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ABSTRACT

The accessory HIV protein Vpu inhibits a number of cellular pathways that trigger host innate restriction mechanisms. HIV
Vpu-mediated degradation of tetherin allows efficient particle release and hampers the activation of the NF-B pathway thereby
limiting the expression of proinflammatory genes. In addition, Vpu reduces cell surface expression of several cellular molecules
such as newly synthesized CD4. However, the role of HIV Vpu in regulating the type 1 interferon response to viral infection by
degradation of the interferon regulatory factor 3 (IRF3) has been subject of conflicting reports. We therefore systematically investigated the expression of IRF3 in primary CD4ⴙ T cells and macrophages infected with HIV at different time points. In addition, we also tested the ability of Vpu to interfere with innate immune signaling pathways such as the NF-B and the IRF3 pathways. We report here that HIV Vpu failed to degrade IRF3 in infected primary cells. Moreover, we observed that HIV NL4.3 Vpu
had no effect on IRF3-dependent gene expression in reporter assays. On the other hand, HIV NL4.3 Vpu downmodulated NFB-dependent transcription. Mutation of two serines (positions 52 and 56) involved in the binding of NL4.3 Vpu to the ␤TrCP
ubiquitin ligase abolishes its ability to inhibit NF-B activity. Taken together, these results suggest that HIV Vpu regulates antiviral innate response in primary human cells by acting specifically on the NF-B pathway.
IMPORTANCE

HIV Vpu plays a pivotal role in enhancing HIV infection by counteraction of Tetherin. However, Vpu also regulates host response to HIV infection by hampering the type 1 interferon response. The molecular mechanism by which Vpu inhibits the interferon response is still controversial. Here we report that Vpu affects interferon expression by inhibiting NF-B activity without affecting IRF3 levels or activity. These data suggest that Vpu facilitates HIV infection by regulating NF-B transcription to
levels sufficient for viral transcription while limiting cellular responses to infection.

T

he success of the immediate innate immune response relies on
the recognition of conserved pathogen structures, termed
pathogen-associated molecular patterns (PAMPs; reviewed in reference 1). PAMPs induce intracellular signaling events, such as
activation of the NF-B and interferon (IFN) regulatory factor
(IRF) pathways (reviewed in reference 2). The potent, but shortlived, activation of these innate response pathways triggers the
induction of cytokines and interferons, which restrict replication
of the pathogen (3). In addition, induction of the innate immune
system is required for activation of long-lived adaptive immune
responses (reviewed in reference 4). Many viruses have adapted to
the presence of an innate immune system by specifically counteracting critical components of these pathways (reviewed in reference 5). Our understanding on how HIV efficiently evades immune recognition remains incomplete, despite recent findings
describing how HIV can induce activation of the innate immune
response in humans (reviewed in reference 6).
The accessory HIV protein Vpu antagonizes a number of different host restriction factors (reviewed in reference 7). It counteracts the inhibitory effect of Tetherin on particle release, but it
also limits the expression of proinflammatory genes by hampering
the activation of the NF-B pathway (8–10). NF-B inhibition is
achieved by degradation of tetherin and sequestration of ␤TrCP
(10–12). In addition, Vpu reduces the cell surface expression of
several cellular molecules, such as the newly synthesized CD4, and
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the NK T cell and NK cell activating proteins, CD1d and NTB-A
(13–15).
Reports on the cross talk between Vpu and interferon regulatory factor 3 (IRF3) have been conflicting (10, 16–18). Doehle et
al. reported that HIV NL4.3 Vpu induces IRF3 degradation by a
lysosome-dependent pathway, thus blocking type I interferon
production in infected cells (16, 17). Recently, Park et al. reported
that Vpu induces a caspase-dependent cleavage of IRF3 (19). In
contrast, Hotter et al. did not observe any changes in IRF3 levels
upon infection with either wild-type HIV (WT) or ⌬vpu HIV but
confirm that Vpu hampers IFN-␤ expression (18). The authors
show that Vpu has an inhibitory effect on the NF-B pathway,
which is important for IFN expression. These data suggest that
Vpu mediated inhibition of IFN expression is due to the presence
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of NF-B binding sites within the IFN-␤ promoter rather than
IRF3 degradation (18). Because of these contradictory results, we
decided therefore to investigate the extent to which HIV Vpu
modulates IRF3 and NF-B in the context of viral infection of
human primary blood lymphocytes (PBLs), purified CD4⫹ T cells
and human primary monocyte derived macrophages, as well as in
established reporter model systems (20–22).
MATERIALS AND METHODS
Cell isolation and cell culture. Human embryonic kidney 293T cells
(HEK293T) and TZM-bl cells were cultured in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum (FBS) and penicillinstreptomycin. TZM-bl cells were obtained through the NIH AIDS Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Disease (NIAID), National Institutes of Health (NIH; (J. C. Kappes,
Xiaoyun Wu, and Tranzyme, Inc.).
Human peripheral blood mononuclear cells (PBMCs) were obtained
by using Ficoll (Ficoll Hystopaque; Sigma) density centrifugation from
anonymous healthy blood donors (New York Blood Center). CD4⫹ T
cells were negatively selected using magnetic beads (CD4⫹ T cell isolation
kit II; Miltenyi Biotec) and cultured in Roswell Park Memorial Institute
medium 1640 (RPMI) supplemented with 10% FBS, penicillin-streptomycin, 0.1 M HEPES, 2 mM L-glutamine, and interleukin-2 (IL-2) at 20
U/ml (NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH; human rIL-2 was obtained from M. Gately, Hoffmann-La Roche, Inc.) (23).
Lymphocytes were activated with 1 g of phytohemagglutinin-P (P; Sigma)/ml for 48 h.
CD14⫹ cells were isolated from PBMCs using a MACS CD14 isolation
kit (Miltenyi Biotec). CD14⫹ cells were differentiated into macrophages
by culturing them in RPMI supplemented with 2,000 U of human granulocyte-macrophage colony-stimulated factor (GM-CSF)/ml for 10 days.
The GM-CSF containing medium was replenished at days 2, 5, and 8 as
previously described (24).
Plasmids. pHR-vpu-IRES-EGFP and the control pHR-IRES-EGFP
were kindly provided by P. E. Klotman (25). The AU1-tagged Vpu alleles
and the green fluorescent protein (GFP) control were kindly provided by
F. Kirchhoff and D. Sauter (26). The Vpu alleles derived from primary
isolates (subtype A A1.SE, subtype B WITO, subtype B CH106, subtype C
ZM246F, and subtype C ZM247F1) and lab strain NL4.3 were cloned into
the cytomegalovirus promoter-based pCG vector that coexpresses GFP
via an internal ribosome entry site (IRES) (18).
The pCG-AU1 NL4.3 Vpu S52/S56N mutant was generated using the
QuikChange II XL site-directed mutagenesis kit (Agilent Technologies)
with the following two primers: forward, 5=-GAGCAGAAGACAATGGC
AATGAGAATGAAGGAGAAGTATCAG-3=; and reverse, 5=-CTGATAC
TTCTCCTTCATTCTCATTGCCATTGTCTTCTGCTC-3=.
The IFN-␤-luciferase reporter, the IRF3 responsive p55C1 promoter
(p55C1-Luc), the nuclear factor B (NF-B) responsive synthetic promoter, and the c-fos gene NF-B responsive promoter (c-fos-Luc) were
previously described (20, 27, 28). The plasmids encoding RIG-I 2CARD,
TBK1, and IKK␤ constitutively active (IKK␤ca) were previously described (20, 21).
The replication-competent HIV molecular clone pLAI.2 was obtained
from the AIDS Research and Reference Reagent Program (29). The pBR
HIV-1 NL4-3 Nef⫹ IRES Renilla luciferase with or without vpu (HIV
WT/R5 and HIV-⌬vpu/R5), and the pBR HIV NL4.3 nef-IRES-Renilla
⌬env with or without vpu (VSV-G HIV WT or VSV-G HIV-⌬vpu) were
modified from pBR HIV-1 NL4-3 nef-IRES GFP (30). HIV NL4.3 nefIRES-GFP construct was kindly provided by B. K. Chen (31). HIV R7/3
nef-IRES-GFP was kindly provided by C. Cheng-Mayer (32). pSIV3⫹
(VLP Vpx) was previously described (33, 34). The pHCMV-G coding for
the VSV-G envelope was used to pseudotype viruses lacking envelope
(pBR HIV NL4.3 nef-IRES-Renilla ⌬env WT and ⌬vpu) (35).
Production of viral stocks. All of the viral stocks were generated by
transfection of HEK293T cells using 3 g of polyethyleneimine (Poly-
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sciences)/ml. The cell culture medium was replaced 12 h posttransfection
(36), and after 2 days the transfection supernatants were collected, clarified by centrifugation, filtered (0.45-m pore size), and stored at ⫺80°C.
The 50% tissue culture infective doses were determined on TZM-bl reporter cells as previously described (37–42).
Immunoblotting. Cells were lysed in radioimmunoprecipitation assay buffer supplemented with complete protease inhibitor (Roche). Proteins were separated by SDS-PAGE (Invitrogen) and transferred to polyvinylidene difluoride membranes (Pierce). The following antibodies were
used for detection: anti-IRF3 (Cell Signaling, catalog no. 4302), antiGAPDH (Santa Cruz, catalog no. 32233), anti-p24 (m183 clone; NIH
AIDS Research Program), anti-SAMHD1 (Cell Signaling, catalog no.
12361), anti-tubulin (Invitrogen), anti-GFP (Santa Cruz), and anti-AU
(Covance). All antibodies were used at a 1:1,000 dilution. Western blot
signals were visualized using SuperSignal West Pico or Femto (Pierce) on
a Fluorochem E System protein simple machine. Densitometric analysis
of Western blots using Alpha View software (Protein Simple).
Flow cytometry. CD4⫹ T cells and macrophages were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences), followed by
staining with anti-p24 antibody KC57 RD1 (1:100 dilution; Coulter
Clone) and anti-IRF3 antibody (1:100 dilution; Santa Cruz), followed by
anti-rabbit Alexa 647 (1:500; Life Technologies). Gates were set by comparison with isotype-unrelated antibody control MslgG1-RD1 (1:100 dilution; Coulter Clone) and rabbit isotype-unrelated antibody control (Invitrogen). In the case of infection with GFP reporter viruses, only IRF3
intracellular staining was performed. HIV-positive cells were gated on the
fluorescein isothiocyanate channel. An average of 5 ⫻ 104 cells were collected on a BD LSR II flow cytometer and analyzed using FlowJo.
HEK293T were fixed and permeabilized using the Cytofix/Cytoperm
kit after a 15-min treatment with tumor necrosis factor alpha (TNF-␣) at
10 ng/ml. The cells were stained with anti-IKB␣ antibody (1:50 dilution;
Cell Signaling, catalog no. 9242), followed by anti-rabbit Alexa 647 antibody (1:500). The gates were set by comparison with a rabbit isotypeunrelated antibody control (Invitrogen). An average of 3 ⫻ 104 cells were
collected on a BD LSR II flow cytometer and analyzed using FlowJo.
Luciferase reporter assay. HEK293T cells were plated in 24-well
plates and transfected with 100 ng of firefly luciferase reporter plasmids
(IFN-␤-Luc, p55C1-Luc, NF-B-Luc, and c-fos-Luc) and 50 ng of pRL-TK Renilla-luciferase plasmid as a control. The stimuli used included
the RIG-I two CARD construct (RIG-I 2CARD, 10 to 50 ng) for IFN-␤Luc, the TANK-binding kinase 1 (TBK1, 10 ng) for p55C1-Luc, the constitutively active form of IB kinase ␤ (IKK␤ca, 50 ng), and 50 ng of
TNF-␣/ml for NF-B-Luc and c-fos-Luc. Cells were also transfected with
Vpu-coding plasmids and respective controls coding for GFP alone. The
cells were lysed at 24 h posttransfection with passive lysis buffer (Promega). The firefly luciferase values were measured using a luciferase assay
system (Promega), and the Renilla luciferase values were measured using
a Renilla assay system (Promega). The values of firefly luciferase were
normalized against the expression of a TK-Renilla luciferase vector, which
is not responsive to IRF3 or NF-B. The values were expressed as the fold
induction over samples lacking stimuli (unstimulated was set as 1) and
transfected with the IRES-EGFP coding plasmid. All experiments were
performed in duplicate or triplicate.
Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 software. P values are two sided, and values of ⬍0.05 were
considered significant.

RESULTS

NL4.3 Vpu inhibits IFN-␤ promoter dependent gene expression. Two different mechanisms have been proposed to explain
how Vpu inhibits IFN-␤ production (16–18). Doehle et al. suggested that Vpu hampers IFN-␤ signaling by mediating IRF3 degradation (16, 17). Hotter et al. proposed that suppression of
IFN-␤ is due to inhibition of the NF-B signaling pathway (18).
Both Doehle and Hotter performed IFN-␤ promoter reporter
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FIG 1 Vpu inhibits IFN-␤ promoter-dependent gene expression. (A) Schematic representation of the RIG-I pathway. (B) HEK293T cells were cotransfected with vectors expressing Vpu and GFP as a negative control in the presence or absence of the constitutively active RIG-I (2CARD) plasmid, together
with IFN-␤ firefly and Renilla luciferase vectors. The induction of the IFN-␤
promoter was determined by a luciferase assay. Firefly luciferase values were
normalized to Renilla luciferase values. The data were represented as the fold
change over unstimulated GFP transfected cells (set as 1). All experiments were
performed in duplicate or triplicate. The results of one representative experiment of three are shown.

assays using Sendai virus infection as stimuli. In order to avoid any
possible interaction between proteins from Sendai Virus and host
proteins or between Sendai Virus and HIV Vpu itself, we decided
to perform IFN-␤ promoter reporter assays in the presence of the
two CARD domains of retinoic acid inducible gene I (RIG-I),
which is sufficient to induce IFN-␤ transcription (Fig. 1A) (22, 27,
43). In good agreement with published data using Sendai virus as
a stimulus, the induction of the IFN-␤ promoter by RIG-I 2CARD
was reduced by 2-fold when HIV NL4.3 Vpu protein was coexpressed (Fig. 1B shows the results of one representative experiment of three; P ⬍ 0.01 for 10 ng of RIG-I2 CARD and P ⬍ 0.001
for 50 ng of RIG-I 2CARD) (16, 18). Of note, we used two different
amounts of plasmid expressing the RIG-I 2CARD construct to
achieve induction of the IFN-␤ reporter. In both cases, we observed that overexpression of Vpu-IRES-EGFP, but not the IRESEGFP coding plasmid, has a negative effect on luciferase expression.
HIV Vpu fails to degrade IRF3 in primary blood lymphocytes
and CD4ⴙ T cells. We next investigated the possibility that Vpu
induces the degradation of the transcription factor IRF3 in primary blood lymphocytes (PBLs) and in primary purified CD4⫹ T
cells. We purified PBLs from five healthy donors and infected
them with VSV-G-pseudotyped HIV NL4.3 nef-IRES Renilla luciferase (pBR HIV NL4.3 nef-IRES-Renilla ⌬env, HIV WT) or
with the Vpu deletion isogenic molecular clone (HIV-⌬vpu) (30).
The levels of IRF3, HIV p24, and GAPDH (glyceraldehyde-3phosphate dehydrogenase) were determined by Western blot
analysis at 5 days postinfection. In all five donors, the levels of
IRF3 were comparable between mock-infected cells and cells infected with HIV WT or HIV-⌬vpu (Fig. 2A shows a representative
Western blot and Fig. 2B depicts the normalized average IRF3
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expression of the five independent experiments). The single cycle
infection efficiency for both viruses was comparable in the different donors (Fig. 2C).
To examine a possible role of Vpu in the context of a spreading
HIV infection, primary CD4⫹ T lymphocytes from two healthy
donors were infected with a CCR5-tropic HIV Renilla Luc virus
(containing the V3 loop region of the CCR5-tropic HIV-1
92TH014-2 strain) with (HIV WT/R5) or without (HIV-⌬vpu/
R5) vpu (30, 44). The levels of IRF3, HIV p24 and GAPDH were
determined by Western blot analysis at 5 days postinfection. We
observed that the levels of IRF3 protein in mock-infected CD4⫹ T
cells was similar to that of cells infected with HIV WT/R5 or with
HIV-⌬vpu/R5 (Fig. 2D shows the results of one representative
experiment of two, and Fig. 2E illustrates the averages of the two
independent experiments). Replication of both viruses was measured over 6 days by quantifying infectious particle release in the
culture supernatants using a TZM-bl reporter assay (45). Of note,
replication of HIV-⌬vpu/R5 virus was slightly impaired compared
to the WT virus, likely due to the reduced efficacy of the virus to
counteract tetherin (Fig. 2F) (8, 9).
Since the Western blot analysis does not discriminate between
infected and uninfected cells within a culture, we analyzed the
IRF3 levels at the single CD4⫹ T cell level using flow cytometry
analysis. Activated CD4⫹ T cells, purified from three healthy donors, were infected with replication-competent viruses: HIV
NL4.3 nef-IRES-GFP, HIV R7/3 nef-IRES-GFP, and HIV LAI. At
5 days after infection, the cells were permeabilized and stained for
IRF3 (18). The expression of the reporter GFP encoded by NL4.3
and R7/3 allowed us to identify productively infected cells. In the
case of LAI, we discriminated infected cells from uninfected by
intracellular p24 staining. We observed that intracellular IRF3 expression levels were independent of whether or not the cells were
productively infected (in Fig. 3A, the left panels show isotype controls, the middle panels show the fluorescence-activated cell sorting profile of a representative experiment of three, and the right
panels show the percentage of IRF3⫹ cells in the uninfected and
infected populations in different donors).
We next infected primary CD4⫹ T cells with HIV WT or with
HIV-⌬vpu, and followed the variation of IRF3 levels in infected
cells for 7 days. We observed that the levels of IRF3 protein remained constant, similar not only between infected and uninfected cells but also between cells infected with HIV WT and HIV⌬vpu (Fig. 3B). Of note, the intensity of IRF3 signal was
comparable between the infected population and the uninfected
(Fig. 3C).
Taken together, these data suggest that the amount of IRF3
protein in the cells is not affected by an ongoing HIV infection. We
used three different HIV strains, which all failed to downregulate
IRF3 protein levels.
IRF3 protein levels are comparable in infected and uninfected primary macrophages. We next tested the hypothesis that
the effect of Vpu on IRF3 levels could be cell type specific. We
infected primary human macrophages with VSV-G HIV WT-Renilla Luc (VSV-g HIV WT), and VSV-G HIV-⌬vpu-Renilla Luc
(VSV-g HIV-⌬vpu). In agreement with our T cell infection experiments, we observed that the levels of IRF3 in macrophages infected with WT or vpu-deficient virus and uninfected cells remained comparable (Fig. 4A). Of note, we provided Vpx
containing viral particles (Vpx-VLPs) in trans at the time of infection in order to increase the efficiency of infection (46–48). The
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FIG 2 HIV Vpu fails to degrade IRF3 in primary blood lymphocytes. (A) PBLs were infected with VSV-G HIV WT virus or VSV-G HIV-⌬vpu virus. At 5 days
postinfection, cellular lysates were probed for IRF3, p24, and GAPDH expression (the results shown are representative of five donors). (B) IRF3 levels were
determined by densitometric analysis and normalized for GAPDH. The levels of IRF3 in uninfected cells were set as 1. Values are means plus the standard error
of the mean (SEM) from five independent experiments. (C) The levels of infection of VSV-G WT HIV or VSV-G HIV-⌬vpu virus in the different donors were
assessed by a Renilla luciferase assay. Each symbol represents one donor. (D) Primary CD4⫹ T lymphocytes were activated for 48 h with phytohemagglutinin and
infected with WT HIV/R5 virus or HIV-⌬vpu/R5 virus. At 5 days postinfection, the cellular lysates were probed for IRF3, p24, and GAPDH expression (the results
shown are representative of two donors). (E) IRF3 levels were determined by densitometric analysis and normalized for GAPDH. The levels of IRF3 in uninfected
cells were set as 1. Values are means plus the SEM from two independent experiments. (F) Clarified supernatants were collected every 2 days and infectivity was
determined by a TZM-bl infectivity assay.

levels of IRF3, HIV p24, SAMHD1, and tubulin were determined
by Western blot analysis at 5 days postinfection. The expression of
IRF3 remained comparable for all of the conditions even when the
levels of infection were increased 8-fold by the addition of Vpx
(Fig. 4A and B).
We next determined the effect of Vpu in the context of a
spreading HIV infection in human macrophages. Macrophages
from three healthy donors were infected with HIV WT-Renilla
Luc virus (WT) or with HIV-⌬vpu/R5-Renilla Luc virus (⌬vpu).
Cell lysates were collected 5 days postinfection, and the levels of
IRF3, p24, and GAPDH were determined by Western blotting. As
shown in Fig. 4C, the levels of IRF3 protein were similar in macrophages infected with HIV WT or HIV-⌬vpu or in uninfected
macrophages (Fig. 4C shows a representative Western blot of
three; Fig. 4D depicts the average of three independent experiments). The infection rates of the two viruses in three independent
donors were comparable (Fig. 4E).
To better discriminate variation in IRF3 levels in infected versus uninfected macrophages, we measured intracellular IRF3 expression by flow cytometry. Primary human macrophages from
two healthy donors were infected with VSV-G HIV WT in the
presence Vpx-VLPs (46–48). At 5 days postinfection, the cells
were permeabilized and stained for IRF3 and p24 in order to identify productively infected cells (Fig. 5A shows the results from a
representative experiment) (49). We observed that the IRF3 levels
were comparable between the p24-positive and the p24-negative
cell populations in both donors (Fig. 5B, left panel). Of note, the
percentage of tetherin-positive cells is lower in the infected popu-
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lation compared to the uninfected cells (Fig. 5B, right panel) (8).
We next infected primary macrophages from different donors
with VSV-G HIV WT or with VSV-G HIV-⌬vpu and monitored
the levels of IRF3 in the infected cells at 5 days postinfection. We
found that the amount of IRF3 protein in cells infected with
VSV-G HIV WT was comparable to the amount in cells infected
with VSV-G HIV-⌬vpu in all three donors (Fig. 5C). Similar results were obtained when macrophages were infected with replication-competent viruses (Fig. 5D).
It is conceivable that the effect of infection on IRF3 levels is
only detectable during a particular point of infection. In order to
test whether IRF3 degradation in infected macrophages was time
dependent, primary macrophages infected with VSV-G HIV WT
or with Vpu deleted were monitored for 5 days. We observed that
the levels of IRF3 between uninfected and infected cell populations remained comparable over the observed period. This was
true for both WT and Vpu deletion viruses (Fig. 5E). We performed a similar analysis in the context of a 7-day spreading HIV
infection and observed that there were no significant changes in
IRF3 levels in p24pos and p24neg macrophages (Fig. 5F).
In conclusion, endogenous IRF3 protein expression remained
stable in primary human macrophages infected with HIV
throughout the course of infection. In addition, the amount of
IRF3 protein was unchanged in cells infected with HIV WT or Vpu
deletion viruses.
NL4.3 Vpu inhibits NF-B but not IRF3 signaling. Since the
IFN-␤ promoter contains binding sites for both IRF3 and NF-B,
we next investigated the effect of Vpu in the context of IRF3 or

Journal of Virology

October 2015 Volume 89 Number 19

Vpu Interferes with NF-B Activity but Not with IRF3

FIG 4 HIV infection has no impact on IRF3 protein levels in primary macro-

FIG 3 The levels of IRF3 are comparable in infected and uninfected primary
CD4⫹ T lymphocytes. (A) Primary CD4⫹ T cells were infected with the indicated viruses, and the levels of infection were determined by GFP for NL4.3
and R7/3 expression or p24 intracellular staining for LAI. The levels of IRF3
were determined by intracellular staining (left panels, isotype control; the middle panel is representative of three independent experiments). IRF3 levels were
analyzed by flow cytometry in both infected and uninfected populations in
three different donors (right panels). (B) CD4⫹ T cells were infected with HIV
WT or HIV-⌬vpu viruses and stained for IRF3 and p24 at the indicated time
points of infection. Histogram representing the percentage of IRF3⫹ CD4⫹ T
cells (infected and uninfected) was prepared. (C) Intensity of IRF3 signal in
HIV-infected CD4⫹ T cells and uninfected cells.

NF-B specific transcription. We used specific reporter constructs
that drive the expression of the firefly luciferase reporter gene
under the control of IRF3 or NF-B. Specifically, we tested to what
extent NL4.3 Vpu inhibits activation of the IRF3 responsive
p55C1 promoter (p55C1-Luc), the nuclear factor B (NF-B) responsive synthetic promoter, and the c-fos gene NF-B responsive promoter (c-fos-Luc) (50, 51). An empty vector expressing
only EGFP (GFP) was used as a control.
We expressed p55 C1-Luc, together with HIV NL4.3 Vpu or
GFP alone, and induced specific IRF3-dependent transcription by
cotransfecting a plasmid coding for TANK-binding kinase 1
(TBK1) (52). We observed that the levels of luciferase were comparable between cells transfected with Vpu and cells expressing
GFP alone, suggesting that NL4-3 Vpu does not exert an inhibitory effect on the IRF3 expression under these experimental conditions (Fig. 6A).
The effect of Vpu on the NF-B pathway was determined using
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phages. (A) Primary human macrophages were infected with VSV-G WT HIV
(HIV WT) virus or VSV-G HIV-⌬vpu (HIV-⌬vpu) virus in the presence absence of vpx VLPs. At 5 days postinfection, cellular lysates were probed for
IRF3, SAMHD1 (Cell Signaling), p24, and tubulin expression. (B) The levels of
infection of VSV-G WT HIV or VSV-G HIV-⌬vpu virus in the presence or in
the absence of vpx VLPs were assessed by Renilla luciferase assay. Values represent the means plus the standard deviations of relative luciferase units (RLU)
from three technical replicates. (C) Primary human macrophages were infected with R5-WT HIV or R5-HIV-⌬vpu virus. At 5 days postinfection, cellular lysates were probed for IRF3 and GAPDH expression (the results shown
are representative of three independent experiments). (D) IRF3 levels were
determined by densitometric analysis and normalized for GAPDH. The levels
of IRF3 in uninfected cells were set as 1. Values are means plus the SEM from
three independent experiments (lower panel). (E) The levels of infection of
VSV-G WT HIV or VSV-G HIV-⌬vpu in the different donors were determined
by a Renilla luciferase assay.

a synthetic NF-B-Luc reporter plasmid. Activation of NF-B was
achieved by expressing the constitutively active form of IB kinase
␤ (IKK␤ca) (53). In line with previous reports, we detected a
5-fold reduction of the NF-B promoter activation (P ⬍ 0.001)
(Fig. 6B) (10, 12, 18). To confirm the reduction of NF-B activation by Vpu, we cotransfected the c-fos-Luc reporter plasmid,
together with Vpu or GFP, and stimulated the transfected cells 24
h later with TNF-␣ (20). Activation was measured 1 day after
treatment and showed that Vpu reduced the NF-B activation by
4-fold (P ⬍ 0.01) (Fig. 6C). These results suggest that HIV NL4.3
Vpu downmodulates NF-B downstream IKK␤. Previous studies
reported that Vpu could stabilize the nuclear factor of kappa light
polypeptide gene enhancer in B cells inhibitor alpha (IB␣), thus
inhibiting NF-B activation (12, 54). Since TNF-␣ stimulation
induces IB␣ rapid degradation (55), we next compared the levels
of IB␣ in response to TNF-␣ in 293T expressing Vpu or GFP.
After 15 min of TNF-␣ treatment, the levels of IB␣ are reduced
only in cells expressing GFP, whereas in cells expressing Vpu the
IB␣ remains stable (Fig. 6D). Taken together, these data indicate
that Vpu downmodulates NF-B activation by stabilizing its inhibitor IB␣ but has no effect on IRF3 activation.
Serines in position 52 and 56 within NL4.3 Vpu are necessary
for its inhibitory effect on NF-B signaling. Vpu downregulates
the CD4 receptor from the cell surface and counteracts tetherin (8,
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FIG 5 IRF3 protein levels are comparable in infected and uninfected primary macrophages. (A) Primary human macrophages were infected with VSV-G WT
HIV in the presence of Vpx-VLPs. The levels of p24 and IRF3 expression were determined by intracellular staining at 5 days postinfection (representative plot).
(B) Graph representing percentage of IRF3⫹ cells in p24neg and p24pos cells of two different donors (left panel). Graph representing percentage of tetherin⫹ cells
in p24neg and p24pos cells of two different donors (right panel). (C) Primary human macrophages were infected with VSV-G WT HIV or VSV-G ⌬vpu in the
presence of Vpx-VLPs. The levels of p24 and IRF3 expression were monitored 5 days postinfection (the left panel shows a representative plot, and the right panel
shows the percentage of IRF3⫹ cells in VSV-G WT HIV- and VSV-G HIV-⌬vpu-infected cells from three different donors). (D) Primary human macrophages
were infected with replication-competent WT HIV or HIV-⌬vpu in the presence of Vpx-VLPs. The levels of p24 and IRF3 expression were monitored 5 days
postinfection (the left panel shows a representative plot, and the right panel shows the percentage of IRF3⫹ cells in WT HIV- and HIV-⌬vpu-infected cells of three
different donors). (E) Primary human macrophages were infected with VSV-G WT HIV (left panel) or VSV-G ⌬Vpu (right panel). The levels of p24 and IRF3
expression were monitored at the indicated days postinfection. (F) Primary human macrophages were infected with WT HIV or HIV-⌬vpu. The levels of p24 and
IRF3 expression were monitored in the indicated days postinfection.

9, 13). In both cases, Vpu functions as an adapter bridging the
ubiquitin-ligase ␤TrCP with its targets (56–58). This interaction
has been proposed to be responsible for the inhibitory effect of
Vpu on NF-B signaling also, with a slightly different mechanism.
In the case of CD4 and tetherin, Vpu links the target proteins to
␤TrCP inducing their degradation (57, 58). In the case of NF-B,
Vpu binds and sequesters ␤TrCP at the plasma membrane, hampering its ability to ubiquitinate IKB␣ upon external stimuli (12,
59). Lack of IKB␣ ubiquitination blocks its degradation and interferes with NF-B nuclear translocation (60–62). Interaction between Vpu and ␤TrCP requires the phosphorylation of serines 52
and 56 in the cytoplasmic domain of Vpu (12).
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To test the hypothesis that interaction of Vpu with ␤TrCP is
important for the inhibitory effect of Vpu on NF-B-dependent
transcription, we performed reporter assays in the presence of the
NL4.3 Vpu mutant S52N/S56N, which is expressed at the same
levels of NL4.3 Vpu WT (Fig. 7A). We transfected the firefly luciferase under the control of the IFN-␤ promoter together with
NL4.3 Vpu WT, NL4.3 Vpu S52N/S56N, or GFP coding plasmid.
Activation of the IFN-␤ reporter construct was achieved by transfecting the RIG-I-2CARD construct. Induction of IFN-␤ promoter by RIG-I 2CARD was reduced by 2-fold in the presence of
Vpu-WT (P ⬍ 0.01). On the other hand, expression of Vpu-S52N/
S56N had no effect on luciferase expression (Fig. 7B).
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FIG 6 Vpu inhibits NF-B but not IRF3 signaling. (A) HEK293T cells were cotransfected with vectors expressing Vpu and GFP as a negative control in
the presence or absence of TBK1 plasmid, together with the p55 C1 promoter firefly luciferase and Renilla luciferase vectors. (B) IKK␤ca expression
plasmid was used as a stimulus to activate synthetic NF-B promoter when cotransfected with Vpu or GFP control plasmid (as described in panel A). (C)
HEK293T cells were cotransfected with c-fos promoter firefly luciferase and Renilla luciferase constructs together with Vpu or GFP control vectors and
stimulated by TNF-␣ at 24 h posttransfection. (D) The levels of IB␣ were monitored by intracellular staining in cells expressing GFP or NL4.3 Vpu before
and after TNF-␣ treatment. In all of the experiments, firefly luciferase values were normalized to Renilla luciferase values. The data were represented as the
fold change over unstimulated GFP-transfected cells (set as 1). All experiments were performed in duplicate or triplicate. The results of one representative
experiment of three are shown.

In order to determine whether IRF3 binding sites or NF-B
binding sites or both were involved, we used reporter plasmids
coding for the firefly luciferase under the control of IRF3 alone or
NF-B alone. Neither expression of Vpu-WT nor expression of
Vpu-S52N/S56N affected the induction of IRF3-dependent gene
expression by TBK1 (Fig. 7C). When we analyzed the effect of
Vpu-S52N/S56N on NF-B-driven luciferase expression, we observed that this mutant lost its ability to inhibit this pathway,
whereas Vpu-WT induced a 5-fold reduction of NF-B-driven
transcription (P ⬍ 0.001; Fig. 7D). Taken together, these results
suggest that the phosphorylation of serines 52 and 56 is required
for the ability of NL4.3 Vpu to alter the NF-B activation pathway,
likely via binding to ␤TrCP.
Different Vpu alleles inhibit NF-B-dependent gene expression. To explore the extent to which Vpu-induced NF-B inhibition is strain specific, we performed reporter assays with six
different alleles of Vpu. We included Vpu derived from the labadapted strain NL4.3, together with five Vpu alleles derived from
primary isolates (Fig. 8A) (18). We cotransfected HEK293T with
the different alleles of Vpu and a NF-B synthetic promoter firefly
luciferase reporter construct. Activation of NF-B was achieved
by expressing IKK␤ca. The reporter assay shows that all of the
different Vpu alleles reduce NF-B activity by 5- to 10-fold (Fig.
8A). The Vpu proteins were all expressed as shown by Western
blot analysis (Fig. 8B).
In conclusion, the Vpu alleles from primary isolates tested exert an inhibitory effect on NF-B signaling pathway similarly to
those observed for NL4.3 Vpu (10, 12, 18).
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DISCUSSION

Signaling of innate immune sensing pathways converges to trigger
the transcription of proinflammatory and antiviral genes through
activation of NF-B and IRF3. HIV developed different strategies
to evade and block such innate immune activation (reviewed in
references 63 and 64). We show in the present study that NL4.3
Vpu has the ability to downmodulate IFN-␤ expression in reporter assays without affecting IRF3 levels. Indeed, the levels of
IRF3 protein in primary CD4⫹ T cells and macrophages were not
affected by HIV infection. Since activation of the innate immune
response is time dependent, we measured IRF3 expression and
HIV infection at different time points in both human primary
CD4⫹ T lymphocytes and macrophages. The proportion of IRF3⫹
cells in infected and uninfected populations remained comparable
at all of the examined time points (Fig. 3B and 5D). We also analyzed different viral strains, with or without Vpu, but failed to
detect IRF3 degradation (Fig. 3A).
Although reporter assays using a promoter specific for IRF3
failed to reveal any inhibition of the pathway, we found that
Vpu inhibited NF-B activation downstream of IKK␤ activation. HIV Vpu can antagonize NF-B activation by stabilizing
IB␣ through its binding with the ubiquitin ligase ␤-TrCP
(12). In agreement with this report, mutating the ␤-TrCP binding motif within NL4.3 Vpu abolished its ability to downmodulate NF-B pathway (Fig. 7D). Taken together, our data
suggest that the lack of IFN pathway induction during HIV
infection in primary cells is caused by the inhibition of NF-B
signaling rather than IRF3 degradation.
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FIG 7 Serines at positions 52 and 56 within NL4.3 Vpu are necessary for its
inhibitory effect on NF-B signaling. (A) HEK293T cells were transfected with
WT Vpu, S52N/S56N Vpu, and GFP. The expression levels of the three constructs were monitored by Western blotting. (B) HEK293T cells were cotransfected with vectors expressing WT-Vpu, S52N/S56N Vpu, and GFP as a negative control in the presence or absence of RIG-I 2CARD plasmid, together
with IFN-␤ promoter firefly luciferase and TK-Renilla luciferase vectors. (C)
The activity of WT Vpu, S52N/S56N Vpu, and GFP on induction of p55 C1
promoter firefly luciferase in the presence of TBK1 plasmid was assessed in
HEK293T cells. The data were analyzed as in Fig. 1B. (D) IKK␤ca expression
plasmid was used as a stimulus to activate synthetic NF-B promoter when
cotransfected with WT Vpu, S52N/S56N Vpu, and GFP.

The interplay between HIV Vpu and IRF3 has been subject of
several studies from different groups. Although our data are in
agreement with the findings of Hotter and coworkers, our results
disagree with those of Doehle and Park (16–19). A possible expla-

nation is the high level of Vpu expression and the high multiplicity
of infection (MOI) in the experiments that can report an effect on
IRF3. For example, Park et al. show that the overexpression of
Vpu, Vif, and Vpr induces caspase-dependent cleavage of IRF3,
suggesting that these proteins can cause activation of the apoptotic
pathway that ultimately acts on IRF3 (19). Similarly, infection at a
very high MOI can also induce some degree of apoptosis that leads
to caspase activation and IRF3 cleavage and/or degradation (65).
In the present study we, took great case to use experimental conditions that did not induce any cellular stress despite efficient HIV
infection.
We found that the integrity of ␤TrCP binding sites within
NL4.3 Vpu (e.g., the presence of phosphoserines at positions 52
and 56) were required for NF-B downmodulation. These results
are in agreement with recent findings, suggesting that Vpu from
NL4.3 strain required the presence of an intact ␤TrCP consensus
motif, whereas Vpu alleles from other strains use additional mechanisms to inhibit NF-B (54).
It is conceivable that HIV developed cell-type-specific mechanisms to dampen immune responses. For example, TBK1 autophosphorylation, a modification required for an efficient signal
transduction, is inhibited during HIV infection in dendritic cells
and macrophages (66). In particular, infection of dendritic cells
with HIV lacking functional Vif or Vpr alleles induced IFN-␤
expression (66). Further studies are required to understand
whether Vif and Vpr are also required to block IFN-␤ expression
in T cells and macrophages.
The interplay between HIV and NF-B pathway is essential
for efficient viral replication, especially in T cells (reviewed in
reference 67). Although HIV needs NF-B activation for efficient transcription, activation of proinflammatory genes is detrimental for viral replication. The balance needed to achieve
optimal viral transcription with a minimum of proinflammatory activation may be obtained through partial inhibition of
NF-B activation by Vpu. In fact, inhibition of NF-B in the
presence of Vpu is not complete, suggesting that some residual
activity is preserved. The remaining activity may be sufficient
for an efficient HIV transcription but inadequate for an effective immune response. It is conceivable that one of the roles of
HIV Vpu is the maintenance of a NF-B activation level that is
favorable for the virus. The different results obtained with dif-

FIG 8 Different vpu alleles inhibit NF-B-dependent gene expression. (A) HEK293T cells were cotransfected with vectors expressing different variants of Vpu
and GFP as a negative control in the presence or absence of the IKK␤ca expressing vector, together with NF-B firefly and Renilla luciferase vectors. Induction
of the NF-B promoter was determined by luciferase assay as before. (B) The samples were analyzed by Western blotting using anti-AU, anti-GFP, and
anti-GAPDH antibodies.
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ferent viral strains and cell types suggest a complex relationship
between the virus and the infected cell. Further studies are
required to dissect the specific mechanisms used by different
HIV strains to quench innate immune response in a cell-typespecific manner.
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