give rise to Gag� cells (31).
To address if detection of Gag represented de novo translation
from an integrated provirus, we set out to determine if sorted
Gag� cells contained integrated HIV DNA. We reasoned that en-
richment of integrated HIV DNA in Gag� cells sorted by FACS
(relative to Gag� cells) would signify protein expression from in-
tegrated HIV DNA in infected cells. If, however, the Gag signal
were an artifact of bound virions, we would expect Gag� cells to be
enriched for HIV RNA but not integrated HIV DNA.

Quiescent CD4� T cells in the G0/1a stage of the life cycle were
enriched by depletion of lineage and activation markers (39, 40).
Cells were infected with NL4-3 by spinoculation (32) and cultured
in the absence of activating cytokines and in the presence of the
protease inhibitor saquinavir (17, 39). Deoxynucleosides were
added to infected cultures to overcome SAMHD1-mediated re-
striction, which has been described to occur in resting T cells (33,
41, 42). Three days postinfection, cells were stained with LIVE/
DEAD aqua and stained for surface markers with antibodies
against CD3 (AF700), CD4 (PE-Cy5.5), and CD25/CD69/
HLA-DR (APC). Cells were then fixed, permeabilized, and
stained for HIV Gag (Fig. 1A). Surprisingly, we found that the
Gag� cells expressed surface CD3 but were negative for CD4 after
direct infection (Fig. 1B). Consistent with our previous work, the
cultured Gag� cells lacked the activation markers CD25, CD69,

and HLA-DR at day 3. Notably, CD4� T cells cultured in the
absence of antigen-presenting cells and cytokines have lower levels
of TCR-� chain phosphorylation, suggesting that the process of
culturing cells results in a lower activation state (43). The level of
integrated HIV DNA was determined to be 0.32 copy per cell in
the bulk culture (termed whole culture [WC]). Gag� CD4� cells
contained 1.2 HIV proviruses per cell, which represented an en-

FIG 1 Gag expression after direct infection of resting CD4� T cells is not an
artifact of bound virions. (A) CD4� T cells were enriched from normal donor
PBMCs by negative selection and bead depletion and infected with NL4-3 by
spinoculation. Cells were cultured in the absence or presence of the integrase
inhibitor raltegravir for 3 days and stained for LIVE/DEAD aqua for surface
markers CD3 (AF700)/CD4 (APC)/CD25/CD69/HLA-DR (PE), fixed and
permeabilized, and stained with KC57 anti-Gag (PE) antibody. (B) CD3� cells
were gated, and cell populations I to IV were sorted. Cells cultured in the
presence of raltegravir serve as a control for baseline Gag staining. Cells treated
with interleukin 7 (IL-7) were also stained with CD25, CD69, and HLA-DR
and serve as an activation control. The percentage of cells in each of the gates
as well as the level of integrated HIV DNA in each population is summa-
rized below the flow plots. HIV DNA was measured by Alu-Gag PCR in
Gag� cells (gate I), Gag� cells (gates II to IV), and cells in the whole culture
(WC). HIV integrated DNA is reported for Gag� cells compared to Gag�

cells, showing enrichment. WC, whole culture; BD, below level of detec-
tion; SQV, saquinavir.
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richment of integrated HIV DNA in Gag� CD4� cells compared
to Gag� cell populations (Gag� CD4� cells contained 0.013 copy,
Gag� CD4int cells contained 0.11 copy, and Gag� CD4� cells con-
tained 0.24 copy of integrated HIV DNA per cell). The enrichment
of integrated HIV DNA among the Gag� cells suggests that the
detected Gag signal reflected de novo protein expression and not
bound virions. Furthermore, cells cultured in the presence of
the integrase inhibitor raltegravir had very low Gag staining,
indicating that the Gag signal was enhanced with viral integra-
tion (Fig. 1B).

Gag� CD4� cells are �/� T cells (Fig. 2). The infected Gag�

cells lacking surface CD4 (Fig. 1) warranted further investigation.
To further characterize the Gag� CD4� T cells, we performed
surface marker phenotyping. Direct infection with the X4-tropic
NL4-3 was performed as for Fig. 1. The resulting infection yielded
a culture in which 
10% of cells had a Gag� CD4� phenotype,
suggesting that surface CD4 was lost during the 3-day culture
period. Gag� CD4� cells expressed surface T cell receptor 
/� and
were negative for T cell receptor �/�, CD8, CD11c, CD14, and
CD16/CD56 (Fig. 2A). Importantly, cells infected with the pri-
mary R5-tropic isolate CHO58 (44) showed a similar phenotype
(Fig. 2B). Given that the process of HIV fusion utilizes CD4, it is

FIG 2 Gag� CD4� cells are alpha/beta T cells with internal, punctate CD4 staining. Normal donor cells were infected with either NL4-3 (A) or the R5-tropic
primary isolate CHO58 (B) and stained as for Fig. 1. One PE-labeled antibody was added to each well for the following lineage markers: TCR-
/�, TCR-�/�, CD8,
CD11c, CD16/CD56, or CD14. (C) Cells from infected cultures in panel A were plated to glass slides, fixed, and permeabilized prior to staining with antibodies
against HIV Gag (red) and CD4 (green) as well as a nuclear stain (blue). Single-color and merged panels are shown to demonstrate the presence of internalized
CD4 seen in Gag� cells.
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likely that the identified Gag� CD4� cells were indeed, at one time
genuine CD4� T cells.

To confirm the FACS observations by imaging, cells from in-
fected cultures were plated on glass slides, and antibodies against
CD4 and Gag were added after fixation and permeabilization. Fi-
ber-optic array scanning technology (FAST) (45) was used to im-
age cells positive for HIV Gag and CD4. Merged images of CD4
and Gag staining were generated for cells that stained positive for
Gag. We identified Gag� cells with punctate intracellular CD4
staining (Fig. 2C). The punctate CD4 staining pattern was unique
to Gag� cells. The lack of surface CD4 by FACS (Fig. 2A) and the

punctate staining pattern by FAST (Fig. 2C) are consistent with
internalized CD4 in Gag� cells.

Viral protein expression is responsible for CD4 internaliza-
tion in infected resting cells (Fig. 3). Our results suggested that
the lack of surface CD4 was related to expression of viral proteins.
However, incoming virions might also induce this phenotype. For
example, HIV Env on incoming virions might mask CD4 on the
cell surface, or cross-linking of CD4 by HIV Env might induce
CD4 internalization. To test whether infection alone could cause
the CD4� phenotype, we used the gutted gene therapy vector
VRX1090 (26), which lacks viral genes and was engineered to ex-

FIG 3 Viral protein expression is responsible for CD4 downregulation in infected resting cells. (A) VRX1090, which lacks viral genes and is engineered to express
GFP under the control of the EF1a promoter, was used to infect enriched CD4 cultures. Wild-type levels of surface CD4 were observed in GFP� cells, suggesting
that CD4 downregulation is not due to lentiviral infection alone. (B) Cells were infected with HIV-89.6 containing defective vpu, nef, or env genes or wild-type
89.6 (WT) and cultured for 3 days as indicated. Surface CD4 and intracellular Gag levels were measured. The percentages of Gag� CD4�, Gag� CD4int (indicating
intermediate levels of CD4), and Gag� CD4� cells in the whole culture are shown in black. The percentages of Gag� CD4�, Gag� CD4int, and Gag� CD4� cell
populations within the Gag� population are shown in red. The mean percentage of each population relative to all Gag� cells from three separate experiments is
summarized in the bar graph. (C) CD4-enriched cultures were infected with NL43-IRES-GFP, which expresses GFP from nef msRNA transcripts. GFP expression
and CD4 staining were evaluated at day 3.
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press GFP driven by the EF1
 promoter in infected cells (Fig. 3A).
Resting CD4� T cells were infected with VRX1090 that was pseu-
dotyped with X4 HIV Env (LAI) and cultured in the absence or
presence of the integrase inhibitor raltegravir, and GFP expression
was evaluated on day 3 postinfection. Infected cells that expressed
GFP had wild-type levels of surface CD4 (Fig. 3A), suggesting that
infection alone with an HIV Env-pseudotyped virus did not lead
to CD4 internalization. Moreover, these data suggested that viral
gene expression is required for CD4 internalization in resting cells.

Given that multiple viral proteins (Vpu, Env, and Nef) can
lower levels of surface CD4 (46–53), we strongly suspected that
other viral proteins besides Gag were expressed in these infected
resting T cells. To dissect which viral proteins contributed to the
loss of surface CD4 in our system, we performed infections of
resting cells with either wild-type 89.6 virus or 89.6 viruses lacking
vpu, nef, or env (Fig. 3B) (22, 23). Mutations in nef and env alone
resulted in intermediate levels of surface CD4, while virus carrying
a mutation in the vpu gene showed a nearly complete loss of sur-
face CD4, a phenotype similar to that of wild-type virus (Fig. 3B).
Our experiments suggest that de novo synthesis of Env and Nef
likely contributed to the CD4 downregulation phenotype.

We previously showed that directly infected resting CD4� T
cells expressed very low levels of Env (17), but we had not ad-
dressed whether Nef could be expressed in resting cells after direct
infection. To determine if Nef was also expressed, we infected
cultures with NL4-3-IRES-GFP, which expresses GFP from nef
msRNA transcripts (54). We detected GFP expression in resting
cells, indicating Nef expression, on day 3 postinfection (Fig. 3C).
This is consistent with high levels of nef msRNA reported in other
direct infection models (55–57). Notably, the cells expressing Nef/
GFP also lacked surface CD4 (Fig. 3C).

Defective proviruses can express low levels of HIV proteins
in the absence of tat/rev but may not completely downregulate
CD4 (Fig. 4). Given the important roles of Tat and Rev in enhanc-
ing viral gene expression (reviewed in references 11 and 58), we
were surprised by the relatively high levels of HIV Gag in the
apparent absence of tat and rev msRNA in our infected resting
cells (17). However, it was possible that tat and rev msRNA was
present but not detected in our system; thus, we addressed
whether these genes were required for LTR-driven viral gene ex-
pression by infecting resting cells with viruses lacking the tat and
rev genes in our in vitro system. Resting CD4� T cells were infected
by spinoculation with Env-pseudotyped virions containing the
viral vector VRX494 (25), which lacks the tat, rev, vif, vpr, vpu, and
nef genes but contains the HIV LTR promoter and an ORF that
encodes GFP and viral genetic elements necessary for reverse tran-
scription and integration (Fig. 4A). Three days postinfection, a
subset of infected cells (3%) expressed low levels of GFP (Fig. 4A),
demonstrating that basal LTR-driven expression of viral genes was
detectable in the absence of HIV accessory proteins (11, 58). This
was above the background frequency of GFP� cells detected in the
cells cultured in the presence of raltegravir. Unintegrated HIV
DNA was not expected to contribute to expression in this experi-
ment, since Vpr is required for expression from unintegrated
HIV DNA and because we assayed early after infection, before
expression from unintegrated HIV DNA occurs (28). Thus, we
can detect proviral gene expression in resting CD4 T cells with-
out tat or rev.

The low-level expression of GFP in resting cells infected with
lentiviral vector lacking tat and rev and all other HIV accessory

proteins (Fig. 4A) raises the question of whether defective provi-
ruses could be expressed in CD4� T cells. This has clinical impli-
cations in light of the predominance of defective proviruses in
HIV-infected individuals. We next asked whether proviruses with
a mutation in tat could express viral proteins. We chose to use
NLENG1-IRES�tat, a sensitive reporter virus that contains a GFP
cassette inserted upstream of the nef gene and a stop codon after
the first 18 amino acids of Tat (Fig. 4C). Resting cells were infected
with NLENG1-IRES�tat and its parent virus, and GFP expression
and CD4 levels were measured 5 days postinfection (Fig. 4B).
GFP� cells were detected in cultures infected with NLENG1-IRES
(59) and NLENG1-IRES�tat; however, the mode level of GFP
expression was 28-fold lower in cells infected with NLENG1-
IRES�tat than with the parent NLENG1-IRES virus. Thus, Tat
transactivates HIV-1 expression in resting CD4 T cells even
though we failed to detected it by RT-PCR (17). Nonetheless, cells
infected with NLENG1-IRES�tat expressed low levels of viral pro-
tein, again indicating a detectable level of basal or Tat-indepen-
dent transcription. Parallel infected cultures were fixed and
stained for intracellular Gag (Fig. 4B). Though fixation reduced
GFP fluorescence by an order of magnitude (31), Gag� GFP� cells
were readily detected in cultures infected with the parent virus
that expressed wild-type Tat (NLENG1-IRES). In addition to
GFP, there is a suggestion that Gag may also be expressed with
NLENG1-IRES�tat, though the levels are very near background,
suggesting that Gag expression may occur at low levels in the ab-
sence of Tat.

To determine if proviruses with large deletions in the region
of tat, rev, and env can express detectable viral Gag in quiescent
CD4 T cells, we generated a mutant NL4-3 virus with a deletion
between nucleotides 5743 to 7250 (Fig. 4C). The resulting vi-
rus, NL43�5743-7250, was similar to proviruses reported re-
cently by Ho et al. (4). We then infected resting CD4� T cells by
spinoculation using X4-tropic Env-pseudotyped NL43�5743-
7250 virions and cultured the cells for 3 days. In three indepen-
dent experiments, we consistently found very low levels of Gag
just above the background levels as assessed by an integrase
inhibitor, raltegravir, used as a control (Fig. 4C). Taken to-
gether, our results with sensitive reporter viruses suggest that
very low-level expression of viral proteins can occur in resting
cells infected with defective proviruses that contain deletions in
the region of tat, rev, and env. However, flow assays to detect
Gag expression from Tat mutants are near background (Fig.
4C) and thus distinguishable from replication-competent HIV
(Fig. 1). These findings may have important implications for
immune eradication strategies and methods to monitor them.
Notably, low-level protein expression from defective provi-
ruses could be visible to the primed immune system.

FAST can identify Gag� cells present at a low frequency (Fig.
5). The FAST (fiber-optic array scanning technology) platform is
an alternative method for the identification of rare cells using
fluorescent detection and laser scanning technology (45). What
distinguishes FAST from other cell-phenotyping techniques is its
scanning speed, which enables the quantitative analysis of 20 mil-
lion cells per minute. Since FAST is performed on standard mi-
croscopy slides, an automated digital microscope systemati-
cally performs fluorescent imaging on each putative rare cell
and is capable of analyzing up to 6 fluorophores. Thus, all rare
events can be visualized and efficiently recorded with high-
resolution microscopy.
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FIG 4 Defective proviruses may express HIV proteins in the absence of tat and rev but do not fully downregulate CD4. (A) Resting CD4-enriched cultures were
infected with the gutted gene therapy vector VRX494, in which the HIV LTR drives GFP expression from a spliced message. GFP expression was measured 3 days
postinfection. (B) Schematic of NLENG1-IRES�tat, which contains a stop codon after the codon for amino acid 18 of tat. Cells were infected with either the
parental NLENG1-IRES or NLENG1-IRES�tat, and GFP and CD4 expression were determined at 5 days postinfection in unfixed cultures. A histogram plot is
shown comparing the levels of GFP and CD4 expression in cultures infected with either NLENG1-IRES or NLENG1-IRES�tat (left). Cells cultured in parallel
were fixed, permeabilized, and stained for Gag (right). As a control, cells were infected in the presence of the reverse transcriptase inhibitor efavirenz (EFV). (C)
Schematic of NL43�5743-7250, which lacks the tat and rev genes as well as the env start codon. Resting, CD4-enriched cultures were infected with NL43�5743-
7250 and levels of surface CD4 and intracellular Gag were measured at day 3 postinfection.
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FIG 5 Identifying the expressed reservoir by FACS and FAST. (A) Cultures enriched for CD4 cells were infected with NL4-3 and then serially 10-fold diluted in
PBMCs from an uninfected donor. (B) Serial dilutions of NL4-3-infected cells were stained for surface markers and then permeabilized and stained for Gag as
for Fig. 1. The expected number of Gag� cells per million PBMCs is shown in the top row at each dilution and is based on the frequency of Gag� cells in the
original culture as determined by flow staining; the FACS-observed number is shown in the second row and was calculated by taking the fraction identified by
flow cytometry in each dilution and multiplying by 1 million; the FAST-observed number is given in the third row and was determined as follows. The same serial
dilutions of infected cells were plated to slides, and Gag� was identified by FAST as in Fig. 2. The number of PBMCs that adhered to slides was determined by
enumerating DAPI� nuclei as described in Materials and Methods. The number of Gag� cells per million PBMCs is reported. *, we counted 19 Gag� cells among
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Since FAST provides an independent technology for the iden-
tification of rare cells as well as image-based verification, we were
interested to determine if FAST could detect HIV-infected cells
that express viral proteins in a patient on ART. As a proof-of-
principle experiment, resting CD4� T cells were infected in vitro
and serially diluted in a background of uninfected PBMCs to cre-
ate cultures with progressively lower levels of Gag� cells (Fig. 5A).
In an initial experiment, both flow cytometry and FAST were used
to identify and quantify Gag� cells in the diluted samples. We
found good agreement between flow cytometry and FAST, show-
ing that FAST could reproducibly detect Gag� cells down to a
frequency of 0.4 Gag� cell per million PBMCs (Fig. 5B). Notably,
the dim and internalized CD4 staining shown in Fig. 2 provided
additional specificity for Gag signals detected by FAST, as Gag�

cells generally had lower CD4 levels and often showed punctate
CD4, consistent with Env-mediated or Nef-mediated CD4 inter-
nalization and degradation. To determine the accuracy of measur-
ing the frequency of Gag� cells by FACS, we made serial dilution
of NL4-3-infected cultures (Fig. 5C) and measured HIV DNA in
sorted Gag� CD4� cells. We found that FACS did not count Gag�

cells accurately at low frequencies. For instance, when we diluted
100 Gag� CD4� cells per million PBMCs, we found that 100% of
sorted Gag� CD4� cells contained HIV DNA. However, when we
diluted 10 Gag� CD4� cells per million PBMCs we found only
22% of the cells contained integrated HIV DNA, assuming 1 ge-
nome per cell (Fig. 5C). This is an expected limitation of flow
cytometry because Gag� cells are occasionally present in the same
droplet as Gag� cells and are sorted together, which results in a
decrease of HIV DNA per sorted cell, an effect that is especially
apparent at low target frequencies. Thus, FACS is a tedious, error-
prone method to quantify HIV reservoirs that express proteins.
On the other hand, each initial hit detected by FAST is confirmed
by imaging suggesting that it would be less susceptible to spurious
background events. We propose that FAST technology has the
potential to provide more robust high-throughput measure-
ments.

FAST can be used to identify HIV-infected cells that express
viral proteins in patients (Fig. 6). Because each initial “hit” by
FAST is confirmed by imaging, FAST is less susceptible to spuri-
ous background events that complicate the quantitation of Gag�

cells at low frequencies by FACS. To explore the potential of FAST,
we asked if Gag� cells could be identified in HIV-infected individ-
uals on ART. PBMCs from ART patients were adhered to slides,
fixed, permeabilized, and stained for CD4 and intracellular Gag.
Six representative images of Gag� cells that have undetectable
levels of CD4 are shown (Fig. 6A). These patients had been on
ART for at least 2 years and had undetectable viral loads at the time
of sampling (�50 copies/ml). While the majority of Gag� cells
were CD4�, some Gag� CD4� cells were identified (Fig. 6B). The
pattern of CD4 staining ranged from nearly wild-type levels to
barely detectable and punctate (ART3).

We wanted to determine if the cells that expressed HIV Gag
in vivo were analogous to the cells we studied in vitro. Thus, we

tested if these cells also expressed TCR-
/� as in our in vitro
system (Fig. 2). We stained a replicate slide from the same ART
patient with antibodies against HIV Gag, CD4, and TCR-
/�.
We show three cells that expressed HIV Gag that also expressed
TCR-
/� while lacking CD4. In total, we found 12 Gag� cells,
all of which were TCR-
/� positive (Fig. 6C). Notably, Gag�

TCR-
/�� cells were present at a frequency comparable to
those in our previous studies that utilized a cell sorting ap-
proach to estimate the frequency of resting T cells that ex-
pressed HIV proteins (18). In this context, these Gag� TCR-

/�� cells likely represent HIV-infected T cells that express
HIV proteins and thus internalize CD4.

Gag� CD4� cells and Gag� CD4� cells were counted and fre-
quencies were determined by dividing the number of nuclei ex-
amined per slide (Fig. 6D). The percentage of proviruses express-
ing Gag was determined by dividing the number of Gag� cells per
million PBMCs by the number of integrated HIV proviruses per
million PBMCs and multiplying by 100. Gag� cells, which were
mostly CD4�, persisted over a period of 5 years in one patient and
were detectable in all 5 patients that were assayed. Our FAST stud-
ies with patients’ cells suggest that Gag� cells may contribute to
the HIV reservoir and that FAST may be a useful method for the
direct measurement of HIV expression.

Read-through transcription represents only a minor compo-
nent of gag usRNA signal. Having demonstrated that Gag pro-
tein is expressed in resting T cells, we turned to address the
composition of HIV RNA present in the infected cells. We as
well as others have previously measured the levels of gag us-
RNA and tat and rev msRNA in vitro and in vivo (16, 17, 38, 60).
However, we had neglected to consider the contribution of
read-through transcription. Read-through transcripts initiat-
ing from an upstream cellular promoter have been reported for
cells from patients on ART (21) and would be detected by
primers to the gag region. Given that read-through transcripts
should not be translated or spliced, it was important to show
that a significant portion of the transcripts we detected in our
system were not due to read-through. To measure the levels of
read-through RNA by RT-PCR, primers and probes were de-
signed (Fig. 7A) to bind to U3 and the 5= untranslated region
(UTR) of HIV transcripts. The forward primer targets a region
upstream of the HIV transcriptional start site (TSS), such that
read-through transcripts (but not gag usRNA transcripts) are
amplified by this primer set. To compare levels of viral tran-
scripts in vitro, total RNA was isolated from NL4-3-infected
cultures 3 days postinfection. Read-through transcripts repre-
sented less than 0.01% of gag usRNA transcripts detected by
RT-qPCR (Fig. 7B), suggesting that read-through transcription
contributed only minimally to viral RNA expression in our in
vitro model of direct infection of resting T cells.

We also measured levels of gag usRNA, tat and rev msRNA,
and read-through transcripts in a total of four ART patients
and one untreated chronic progressor (chronic progressor 1
[CP1]). Levels of gag usRNA ranged from 120 to 4,600 copies

5.1 million PBMCs. #, we counted 3 Gag� cells among 7.1 million PBMCs. BD, below detection limit; we did not provide an estimate by FACS at the final dilution
because only 3 million cells were available for FACS analysis. (C) In a follow-up experiment, enriched CD4 cells from a healthy donor were infected with NL4-3
and harvested 3 days postinfection. Serial dilutions of infected cultures were made in uninfected PBMCs and stained for Gag 3 days postinfection as described for
Fig. 1. Gag� CD4� cells were sorted, and HIV DNA was measured in Gag� CD4� cells by qPCR. The percentage of sorted cells that contained integrated HIV
DNA is listed to show the limitation of FACS at low dilution.
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per 1E6 PBMCs in ART patients, while the chronic progressor
had 7,800 copies of gag usRNA per 1E6 PBMCs (Fig. 7C). Read-
through RNA was detected in only 2 of 4 ART patients tested
(ART1 and ART2) at levels that represented less than 5% of gag
usRNA. tat and rev msRNA was detected in ART3 and ART4
(range, 2 to 4 copies per 1E6 PBMCs) and CP1 (95 copies per
1E6 PBMCs) but not ART1 or ART2. Thus, the patterns of RNA
that we detected in ART-treated patients are similar to those in
our in vitro model. gag usRNA is the predominant transcript

detected in ART patients and appears to be LTR driven rather
than a product of read-through transcription.

DISCUSSION
Protein expression can occur in resting infected CD4 T cells
with minimal viral spread. Our data provide robust evidence that
HIV Gag protein expression can occur in infected resting CD4 T
cells. Moreover, CD4 downregulation in Gag� cells suggests that
these cells express multiple viral proteins. This viral protein ex-

FIG 6 Identification of Gag� cells in HIV-infected patients on ART. (A) PBMCs from ART patients were adhered to slides, fixed, permeabilized, and
stained for intracellular Gag, CD4, and DNA with DAPI. Slides were scanned by FAST and imaged as for Fig. 2. Yellow arrows identify Gag� CD4� cells.
(B) Images of Gag� CD4� cells and Gag� CD4int cells identified in ART patients. (C) PBMCs from ART2 on a replicate slide were stained for intracellular
Gag, CD4, TCR-
/�, and for DNA with DAPI. Three images that contain Gag� cells are shown. The top row shows staining for DAPI (blue), Gag (red),
and TCR-
/� (green). The bottom row shows staining for DAPI (blue), Gag (red), and CD4 (green) for the same images. In all three images there are more
TCR-
/�-positive cells than CD4� T cells because of the presence of CD8� T cells among the adhered PBMCs. (D) The frequencies of Gag� CD4� cells
and Gag� CD4� cells were determined by FAST and divided by the total number of PBMCs. The level of integrated HIV DNA in total PBMCs was
determined by Alu-Gag qPCR. The percentage of proviruses expressing Gag was determined by dividing the number of Gag� cells per million PBMCs by
the number of integrated (INT) HIV proviruses per million PBMCs and multiplying by 100.
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pression occurs with minimal viral spread (17) and in cells that
lack the activation markers CD25, CD69, and HLA-DR (Fig. 1).
We provide evidence that the loss of surface CD4 is mediated by
the Nef and Env proteins in resting cells following direct infection
(Fig. 3). Tat is also expressed in these cells and is required for the
high levels of viral protein expression detected (Fig. 4). The CD4�

phenotype and low frequency of Gag� cells may explain why this
protein expression has not been reported previously for patients
on ART, as many studies positively select for CD4� T cells before
analyzing the reservoir (61).

Using our model, we show that direct infection of resting
CD4� T cells with wild-type viruses leads to loss of surface CD4
(Fig. 1). These Gag� CD4� cells express CD3 and TCR-
/� and
display punctate CD4 staining when anti-CD4 antibody is added
after permeabilization (Fig. 2), consistent with receptor internal-
ization. Our previous work demonstrated that Env protein is ex-
pressed in resting CD4 cells after infection (17), and herein we
provide evidence that Nef protein is also expressed in infected
resting cells concurrently with the loss of surface CD4 (Fig. 3C).
Notably, this finding is consistent with reports that nef msRNA is
a prominent transcript early after direct inoculation of resting
CD4� T cells (55–57). Expression of both Env and Nef proteins
appear to be required for complete loss of surface CD4; mutations
in either gene results in partial loss of surface CD4 in Gag� cells

(Fig. 3B), consistent with reports of CD4 internalization in pro-
ductively infected cells. Thus, both Env and Nef likely contribute
to CD4 internalization, and a mutation in either gene diminishes
the effect. Our data are consistent with LTR-driven expression,
since read-through RNA contributes only minimally to HIV us-
RNA signal in vitro and in vivo (Fig. 7).

CD4 downregulation has been thought to occur only in pro-
ductive infection (62, 63), but our data support the notion that
CD4 downregulation can occur in infected resting cells with min-
imal viral replication (17). We previously showed that productive
HIV infection in activated cells is associated with high levels of tat
and rev msRNA, while the majority of resting cells that express
HIV proteins have undetectable levels of tat and rev msRNA (17).
Moreover, we easily detected spreading infection in the activated
cells by many methods but could not detect viral spread in our
resting T cell cultures (17). In this study, we used a sensitive re-
porter virus to demonstrate that Tat expression occurs in infected
resting cells (Fig. 4B). Given the expression of Tat, it seems likely
that these cells may release low levels of virus but to a lesser extent
than has been shown for in vitro models with cytokine supplemen-
tation (31). In ART patients, levels of tat and rev msRNA are barely
detectable (Fig. 7), and the frequency of cells with msRNA for tat
and rev is much lower than the frequency of cells containing us-
RNA (16). Thus, rare cells that express tat and rev may be the only

FIG 7 Read-through transcription represents only a minor component of gag usRNA signal in latently infected cells. (A) Primers were designed to amplify
read-through, but not LTR-driven transcripts, by targeting U3 and UTR regions of HIV. The HIV transcriptional start site (TSS) is labeled in R. (B) RNA was
isolated from NL43-infected cultures 3 days postinfection and levels of gag usRNA, tat and rev msRNA, and read-through RNA were quantified by RT-PCR. (C)
Levels of gag usRNA, tat and rev msRNA, and read-through RNA were quantified in PBMCs of four ART patients and one chronic progressor (CP1). *,
undetectable level of tat and rev msRNA; †, undetectable level of read-through RNA. QNS, quantity not sufficient for read-through RNA measurements.
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cells capable of releasing virions. Several groups have reported that
viral RNA can be detected in the supernatant of resting cells cul-
tured ex vivo (21, 64–66), consistent with the idea that very low
levels of virion production may occur from resting cells. Further
studies will be required to understand the extent of viral release
that occurs from resting CD4� T cells.

Directly inoculated resting cells mimic many aspects of in
vivo latent infection and provided insights into reservoir biol-
ogy. While the use of an in vitro model of latency is a potential
limitation of our study (67), there are striking parallels between
models of direct primary cell infection (68–72) and in vivo obser-
vations in ART patients, including the following: (i) cells infected
with R5 virus have memory phenotype (17, 73–75), (ii) gag us-
RNA is the predominant viral RNA species (17, 60), (iii) low levels
of tat and rev msRNA near the limit of detection of RT-PCR (16,
17), and (iv) loss of surface CD4 can be observed (Fig. 2 and 6).
Importantly, it was data from our in vitro model that prompted us
to look more aggressively for Gag� CD4� cells in vivo. Because of
the strong evidence of viral protein expression provided in the
resting-cell model, we used FAST to assay large numbers of cells
and found the Gag� CD4� phenotype in five ART patients (Fig.
6). Notably, there is precedent for HIV infection and expression in
double-negative T cells in vivo: Kaiser et al. reported an enrich-
ment of HIV DNA and RNA in a double-negative population of
CD3� lymphocytes in chronic patients, but HIV DNA and RNA
were not found to be enriched in CD3� double-negative cells in
ART patients (16). In retrospect, this study did not examine a
sufficient number of cells to detect HIV nucleic acid in double-
negative cells from ART patients. More recently, Yukl et al. have
reported that HIV DNA is present in non-CD4 T cells in gut tissue
(76). Our data raise the possibility that some of these “CD4� cells”
containing HIV DNA may be genuine TCR-
/� cells that have
internalized or downregulated surface CD4. Images of Gag� cells
from ART patients demonstrate a range of CD4 staining patterns,
including the canonical surface CD4 staining, punctate CD4 stain-
ing, low-level CD4 staining, and no CD4 signal (CD4� cells).
Thus, FAST may capture the stages of downregulation of surface
CD4 in infected cells expressing HIV proteins. Studies that posi-
tively select for CD4 to study HIV reservoirs may need to be in-
terpreted with this in mind, as this CD4� population may be an
important component of the reservoir.

Defective proviruses can express viral proteins. Using a sen-
sitive reporter system, we showed that low-level Nef expression
occurs in cells infected with a virus mutated in tat. Our experi-
ments also suggest that very low protein expression may occur
from proviruses containing massive 3= deletions (Fig. 4C), similar
to deletions that have been reported to occur in patients (4).
Taken together, our data suggest that proviruses with large dele-
tions may express some HIV proteins, but the expression levels are
much lower in the absence of Tat (Fig. 4B and C). It follows that
defective proviruses expressing viral proteins could potentially be
susceptible to immune clearance. Our findings are consistent with
work on retroviral vectors showing leaky expression (77, 78) and
recent reports that defective proviruses can be expressed (79). We
build on these reports by showing expression of defective provi-
ruses in resting (nonactivated) cells.

Gag� cells may not be a reservoir. Gag� cells may be short-
lived and not contribute to the reservoir in patients on ART. An
alternate but not mutually exclusive possibility is that these pro-
tein-expressing cells may release infectious virus. Subsequently

infected cells may then contribute to the persistent reservoir
through low-level ongoing replication (80–82). The half-life of
CD4� T cells is reportedly shorter in HIV-infected patients than in
uninfected controls, consistent with increased turnover of these
cells in ART-treated and untreated patients (83). Finally, Gag�

cells may be a reservoir if low-level HIV expression occurs tran-
siently without inducing clearance.

A spectrum of HIV expression among reservoir cells. Gag�

cells persist during ART and can be detected at multiple time
points spanning 5 years (18) (Fig. 6). We hypothesize that Gag�

cells are long-lived and/or that viral protein expression is dynamic
such that proviruses express protein transiently in vivo. Evidence
that HIV DNA persists similarly in activated and resting cells years
after ART initiation is consistent with the idea that HIV-infected
cells may periodically undergo transient activation and subse-
quently return to a resting state (84). The role of cellular activation
in reservoir expression and clearance remains to be determined in
future studies, though our prior work suggests that at least a frac-
tion of these Gag� cells have a quiescent phenotype (18). We
hypothesize that a spectrum of cells may exist in ART patients,
including (i) cells that contain integrated provirus but do not ex-
press viral RNA, (ii) cells that contain integrated provirus and
express viral RNA but not viral proteins, and (iii) cells that express
both viral RNA and protein. Importantly, expression states may
change over time. If Gag� cells contain replication-competent
provirus and are long-lived, then these cells could contribute to
the reservoir. Since replication-defective proviruses may also be
expressed, it may be challenging to distinguish them from repli-
cation-competent virus in HIV eradication trials (79).

FAST may be useful to monitor reservoir expression and size.
Recent trials of HDAC inhibitors (HDACis) highlight the need for
assays that detect viral protein expression. While HDACis have
been shown to increase levels of HIV RNA in patient cells (66, 85),
treatment with the HDACi SAHA may not induce viral protein
expression in infected cells (56, 86) and thus far has not led to
clearance of reservoirs in vivo (85, 87). The failure of SAHA to
reduce reservoirs may be due to negative effects of HDACis on
cytotoxic T lymphocytes (CTL) (88) or the failure of HDACis to
induce protein expression (89). The fact that the reservoir persists
in elite controllers who appear to have effective CTL activity
against infected resting T cells expressing HIV proteins (18, 90,
91) suggests that inefficient protein expression may play a role in
reservoir persistence even in the absence of ART. We speculate
that the phenotype of strong Gag expression coupled with CD4
loss might be exploited to identify replication-competent virus
given the very low level of Gag expressed in the absence of Tat and
the requirement of high-level Nef or Env expression for complete
CD4 downregulation. Thus, FAST might provide a tool to identify
and possibly measure replication-competent proviruses.
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