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ABSTRACT

Production of proinflammatory cytokines indicative of potent recognition by the host innate immune system has long been rec-
ognized as a hallmark of the acute phase of HIV-1 infection. The first components of the machinery by which primary HIV target
cells sense infection have recently been described; however, the mechanistic dissection of innate immune recognition and viral
evasion would be facilitated by an easily accessible cell line model. Here we describe that reconstituted expression of the innate
signaling adaptor STING enhanced the ability of the well-established HIV reporter cell line Tzm-bl to sense HIV infection and to
convert this information into nuclear translocation of IRF3 as well as expression of cytokine mRNA. STING-dependent immune
sensing of HIV-1 required virus entry and reverse transcription but not genome integration. Particularly efficient recognition
was observed for an HIV-1 variant lacking expression of the accessory protein Vpr, suggesting a role of the viral protein in cir-
cumventing STING-mediated immune signaling. Vpr as well as STING significantly impacted the magnitude and breadth of the
cytokine mRNA expression profile induced upon HIV-1 infection. However, cytoplasmic DNA sensing did not result in detect-
able cytokine secretion in this cell system, and innate immune recognition did not affect infection rates. Despite these deficits in
eliciting antiviral effector functions, these results establish Tzm-bl STING and Tzm-bl STING IRF3.GFP cells as useful tools for
studies aimed at dissecting mechanisms and regulation of early innate immune recognition of HIV infection.

IMPORTANCE

Cell-autonomous immune recognition of HIV infection was recently established as an important aspect by which the host im-
mune system attempts to fend off HIV-1 infection. Mechanistic studies on host cell recognition and viral evasion are hampered
by the resistance of many primary HIV target cells to detailed experimental manipulation. We describe here that expression of
the signaling adaptor STING renders the well-established HIV reporter cell line Tzm-bl competent for innate recognition of HIV
infection. Key characteristics reflected in this cell model include nuclear translocation of IRF3, expression of a broad range of
cytokine mRNAs, and an antagonistic activity of the HIV-1 protein Vpr. These results establish Tzm-bl STING and Tzm-bl
STING IRF3.GFP cells as a useful tool for studies of innate recognition of HIV infection.

Virus infection triggers a wide array of immune reactions in the
immunocompetent host. Many of these events involve pro-

cessing of viral proteins into peptides that are presented by major
histocompatibility complex (MHC) molecules. The resulting
adaptive cellular and humoral immune responses are designed to
eliminate productively infected cells and may neutralize infectious
virus particles but take several days to weeks to develop. In con-
trast, innate cell-autonomous immune recognition does not re-
quire antigen presentation and allows nonspecialized target cells
of an organism to quickly recognize and potentially eliminate in-
coming virus particles and to limit virus spread (1, 2). The cell-
autonomous immune system comprises pattern recognition re-
ceptors (PRRs) that recognize pathogen-associated molecular
patterns (PAMPs) to elicit antiviral signaling cascades. Such signal
transduction induces antiviral effectors, in particular type I inter-
ferons but also other cytokines, to limit virus replication in both
infected and uninfected target cells. This response synergizes with
intrinsic immune factors whose expression is often induced by
interferon (IFN) responses (restriction factors) and that restrict
virus replication in acutely infected cells via their direct physical
association with viral components (3–5).

In the case of human immunodeficiency virus type 1 (HIV-1),
production of proinflammatory cytokines (“cytokine storm”), in-

dicative of potent recognition by the host innate immune system,
has long been recognized as a hallmark of the acute phase of in-
fection, anti-HIV effects of interferon have been described, and
key effectors mediating this protection have been identified (6–
11). Interferon-induced innate immune responses resulting from
cell-autonomous recognition reduce viral replication during
acute simian immunodeficiency virus (SIV) infection and atten-
uate subsequent disease progression (12). Moreover, polymor-
phisms and expression levels of innate immunity genes, including
PRRs and restriction factors, affect HIV transmission rates, repli-
cation, and disease progression (13, 14). Finally, the selection of
successful transmission-founder viruses with reduced sensitivity
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to interferon treatment of target cells suggests that evading this
response enhances viral fitness in vivo (15, 16). While the rele-
vance and effectors of cell-autonomous recognition of HIV are
thus well established, much less is known about the host cell ma-
chinery that recognizes HIV infection (17, 18). The molecular
events leading to innate recognition of incoming HIV genomes
appear to vary remarkably between different types of target cells.
In plasmacytoid dendritic cells (DCs), HIV RNA can be sensed by
toll-like receptors (TLRs), in particular TLR7, resulting in the pro-
duction of proinflammatory cytokines (19–22). In contrast, in
myeloid cells, DNA products of HIV reverse transcription are rec-
ognized by the cyclic GMP-AMP synthase (cGAS) as a cytoplas-
mic DNA sensor that produces the atypical dicyclic nucleotide
cGAMP to activate the central innate signaling adaptor protein
STING (23–27). Finally, the interferon gamma inducible protein
IFI16 was suggested to act as a cytoplasmic DNA sensor that trig-
gers interferon production and caspase-1-dependent pyroptosis
in resting CD4� T cells and macrophages (28, 29). These re-
sponses are complemented by the sensing activities of restriction
factors such as Trim5� and CD317/tetherin, which trigger innate
signaling cascades upon recognition of incoming or budding viral
capsid, respectively (30–33). How these different sensing mecha-
nisms are regulated in space and time, how different effector mol-
ecules triggered by these responses affect virus replication, and
which additional sensing mechanisms may exist largely remain to
be elucidated.

While the action of sensing restriction factors can readily be
recapitulated by overexpressing them in cell lines (30–33), the
molecular dissection of innate sensing of incoming HIV particles
is hampered by donor-to-donor variability, resistance to genetic
manipulation, and/or low permissiveness to HIV infection of the
primary cell models in which these processes can be observed. We
therefore aimed here at establishing and characterizing an easily
accessible cell system that mirrors aspects of cell-autonomous
immune recognition of HIV-1. We describe the generation of a
Tzm-bl-based HIV-1 reporter cell line in which HIV-1 infection is
recognized by mechanisms that are in part counteracted by the
viral protein Vpr.

MATERIALS AND METHODS
Cells, plasmids, and reagents. HEK 293T, HeLa, HeLa Kyoto, HeLa S3,
and Tzm-bl cells were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS)
and 1% penicillin-streptomycin (all from Invitrogen) (34–38). For the
generation of stable cells lines, genes of interest were cloned into pWPI
derivatives generated by the modification of the multiple-cloning site
(MCS) and replacement of the green fluorescent protein (GFP) in the
reporter cistron with a puromycin or neo resistance gene (39), using AscI
and BamHI restriction sites. The expression vector for STING was gener-
ated by introducing the coding sequence of human STING (human
TMEM173, Clone Id 5762441; Open Biosystems) in the pWPI-Puro vec-
tor. Tzm-bl CON and Tzm-bl STING cells were generated by transduc-
tion of the parental Tzm-bl cells with lentivirus produced in the presence
of pWPI-Puro and pWPI-hSTING vectors, respectively, and selection in
the presence of 2 �g/ml puromycin (Sigma). After selection, the cells were
transduced with lentivirus produced in the presence of the pWPI-Neo
IRF3.GFP vector encoding an IRF3.GFP fusion protein. The parental
eGFP-IRF3 plasmid was a kind gift from Luis Martinez-Sobrido (Roches-
ter), and Tzm-bl CON IRF3.GFP and Tzm-bl STING IRF3.GFP cells were
selected in the additional presence of 600 �g/ml G418. Both cell lines
were positively sorted by fluorescence-activated cell sorting (FACS;

BD FACSAria III cell sorter) for the expression of GFP to obtain more
than 90% of the cells expressing the fusion protein.

The proviral plasmids pHIV-1NL4-3 wt (wt), pHIV-1NL4-3 Vpu stop
(�Vpu), pHIV-1NL4-3 Nef stop (�Nef), pHIV-1NL4-3 Vif stop (�Vif), and
pHIV-1NL4-3 Env stop Nef stop (��nv) were kindly provided by Valerie
Bosch. When indicated, azidothymidine (AZT; 5 �M) (Sigma-Aldrich),
nevirapine (NVP; 5 �M) (NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH), raltegravir (RAL; 500 �M), or T20 (50 �M) (the last two
kindly provided by Oliver Keppler) was added to the cells 1 h before
infection and kept present throughout the experiment to interfere with
specific steps of the HIV-1 life cycle.

Virus production and infection. For production of lentiviral vectors,
2 � 106 HEK 293T cells were seeded per 6-cm dish 24 h before transfection
(40) and transfected using Pei (Sigma) with 20 �g of pWPI-Puro or
pWPI-hSTING, 20 �g of pPAX2, and 6.5 �g of vesicular stomatitis virus
G protein plasmid (pMD2.G). Virus supernatants were harvested after 48
h, filtered through 0.45-�m-pore-size filters, and used immediately for
transduction of seeded Tzm-bl cells.

Stocks of infectious HIV-1 were generated by transfection of proviral
HIV-1 plasmids into HEK 293T cells using Pei (Sigma) (41). Three days
posttransfection, culture supernatants were harvested and filtered
through 0.45-�m-pore-size filters, and virus stocks were concentrated by
ultracentrifugation through a 20% sucrose cushion (28,000 rpm, 1.5 h).
Virion-associated reverse transcriptase (RT) activity was determined by a
Sybr green I PCR enhanced RT assay (SG-PERT) (42). If not mentioned
otherwise, the quantity of virus used for infection was equivalent to an
SG-PERT count of 1.9 � 108 pU/ml.

Cell surface receptor levels and toxicity measurement. For the quan-
tification of cell surface receptor levels or cell viability, Tzm-bl, Tzm-bl
CON, and Tzm-bl STING cells were incubated with peridinin chlorophyll
protein (PerCP)/Cy5.5–anti-human CD4 antibody (BioLegend), allo-
phycocyanin (APC)–mouse anti-human CD184 (CXCR4), and fluores-
cein isothiocyanate (FITC)–mouse anti-human CD195 (both from BD
Pharmingen) or 7-aminoactinomycin D (7-AAD) (2.5 �g/ml) (BD Phar-
mingen), respectively, for 1 h. Following several washing steps, cells were
analyzed on a FACSCalibur flow cytometer, and data were analyzed with
FlowJo (TreeStar) or Cyflogic (CyFlo Ltd.) software.

Immunofluorescence microscopy. Tzm-bl CON, STING, CON
IRF3.GFP, or STING IRF3.GFP cells grown on coverglasses were infected
with HIV-1 WT or HIV-1 �Vpr. At 48 hpi (hpi), the cells were fixed with
3% paraformaldehyde (PFA) prior to permeabilization and saturation in
phosphate-buffered saline (PBS) containing 0.3% Triton X-100 and 5%
FCS. When staining for endogenous IRF3, the primary rabbit anti-IRF3
(1:200, cell signaling) antibody was applied overnight, followed by several
washing steps and incubation with goat anti-rabbit Alexa Fluor 488 and
Hoechst 33258 stain (1 ng/�l) for 1 h. Cells were incubated for 30 min
with Hoechst 33258 stain (1 ng/�l) prior to mounting. Images were re-
corded with an Olympus IX81 microscope or on a spinning-disc Ultra-
VIEW Vox microscope (PerkinElmer) equipped with a Hamamatsu
ORCA-Flash4.0 V2 camera and analyzed with ImageJ software.

Quantification of nuclear IRF3 localization. Cells stained for endog-
enous IRF3 or expressing IRF3.GFP were labeled with Hoechst stain and
subjected to microscopic analysis to determine the frequency of cells that
display translocation of IRF3 to the nucleus. Based on their characteristic
appearance in the Hoechst stain channel, mitotic cells were excluded from
the analysis. Nonmitotic cells were grouped into cells with detectable IRF3
signal in the nucleus and cells in which nuclei were devoid of an IRF3
signal. At least 150 cells per condition were counted. To assess the mag-
nitude of IRF3 translocation, the relative nuclear fluorescence intensity of
IRF3 per cell was calculated by delimiting the cell and nucleus contour on
a single plane of confocal images and calculating the ratio of the integrated
fluorescence signal in the nucleus to that of the total cell. For illustration of
IRF3 localization, profile plots of the total cell IRF3 signal along a defined
cross section of a single confocal plane are presented.
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Cytokine quantification. The amounts of cytokines and chemokines
present in cell culture supernatants were determined by Eve Technologies
Corporation using a Discovery Assay (human cytokine array/chemokine
array 42-plex). Results are expressed in picograms of cytokines/chemo-
kines per milliliter according to the company protein standard.

Virion infectivity assays. Tzm-bl CON and STING cells were seeded
in a 96-well format (5 � 103 cells/well) 1 day before infection. The infec-
tivity of HIV-1 was determined 48 h after infection by analysis of firefly
luciferase activity (43). For detection of productively infected cells, cells
were fixed with 3% PFA and incubated for 30 min with an FITC-
conjugated anti-p24 antibody (Beckman Coulter) prior to analysis on
a FACSCalibur cytometer. Data were analyzed with Cyflogic (CyFlo
Ltd.) software.

Quantitative PCR (qPCR). Total RNA was extracted using the Nucleo-
Spin RNA II kit (Macherey-Nagel) and reverse transcribed using the Su-
perScript One-Step RT-PCR system (Life Technologies) according to the
manufacturers’ instructions. cDNA levels were determined by using the
SYBR green PCR master mix (Life Technologies), and reactions were per-
formed on an ABI PRISM 7500 sequence detection system (Applied Bio-
systems) using the following program: 50°C for 2 min, 95°C for 10 min,
and 40 cycles of 95°C for 15 s and 60°C for 1 min. GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) mRNA was used for normalization of
input RNA. RT-PCR data were analyzed by using the ��CT method. The
following primers were used: alpha interferon (IFN-�) forward primer
(Fwd), 5=-GCCTCGCCCTTTGCTTTACT-3=, and IFN-� reverse primer
(Rev), 5=-CTGTGGGTCTCAGGGAGATCA-3=; IFN-� Fwd, 5=-CGCCG
CATTGACCATCTA-3=, and IFN-� Rev, 5=-GACATTAGCCAGGAGGT
TCTC-3=; IFN-	 Fwd, 5=-CTTCCACAGGATCACTGTGTACCT-3=, and
IFN-	 Rev, 5=-TTCTGCTCTGACCACCTCCC-3=; interleukin-1� (IL-
1�) Fwd, 5=-TGGTAGTAGCAACCAACGGGA-3=, and IL-1� Rev, 5=-A
CTTTGATTGAGGGCGTCATTC-3=; IL-1� Fwd, 5=-ACAGATGAAGTG
CTCCTTCCA-3=, and IL-1� Rev, 5=-GTCGGAGATTCGTAGCTGGAT-
3=; IL-2 Fwd, 5=-ATGAGACAGCAACCATTGTAGAATTT-3=, and IL-2
Rev, 5=-CACTTAATTATCAAGTCAGTGTTGAGATGA-3=; IL-4 Fwd 5=-
AGATCATCGGCATTTTGAACG-3=, and IL-4 Rev, 5=-TTTGGCACATC
CATCTCCG-3=; IL-5 Fwd, 5=-AGCTGCCTACGTGTATGCCA-3=, and
IL-5 Rev, 5=-GCAGTGCCAAGGTCTCTTTCA-3=; IL-6 Fwd, 5=-CCAGA
AACCGCTATGAAGTTCC-3=, and IL-6 Rev, 5=-TCACCAGCATCAGT
CCCAAG-3=; IL-8 Fwd, 5=-ATGACTTCCAAGCTGGCCGTGGCT-3=,
and IL-8 Rev, 5=-TCTCAGCCCTCTTCAAAAACTTCTC-3=; IL-10 Fwd,
5=-GACTTTAAGGGTTACCTGGGTTG-3=, and IL-10 Rev, 5=-TCACAT
GCGCCTTGATGTCTG-3=; IL-13 Fwd, 5=-GCTTATTGAGGAGCTGAG
CAACA-3=, and IL-13 Rev, 5=-GGCCAGGTCCACACTCCATA-3=; tu-
mor necrosis factor alpha (TNF-�) Fwd, 5=-CCTCTCTCTAATCAGCCC
TCTG-3=, and TNF-� Rev, 5=-GAGGACCTGGGAGTAGATGAG-3=;
transforming growth factor beta (TGF-�) Fwd, 5=-CCCGAAGCGGACT
ACTATGC-3=, and TGF-� Rev 5=-ATAGATGGCGTTGTTGCGGT-3=;
interferon-stimulated gene 56 (ISG56) Fwd, 5=-GAAGCAGGCAATCAC
AGAAA-3=, and ISG56 Rev, 5=-TGAAACCGACCATAGTGGAA-3=;
GAPDH Fwd 5=-GAAGGTGAAGGTCGGAGTC-3=, and GAPDH Rev 5=-
GAAGATGGTGATGGGATTTC-3=.

Transfection of herring DNA. Tzm-bl CON and Tzm-bl STING cells
were seeded in 24-well plates (7 � 104 cells/well). The following day, the
cells were treated with 2 �l Lipofectamine 2000 transfection reagent (Life
Technologies) alone or with 1 �g DNA sodium salt from herring testes
(Sigma) per well. The medium was replaced 4 h posttransfection, and 24 h
posttransfection, the cells were lysed for RNA extraction or prepared for
7-AAD labeling.

Western blotting. Cells were lysed in 2� SDS lysis buffer and boiled.
Cleared lysates equivalent to 5 � 104 cells were separated on 12% SDS-
PAGE and blotted onto nitrocellulose membranes. Blocked membranes
were probed with the following primary antibodies: mouse anti-IFI16
monoclonal antibody, mouse anti-DDX41 monoclonal antibody (Santa
Cruz), rabbit anti-TMEM173 (STING) polyclonal antibody, rabbit anti-
MB21D1 (cGAS) polyclonal antibody, rabbit anti-PQBP1 polyclonal

antibody (Sigma), and mouse anti-GAPDH monoclonal antibody (Santa
Cruz). Secondary antibodies conjugated to horseradish peroxidase were
used for enhanced chemiluminescence (ECL)-based detection.

Statistical analysis. Statistical analysis of data sets was carried out
using Prism6 software (GraphPad, Inc.). Statistical significance was ana-
lyzed by Student’s t test.

RESULTS
Tzm-bl cells lack detectable expression of STING. The goal of
this study was to establish an accessible cell culture model compe-
tent for cell-autonomous sensing of HIV-1 infection and suitable
for high-throughput analyses. Due to their high permissiveness to
HIV infection, their ability to quantify productive infection events
via an integrated long terminal repeat (LTR)-luciferase reporter,
and their suitability for high-throughput screening, we focused on
Tzm-bl cells (34–36). The reported ability of Tzm-bl cells or other
derivatives of the parental HeLa cells for sensing HIV infection, as
evidenced by the induction of cytokine mRNA, range from a mild
induction upon HIV infection to a complete lack thereof (44, 45).
Since mRNA levels of ISG56 or IFN-�, two genes often used as
markers for effective immune recognition (46–48), were not in-
creased upon infection with HIV in our Tzm-bl cells (data not
shown), we first tested whether factors that have been implicated
in the cell-autonomous recognition of HIV infection were ex-
pressed. Western blotting revealed robust expression of the cyto-
plasmic DNA sensors reported to recognize HIV reverse tran-
scription products, IFI16, DDX41 (49), and cGAS (Fig. 1A,
Tzm-bl CON), as well as PQBP1, which was recently identified as
an adaptor between HIV-1 DNA and cGAS (50). In contrast, ex-
pression of STING, an essential adaptor for innate signaling
downstream of cGAS (27, 51, 52), was weak or undetectable on the
protein level (Fig. 1A) in parental Tzm-bl cells, various other HeLa
derivatives, or HEK 293T cells (Fig. 1B). These low levels of
STING expression in a range of cell lines were surprising consid-
ering that HeLa and HEK 293T cells have been described as ex-
pressing robust levels of the signaling adaptor (53). Since basal
levels of STING expression in HEK 293T cells were reported as
insufficient for many aspects of DNA sensing and this defect could
be compensated by stable expression of ectopic STING (24), we
generated lentiviral vectors encoding STING or an empty vector
control and established stable bulk cell lines by transduction and
selection. Tzm-bl CON and Tzm-bl STING cells maintained ro-
bust levels of IFI16, DDX41, cGAS, and PQBP1, and significant
amounts of STING protein were detected in Tzm-bl STING cells
(Fig. 1A). To test whether expression of STING resulted in sensing
of cytoplasmic DNA, cells were transfected with herring DNA and
induction of ISG56 (Fig. 1C) or IFN-� (Fig. 1D) mRNA was as-
sessed. While at best mild mRNA induction was observed in
Tzm-bl CON cells, ISG56 and IFN-� mRNA induction levels were
increased by 13- and 5-fold in Tzm-bl STING cells, respectively,
without compromising cell viability (Fig. 1E). Quantification of
42 cytokines/chemokines in the supernatant of Tzm-bl CON or
Tzm-bl STING cells 24 h after mock transfection or transfection
with herring DNA, however, revealed that cytoplasmic DNA sens-
ing does not trigger enhanced cytokine release (Fig. 1F).

Expression of STING increases induction of ISG56 mRNA in
Tzm-bl cells in response to HIV-1 infection. We next tested
whether the expression of STING enabled Tzm-bl cells to sense
HIV-1 infection. Cell surface levels of the viral entry receptor CD4
and the coreceptors CXCR4 and CCR5 were comparable between
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Tzm-bl CON and STING cells (Fig. 2A). Consistently, both cell
lines were equally permissive to infection with HIV-1 NL4-3, re-
sulting in a dose-dependent increase of luciferase expressed from
the LTR reporter present in Tzm-bl cells (Fig. 2B) or in the
amount of productively infected cells, as judged by intracellular
p24 staining (Fig. 2C). Of note, luciferase activity plateaued at
approximately 105 arbitrary units (AU). Intracellular p24 staining
in turn revealed that infection with the two highest doses of virus
input resulted in 20% 
 9% and 73% 
 11% productively in-
fected Tzm-bl STING cells, respectively, and similar infection
rates were obtained in Tzm-bl CON cells. Parallel quantification
of ISG56 mRNA levels revealed that at high doses of virus input
with which over 50% of cells were productively infected, the levels
of ISG56 mRNA induced in Tzm-bl STING cells were approxi-
mately 3-fold higher than the mild induction in Tzm-bl CON cells
(Fig. 2D). Similarly, IFN-� mRNA was induced approximately

5-fold in Tzm-bl STING cells upon HIV-1 infection (Fig. 2E).
Expression of STING in Tzm-bl cells thus facilitates the induction
of innate immunity genes in response to HIV-1 infection.

HIV-1 �Vpr triggers more potent antiviral gene expression
than HIV-1 WT in Tzm-bl STING cells. Although HIV-1 WT
infection triggered ISG56 mRNA production in Tzm-bl STING
cells, the magnitude of this effect was limited. To examine whether
expression of a viral antagonist of cell-autonomous sensing re-
stricted this response, we tested a panel of isogenic HIV-1 variants,
each lacking the expression of one of the accessory genes, vpr, vif,
nef, or vpu. Expectedly, the lack of functional vpr or vpu genes did
not impact the efficiency of HIV-1 infection. As expected from the
ability of the Nef and Vif proteins to enhance virion infectivity (54,
55), disruption of vif or nef substantially reduced infection rates in
Tzm-bl CON and Tzm-bl STING cells (Fig. 3A). The absence of
Vif, Nef, or Vpu did not significantly alter the expression of ISG56

FIG 1 Expression of STING reconstitutes sensing of cytoplasmic DNA in Tzm-bl cells. (A) Tzm-bl cells were transduced with CON- or STING-expressing
lentiviral vectors and selected as bulk cultures. Expression of IFI16, DDX41, PQBP1, cGAS, and STING was assessed in Tzm-bl CON and Tzm-bl STING cells by
Western blotting. GAPDH serves as a loading control. (B) The expression of STING was assessed in Tzm-bl, Tzm-bl CON, Tzm-bl STING, HEK 293T, HeLa,
HeLa Kyoto, and HeLa S3 cells by Western blotting. GAPDH serves as a loading control. (C, D, and E) At 24 h posttransfection with herring DNA, ISG56 mRNA
(C), IFN-� mRNA (D), and cell viability (E) were quantified. ISG56 and IFN-� mRNA levels were quantified by qPCR and normalized to GAPDH mRNA. Data
are expressed as fold increases relative to results for mock-transfected cells. Cell viability was measured by flow cytometry following 7-AAD labeling. Shown is the
percentage of 7-AAD-negative cells. Values are averages 
 SD of the results of three experiments. (F) TZM-bl CON and STING cells were transfected with herring
DNA, and 24 h posttransfection, the levels of 42 cytokines/chemokines in the cell culture supernatant were determined. Results are expressed in picograms per
milliliter. Molecular weight (MW) markers are indicated in thousands.
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(Fig. 3B) or IFN-� (Fig. 3C) mRNA in response to infection in the
two cell lines. In contrast, infection of Tzm-bl STING cells with
HIV-1 �Vpr triggered a marked upregulation of both mRNAs in
comparison to infection of Tzm-bl CON cells (26 
 9-fold for
ISG56, 7 
 1-fold for IFN-�). This enhanced recognition of
HIV-1 �Vpr in Tzm-bl STING cells was not associated with an
increase in cell toxicity (data not shown). Similar results were
obtained when using nuclear translocation of IRF3, a central tran-
scription factor driving expression of cytokine genes downstream

of STING (56, 57) as the readout for cell-autonomous sensing
(Fig. 3D to G). Parallel Hoechst staining allowed discrimination of
cells with nuclear translocation of IRF3 from mitotic cells (Fig.
3D). While nuclear translocation of IRF3 was absent in Tzm-bl
CON cells and HIV-1 WT targeted IRF3 to the nucleus in only a
small fraction of Tzm-bl STING cells, up to 30% of Tzm-bl STING
cells displayed pronounced nuclear localization of IRF3 upon in-
fection with HIV-1 �Vpr (Fig. 3E). In cells with nuclear IRF3,
over 45% 
 10% of the total IRF3 signal was nuclear, while

FIG 2 STING expression in Tzm-bl cells elevates ISG56 mRNA induction by HIV-1 but does not affect infection rates. (A) Cell surface expression levels of HIV-1
entry receptors. Cells were labeled with fluorophore-conjugated antibodies against CD4, CCR5, and CXCR4 and subjected to FACS analysis. Results are
representative of three experiments. (B, C, D, and E) Cells were infected with a logarithmic serial dilution (1 to 10�4 or 1 to 10�5) of HIV-1 WT (1.9 � 108 pU/ml),
and 48 hpi, the infection efficiency was determined by luminescence (B) and by flow cytometry following intracellular p24 labeling (C). In parallel, ISG56 mRNA
(D) and IFN-� mRNA (E) levels were quantified. Data are expressed as fold increases relative to results for noninfected (NI) cells. Values are averages 
 SD of
the results of three independent experiments. *, P � 0.05.
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only around 18% 
 7% of the total IRF3 signal per cell was
found in the nucleus of cells without apparent IRF3 transloca-
tion (Fig. 3F and G).

We next assessed the kinetics of infection and cell-autonomous
sensing for HIV-1 WT and HIV-1 �Vpr on Tzm-bl CON and
STING cells. Robust infection was detected 24 hpi with both vi-
ruses on both target cells, and these levels of infection were slightly
increased an additional 48 hpi (Fig. 4A). At the 24 hpi time point,
ISG56 mRNA levels were induced 3- to 5-fold over those in non-
infected cells independently of the virus and target cell used. In
contrast, at 48 hpi, an additional significant induction of ISG56
mRNA was observed in Tzm-bl STING cells with HIV-1 lacking
Vpr (Fig. 4B; HIV-1 �Vpr versus HIV-1 WT at 48 hpi, P 
0.0027). Similarly, IFN-� mRNA was induced 48 hpi, but the re-
quirement for deletion of Vpr was less pronounced than for ISG56
(Fig. 4C). This late induction of mRNA induction was consistent

with that of IRF3 nuclear translocation induced by HIV-1 �Vpr,
which was first apparent 34 hpi and most pronounced 48 hpi (data
not shown). These results suggest that the sensing of HIV-1 infec-
tion that leads to nuclear translocation of IRF3 and the expression
of ISG56 mRNA in Tzm-bl cells rely on STING for downstream
signaling and are more efficient in the absence of Vpr.

Sensing of HIV-1 �Vpr in Tzm-bl STING cells depends on
virus entry and reverse transcription but not on genome inte-
gration. We next sought to determine where in the viral life cycle
Vpr-sensitive, STING-dependent recognition occurs and exam-
ined the effect of anti-HIV drugs that arrest virus replication at
defined steps. With same variability in efficiency, all drugs mark-
edly reduced infection rates close to background levels at the con-
centrations used (Fig. 4D). Inhibition of virus entry (by the fusion
inhibitor T-20) or reverse transcription (by the reverse transcrip-
tase inhibitors azidothymidine [AZT] or nevirapine [NVP]) also

FIG 3 Vpr reduces sensing of HIV-1 infection in Tzm-bl STING cells. (A to C) Tzm-bl CON or Tzm-bl STING cells were infected with 1.9 � 108 pU/ml of the
indicated viruses and analyzed for infection efficiency (A) and induction of ISG56 (B) or IFN-� (C) mRNA 48 hpi. Values are averages 
 SD of the results of three
independent experiments. (D to F) Subcellular localization of IRF3 in Tzm-bl CON or Tzm-bl STING cells. (D) Representative wide-field micrographs of the
indicated cells after immunofluorescence staining for endogenous IRF3. Arrowheads indicate cells with prominent nuclear translocation of IRF3, and asterisks
denote mitotic cells in which IRF3 appears nuclear due to breakdown of the nuclear envelope, as identified by parallel Hoechst staining (see zoom magnifications
of the indicated box on the right). (E) Percentage of cells with nuclear IRF3 as judged by immunofluorescence as shown in panel D in noninfected cells (NI) or
48 hpi with HIV-1 WT (WT) or HIV-1 �Vpr (�Vpr). Cells were considered positive for nuclear IRF3 when a nuclear signal could clearly be detected. Values are
averages 
 SD of the results of four independent experiments with at least 150 cells analyzed each per condition. (F) Nuclear localization of IRF3 in Tzm-bl
STING cells after HIV-1 �Vpr infection. Shown are representative single-plane confocal micrographs of IRF3 in cells classified as with (Nuc. IRF3) or without
(Cyt. IRF3) pronounced nuclear IRF3 localization. Panels on the right show profile plot representations of the IRF3 signal intensity along the cross section of the
cell, which is indicated by a white line. (G) Quantification of the nuclear fluorescence intensity relative to the total IRF3 fluorescence intensity in individual cells
with and without apparent nuclear IRF3 staining (left and right columns, respectively). At least 20 cells per condition from three independent experiments are
represented, with the mean 
 SD indicated. *, P � 0.05; **, P � 0.01; ***, P � 0.001 Scale bars  20 �m.
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abrogated the upregulation of ISG56 mRNA in Tzm-bl STING
cells by HIV-1 �Vpr (Fig. 4E). In contrast, induction of ISG56
mRNA by HIV-1 �Vpr in Tzm-bl STING cells was preserved,
albeit at slightly reduced levels, when the integration of viral DNA
into the host genome was prevented by the integrase inhibitor
raltegravir (RAL). T20, AZT, and NVP had no effect on ISG56
mRNA induction following transfection of herring DNA, while
RAL had a slight inhibitory effect (Fig. 4F). These results place
Vpr-sensitive, STING-dependent recognition of HIV infection
between reverse transcription and integration in the HIV life cy-
cle, a result that is consistent with recognition of cytoplasmic viral
DNA. RAL seems to exert moderate inhibitory effects on such
cytoplasmic DNA sensing events.

STING and Vpr affect the magnitude and specificity of the
cytokine mRNA profile triggered by cell-autonomous sensing of
HIV-1. To characterize the scope of effectors triggered by sensing
of HIV-1 in our cell models, we next quantified the mRNA levels
of a set of cytokines in Tzm-bl CON or STING cells 48 h following
infection with HIV-1 WT or HIV-1 �Vpr (Fig. 5). This analysis

revealed that only a few cytokine mRNAs (IFN-	, IL-1�) were
induced up to 10-fold by HIV-1 WT infection in Tzm-bl CON
cells, and this effect was only slightly more pronounced with
HIV-1 �Vpr (Fig. 5A). Presumably due to differences in levels in
activity and/or expression of host cell sensing machinery between
the HeLa-derived cell lines used, we did not observe the slight
induction of IFN-� and IFN-� mRNA described recently (44).
For other cytokine mRNAs, significant induction was observed
only upon infection with HIV-1 �Vpr, not with HIV-1 WT (sta-
tistically significant for IL-1� and IL-8, tendency for IL-10 and
TNF-�). In Tzm-bl STING cells (Fig. 5B), cytokine mRNA induc-
tion in response to infection with HIV-1 WT was broader and
more pronounced than in Tzm-bl CON cells, and this responsive-
ness was significantly boosted upon infection with HIV-1 �Vpr.
Surprisingly included (among IL-1�, IL-2, IL-5, IL-6, IL-8, IL-13,
TNF-�, TGF-�, and ISG56) a number of cytokines typically asso-
ciated with adaptive T lymphocyte immune functions (e.g., IL-2,
IL-13). Pairwise plotting of these results for HIV-1 WT in Tzm-bl
CON versus Tzm-bl STING cells (Fig. 5C) illustrated that the

FIG 4 Vpr reduces the sensitivity of HIV-1 for innate immune recognition in Tzm-bl STING cells. (A to C) Tzm-bl CON or Tzm-bl STING cells were infected
with HIV-1 WT or HIV-1 �Vpr and analyzed for infection efficiency (A) and induction of ISG56 mRNA (B) or IFN-� mRNA (C) at 4, 24, and 48 hpi. (D and
E) Tzm-bl CON or Tzm-bl STING cells were infected with HIV-1 WT or HIV-1 �Vpr in the absence of drugs (no drug) or in the presence of T20 (50 �M), AZT
(5 �M), nevirapine (NVP) (5 �M), or raltegravir (RAL) (500 �M). Infection efficiency (D) and ISG56 mRNA induction (E) were analyzed 48 hpi. (F) Tzm-bl
CON or Tzm-bl STING cells were transfected with herring DNA before incubation in the absence of drugs (no drug) or in the presence of T20 (50 �M), AZT (5
�M), NVP (5 �M), or RAL (500 �M). At 24 h posttransfection, ISG56 mRNA was quantified and normalized to GAPDH mRNA. Data are expressed as fold
increases relative to results for mock-transfected cells. Values are averages 
 SD of the results of three independent experiments. **, P � 0.01.
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presence of STING emphasized the induction of IFN-�, IL-10,
TNF-�, and TGF-�. The same analysis for HIV-1 �Vpr revealed a
similar STING-dependent induction of IFN-� and IL-10 mRNA
but also of various other cytokine mRNAs (IL-2, IL-4, IL-5 IL-8,

IL-13, and ISG56) (Fig. 5D). Together, these results demonstrate
that HIV-1 infection triggers innate immune signaling in Tzm-bl
cells and that expression of STING increases the breadth and mag-
nitude of this response. Vpr appears to limit cytokine mRNA in-

FIG 5 STING and Vpr modulate the magnitude and specificity of the cytokine mRNA expression profile induced by HIV-1 infection. Tzm-bl CON or Tzm-bl
STING cells were infected with HIV-1 WT or HIV-1 �Vpr, and cytokine mRNA levels were determined 48 h later. Four histograms are presented for comparison
of two conditions each. (A) HIV-1 WT versus HIV-1 �Vpr in Tzm-bl CON cells; (B) HIV-1 WT versus HIV-1 �Vpr in Tzm-bl STING cells; (C) Tzm-bl CON
versus STING cells infected by HIV-1 WT; (D) Tzm-bl CON versus STING cells infected by HIV-1 �Vpr. Data are expressed as fold increases relative to results
for noninfected cells. Values are averages 
 SD of the results of three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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duction in both the presence and absence of STING in the cells,
but only for selected, not all, cytokines.

A Tzm-bl STING variant expressing IRF3.GFP. While the
above results established Tzm-bl STING cells as a model system in
which innate immune recognition of HIV-1 infection and the
efficiency of infection can easily be quantified, single-cell visual-
ization of innate immune recognition was restricted to immuno-
staining of fixed cells. We therefore generated derivatives of
Tzm-bl CON as well as Tzm-bl STING cells that stably expressed
IRF.GFP (Tzm-bl CON IRF.GFP and Tzm-bl STING IRF.GFP).
Expression of IRF.GFP did not affect infection rates of HIV-1 WT
or HIV-1 �Vpr (Fig. 6A), and HIV-1 �Vpr induced ISG56 and
IFN-� mRNA in Tzm-bl STING IRF3.GFP cells to an extent sim-
ilar to that observed before in the absence of IRF.GFP (Fig. 6B and
C). Translocation of IRF3.GFP to the cell nucleus was observed in
few cells upon infection with HIV-1 WT (7% 
 4%) but was
much more pronounced when using HIV-1 �Vpr for infection
(41% 
 10%) (Fig. 6D and E), and the magnitude of IRF3.GFP
redistribution in cells with translocation to the nucleus was com-
parable to that of endogenous IRF3 (Fig. 6F and G). These results

establish Tzm-bl STING IRF3.GFP cells as a convenient reporter
system for the parallel quantification of HIV infection and innate
immune recognition thereof.

DISCUSSION

We describe here that reconstituted expression of the innate sig-
naling adaptor STING enhances the ability of Tzm-bl cells to sense
HIV infection and to convert this information into expression of
cytokine mRNA. STING-dependent sensing of HIV-1 was partic-
ularly efficient for an HIV-1 variant lacking expression of the ac-
cessory protein Vpr, suggesting an important role of the viral pro-
tein in circumventing such recognition. Induced cytokine
expression depended on virus entry and reverse transcription but
not on genome integration, indicating that reverse transcription
DNA products trigger this innate immune response. Finally, Vpr
as well as STING had significant impacts on the magnitude and
breadth of the cytokine mRNA expression profile induced upon
HIV-1 infection.

Together these studies establish Tzm-bl STING cells as a con-
venient cell culture model for studies of innate immune recogni-

FIG 6 Innate immune recognition of HIV-1 �Vpr infection in Tzm-bl STING IRF3.GFP cells. (A to C) Tzm-bl CON IRF3.GFP or Tzm-bl STING IRF3.GFP cells
were infected with 1.9 � 108 pU/ml of the indicated viruses and analyzed for infection efficiency (A) and induction of ISG56 mRNA (B) or IFN-� mRNA (C) 48
hpi. Values are averages 
 SD of the results of three independent experiments. (D to F) Nuclear localization of IRF3 in Tzm-bl CON IRF3.GFP or Tzm-bl STING
IRF3.GFP cells. (D) Representative wide-field micrographs of the indicated cells. Arrowheads indicate cells with prominent nuclear translocation of IRF3.GFP,
and asterisks denote mitotic cells in which IRF3.GFP appears nuclear due to the breakdown of the nuclear envelope. (E) Percentage of cells with nuclear IRF3.GFP
in noninfected cells (NI) or 48 hpi with HIV-1 WT (WT) or HIV-1 �Vpr (�Vpr). Values are averages 
 SD of the results of three independent experiments with
at least 150 cells analyzed each per condition. (F) Nuclear localization of IRF3.GFP in Tzm-bl STING IRF3.GFP cells after HIV-1 �Vpr infection. Shown are
representative single-plane confocal micrographs of IRF3.GFP in cells with (Nuc. IRF3) or without (Cyt. IRF3) pronounced nuclear IRF3.GFP localization.
Panels on the right show profile plot representations of IRF3 signal intensity along the cross section of the cell, which is indicated by a white line. (G)
Quantification of the nuclear fluorescence intensity relative to the total IRF3.GFP fluorescence intensity in individual cells with and without apparent nuclear
IRF3 staining (left and right columns, respectively). At least 20 cells per condition from three independent experiments are represented, with the mean 
 SD
indicated. Scale bars  20 �m. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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tion of HIV-1 in which important aspects of sensing but also viral
evasion thereof are recapitulated. Induction of cytokine mRNAs
in response to infection was significantly enhanced by reconsti-
tuted expression of STING and use of HIV-1 �Vpr for infection
and was in magnitude almost comparable to that observed upon
infection of primary HIV target cells (45) (58). However, the
Tzm-bl STING model clearly still has important limitations in its
present form. While cytoplasmic DNA sensing triggered the ex-
pression of cytokine mRNA, this did not result in enhanced release
of these cytokines to the cell culture supernatant. In addition, the
induction of downstream targets of IRF3 such as IFN-� and -� is
moderate despite the efficient translocation of the transcription
factor in cells infected with HIV-1 �Vpr. Similar to the parental
HeLa cells (59), the Tzm-bl-based cell systems described here thus
bear important defects in the signaling events downstream of in-
nate sensing that lead to increased production and/or secretion of
cytokines. The molecular nature of these defects remains to be
elucidated. This lack of production of potentially antiviral cyto-
kines likely explains why innate immune recognition did not limit
HIV infection in our experiments. Even though we did not for-
mally exclude effects of innate immune sensing on uninfected
bystander cells, the lack of cytokine secretion suggests that the
mRNA induction observed is a consequence of cell-autonomous
innate recognition events. Tzm-bl STING cells thus provide a con-
venient tool for the analysis of early events in innate immune
recognition of HIV infection but clearly do not yet mimic any of
the scenarios HIV encounters in relevant primary target cells. Fu-
ture efforts will be targeted at further reconstituting Tzm-bl
STING cells to not only sense HIV-1 infection but also monitor
the potentially protective effects of this response. Such attempts to
render Tzm-bl-derived cells more similar to natural target cells
with respect to HIV sensing and antiviral response will likely prove
useful for the identification of essential components of the in-
volved host cell machinery. Currently, these cells will facilitate
high-throughput as well as biochemistry-based and visualization
approaches to further identify and dissect the molecular regula-
tion and dynamics of innate sensing of HIV infection and viral
counteraction. In addition, they may serve as a valuable tool for
the identification of relevant components of the effector machin-
ery triggered by these recognition events.

While we did not specifically address the molecular mecha-
nisms underlying sensing in this system, the requirement for
STING, the lack of cell death associated with sensing, and the
induction of IRF3 translocation to the nucleus, as well as the map-
ping of the recognition event to a step between reverse transcrip-
tion and integration, are consistent with sensing via the cGAS-
cGAMP-STING module. However, low levels of cytokine mRNA
induction were already observed in Tzm-bl CON cells in response
to HIV-1 infection, which may reflect the activity of undetectable
background levels of STING expression and/or the involvement of
STING-independent pathways. Similarly, STING and Vpr im-
pacted the mRNA profile induced in infected cells, indicating the
presence of multiple recognition pathways or of differential
thresholds for triggering select effectors downstream of the same
recognition event. Based on the currently limited antiviral po-
tency of the innate response triggered by HIV-1 infection of these
cells, it would be premature to speculate about the potential bio-
logical consequences of these different cytokine mRNA signa-
tures, but the current model may facilitate the assessment of in-
terconnections between individual recognition events.

Another aspect of this study relates to the ability of Vpr to
limit innate sensing of HIV-1 infection in the Tzm-bl STING
cell model. Vpr, a 14-kDa multifunctional viral protein that is
efficiently packaged into virus particles, has been implicated in
the regulation of apoptosis of HIV-infected cells, the efficiency
and accuracy of the reverse transcription process, and the nu-
clear import of viral genomes (60, 61). Vpr has been most
intensively studied for its ability to arrest the cell cycle of HIV
target cells in G2 (62–68). Consistent with our results, several
laboratories have previously reported that infection of several
cell types with Vpr-negative viruses provokes more potent cy-
tokine responses than infection with HIV WT (69–72). To-
gether, these results suggest Vpr as an antagonist of innate
sensing of HIV-1 infection. The recent landmark study by
Laguette and colleagues suggested a first molecular explanation
for this activity by unraveling the interaction of Vpr with SLX4,
a nuclease scaffold with important roles in DNA damage and
repair (44, 73). Via this interaction, Vpr prematurely activates
SLX4 complexes, which results in cell cycle arrest but also re-
duces the proinflammatory cytokine response to HIV infection
(44, 59, 74). As speculated by these authors, the effect of Vpr on
cytokine induction may reflect a reduction of viral genomes
available for sensing that results from triggered endonuclease
activity of the SLX4 complex. Following virus entry, these ge-
nomes remain packaged together with Vpr within subviral
cores that uncoat and deliver viral genomes to the nucleus via
poorly defined mechanisms (60, 75, 76). An alternative and not
mutually exclusive explanation for this shaping of innate im-
mune recognition of HIV infection is that Vpr regulates the
accessibility of viral genomes to cytoplasmic DNA sensors. This
may reflect the effects of Vpr on core stability, on which trans-
port pathway is used by incoming subviral cores, or on the
regulation of the abundance of host cell sensing machinery,
activities that likely involve Vpr’s ability to target cargo mole-
cules to proteasomal degradation (44, 77–81). Irrespective of
the underlying molecular mechanisms, it is conceivable that an
increase in the amount and/or accessibility of viral DNA en-
hances recognition by cytoplasmic sensors such as cGAS, which
would explain the involvement of STING in the reduction of
innate recognition by Vpr.

Together, we here describe Tzm-bl STING and Tzm-BL
IRF3.GFP cells as an informative and accessible model system
to quantify and mechanistically dissect innate recognition of
HIV-1 that will also be useful for studies on the molecular
mechanisms by which the viral protein Vpr evades such recog-
nition.
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