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HIV-1 Envelope Glycoproteins
Induce the Production of TNF-α
and IL-10 in Human Monocytes by
Activating Calcium Pathway
Rémi Planès1,2,3, Manutea Serrero1,2,3, Kaoutar Leghmari1,2,3, Lbachir BenMohamed4 &
Elmostafa Bahraoui1,2,3
Human HIV-1 infection leads inevitably to a chronic hyper-immune-activation. However, the nature of
the targeted receptors and the pathways involved remain to be fully elucidated. We demonstrate that
X4-tropic gp120 induced the production of TNF-α and IL-10 by monocytes through activation of a cell
membrane receptor, distinct from the CD4, CXCR4, and MR receptors. Gp120 failed to stimulate IL-10
and TNF-α production by monocytes in Ca2+ free medium. This failure was total for IL-10 and partial for
TNF-α. However, IL-10 and TNF-α production was fully restored following the addition of exogenous
calcium. Accordingly, addition of BAPTA-AM and cyclosporine-A, fully and partially inhibited IL-10
and TNF-α respectively. The PKA pathway was crucial for IL-10 production but only partially involved
in gp120-induced TNF-α. The PLC pathway was partially and equivalently involved in gp120-induced
TNF-α and IL-10. Moreover, the inhibition of PI3K, ERK1/2, p38 MAP-kinases and NF-κB pathways
totally abolished the production of both cytokines. In conclusion, this study revealed the crucial calcium
signaling pathway triggered by HIV-1 gp120 to control the production of these two cytokines: TNF-α
and IL-10. The finding could help in the development of a new therapeutic strategy to alleviate the
chronic hyper-immune-activation observed in HIV-1 infected patients.
HIV-1 primarily targets CD4 positive cells, including CD4+ T-lymphocytes, monocytes/macrophages and, to a
lesser extent, dendritic cells1,2. This targeting is initiated by the interactions between HIV-1 envelope glycoproteins and CD4 receptor, followed by the recruitment of CCR5 or CXCR4 co-receptors depending on the viral tropism. Primo-infections are mediated by R5-tropic viruses3, which use the CCR5 co-receptor. R5/X4 dual-tropic
and, to a lesser extent, pure X4-tropic viruses, which use CCR5 and/or CXCR4 co-receptors appear later, about
8 to 10 years after the primo-infection, in about 40 to 50% of HIV-1 patients, due to a shift/extension from
the R5 to R5/X4 or X4 tropism4–6. The interaction between gp120 and signaling coupled receptors leads to the
production of several cytokines/chemokines including pro-inflammatory TNF-α7 and anti-inflammatory IL-10,
two proteins implicated in the immuno-pathology often observed in HIV-1 infected patients. Earlier studies
have clearly shown that increased levels of TNF-α and IL-10 in the plasma is associated with the evolution of
AIDS-diseases8,9. In agreement with this observation, blockade of the TNF-α pathway in HIV-1 infected patients,
following an anti-TNF-α mAbs therapy, led to improvement of AIDS symptoms10. The beneficial anti-TNF-α
therapy has been extensively explored in the SIV-239 pathogenic/macaque model11. Although anti-TNF-α mAbs
treatment (adalimumab) did not reduce viral load, it clearly improved immunological status, as shown by: (i) a
down-modulation of pro-inflammatory gene expression; (ii) a decrease in the infiltration of neutrophils into the
para-cortical T-cell area; (iii) a decrease in the expression of immunosuppressive cytokines including IL-10 and
TGF-β; (iv) a reduction in fibrosis of the lymphoid tissue; and (v) a better preservation of CD4+ T-cell counts11.
Besides TNF-α, the IL-10, a highly immunosuppressive cytokine, also seems to play a key role in HIVassociated immune dysregulation12–14. Previous studies have demonstrated that: (i) an increased level of IL-10 is
positively correlated with increased viral load and progression to the symptomatic stage of the disease in HIV-1
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progressors12–14; (ii) patients producing less IL-10, due to the mutation IL-10–5′–592A on the IL-10 promoter,
evolve less rapidly to the AIDS stage15; (iii) elite controllers, who do not develop AIDS diseases despite their
seropositive status, do not show an increase in IL-1016; and (iv) in patients receiving effective anti-retroviral
therapy, plasmatic IL-10 level decreases in parallel with the decrease in viral load16. In line with these observations, in-vitro studies have shown that IL-10 is directly involved in the loss of immune system function and
immune-pathology. Clerici et al.8 and, more recently, Brockman et al.16 have shown that neutralization of the
IL-10 pathway using antibodies blocking the IL-10-IL-10R interaction, allows immune functions to be restored
in HIV-positive patients. Among the beneficial effects of this treatment, the authors observed a restoration of
the proliferation of HIV-1 specific CD4+ and CD8+ T cells as well as increased production of IFN-γ and IL-2
cytokines. Interestingly, in another model of persistent viral infection of mice by LCMV clone 13, such a treatment was reported to lead to viral clearance17. Thus IL-10 appears to play a major role in the viral escape from the
immune system. Accordingly, several HIV-viral proteins can induce the production of IL-10, including Tat18–20,
Nef21 and gp12022. It remains therefore to determine the molecular mechanisms involved in IL-10 production
during the course of HIV-1 infection. In addition, it is important to note that the stimulation of the expression of
IL-10, and also of other immunosuppressive factors such as PD-L1, TIM3 and IDO, are preceded by the establishment of a chronic production of IFN-I23. Several reports have demonstrated the importance of the blockade of
interferon type-I signaling in the control of immune activation, co-inhibitory immunosuppressive markers and
persistent viral infection as observed in HIV-1, SIV and LCMV infections24–26.
Cytokines production in HIV-1 infected patients is the result of activation of several signaling pathways
mediated by the interaction of various HIV-1 viral components, including gp120, with various cellular receptors,
including CD47 and CCR5. The several signaling pathways reported to be activated following gp120-CD4-CCR5/
CXCR4 interactions include the activation of P56lck, a tyrosine kinase of the src family, associated with an intracytoplasmic domain of CD427. This lead to the activation of downstream cascade signaling pathways, including
elevation of intracellular mobilization of the calcium and the related nuclear factor of activated T-cells (NFAT)
transcription factor28,29, activation of phospholipase C, PKC30, PyK231, PI3K32,33, Akt34, Rac35; and MAP kinases
ERK1/236. Interestingly, the engagement of CXCR4 by gp120 also activates the downstream targets of the Rho
family GTPases including LIM kinase37 and cofilin38, two factors directly implicated in the actin cytoskeleton
rearrangement, a step that seems to be important to overcome the barrier of cortical actin in quiescent CD4+ T
cells.
In addition to mediate productive viral infection following interaction with CD4, CCR5 and CXCR4, the
gp120 also bind to several other receptors expressed by non-permissive cells including integrin α4β739, C-type
lectin DC-SIGN40, the mannose receptor MR22, TLR2, and TLR441. Activation of these receptors is mediated
by viral particles, either infectious or not, viral proteins expressed on infected cells, or soluble envelope glycoproteins that are secreted or released following lysis of infected cells. Also noteworthy is the multiple variety of
interactions between the receptors of innate immune system on one hand and the viral protein and nucleic acids
on the other hand, including TLR242, TLR442,43, TLR7/844, cGAS45, and IFI1646. These interactions have been
reported to be involved in the establishment of persistent chronic hyper-activation of the immune system. This
hyper-immune-activation was associated with the impairment of several immune system components and functions, including a gradual depletion of CD4+ T-cells47,48, increased T-cell exhaustion49, decrease in the number
of plasmacytoid and myeloid DCs50,51 and increased production of immune-modulatory cytokines/chemokines
and costimulatory factors52,53.
Because of the importance of TNF-α and IL-10 cytokines in the immuno-pathology of HIV-1 infection, several studies have focused on understanding the signaling pathways and the receptors engaged by gp120 R5-tropic
on both permissive and non-permissive cells34,54. However, the nature of receptors activated by gp120 from
X4-tropic viruses and the subsequent signaling pathways triggered following this interaction remain to be fully
elucidated. In the present study, we demonstrate that the HIV-1 gp120 stimulated the production of both TNF-α
and IL-10 in human monocytes, in a CD4 and CCR5/CXCR4 independent manner, by recruiting selective, specific and common pathways. Moreover, we demonstrate that calcium and PKA pathways are essential for IL-10,
but not for TNF-α production by monocytes stimulated by gp120, while PI3K, ERK1/2 and P38 MAP kinases,
and NF-κB are essential for the production of both TNF-α and IL-10.

Materials and Methods
Ethics statement.

The use of human cells in this study was approved by the Research Ethical Committee
of Haute-Garonne, France. Human Peripheral Blood Mononuclear Cells (PBMC) were isolated from buffy coat
of healthy human donors. Buffy coats were provided anonymously by the EFS (Etablissement Français du Sang,
Toulouse, France). Written informed consent was obtained from the donors under EFS contract N° 21/PVNT/
TOU/INSERM01/2011-0059, according to French Decree N° 2007–1220 (articles L1243-4, R1243-61).

Isolation of human monocytes. PBMCs were isolated by centrifugation using standard Ficoll-Paque density (GE Healthcare). Briefly, the blood was diluted 1:1 in phosphate-buffered saline (PBS) pre-warmed at 37 °C
and carefully layered over the Ficoll-Paque gradient. The tubes were centrifuged for 25 minutes at 2000 rpm at
20 °C. The cell interface layer was harvested carefully, and the cells were washed twice in PBS (for 10 minutes at
1200 rpm followed by 10 minutes at 800 rpm) and re-suspended in RPMI-1640 supplemented with 10% of foetal
calf serum (FCS), 1% penicillin (100 IU/mL) and streptomycin (100 µg/ml). Monocytes were separated from
lymphocytes by adherence to tissue culture plastic (Beckton Dickinson). PBMC were seeded in 24-well plates (107
PBMC/well). After incubation for 1 hour at 37 °C, non-adherent cells were removed by 3 washes with PBS and
adherent cells represented the monocyte fraction of PBMC (>94% CD14+, characterized by FACS).

Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

2

www.nature.com/scientificreports/
Recombinant proteins and peptides. Recombinant CXCR4 tropic HIV-1 gp120Lai protein was obtained
from the Agence Nationale de la Recherche sur le SIDA (Paris, France) and purified from the supernatant of
BHK cells infected with vaccinia virus recombinant for gp-120. X4 gp120HXB2 was obtained from the NIBSC program, while X4 gp120Baculo was produced and purified by our group. R5 gp120Bal and R5 gp120YU2 were obtained
from the NIH AIDS Reagent Program. Recombinant proteins are in a monomeric structures. HeLa-gpLai and
HeLa-gpAda, stably expressing gp120 Lai or Ada respectively and gp41 were used as sources of native like X4 and
R5-tropic cell surface envelope glycoproteins. HIV-1-infected Jurkat cell lines were used in co-culture as sources
of free HIV-1 particles and cells expressing viral proteins. Soluble recombinant CD4 was a gift from Professor
David Klatzmann55. The anti-fusion synthetic peptide C34L, sequence 628–661 of HIV-1gp41Lai, was synthesized
chemically.
Antibodies and chemical inhibitors. mAb Leu3A was purchased from BD Biosciences. mAb 2G12 was
obtained from the NIH AIDS Reagent Program. The following inhibitors were purchased: AMD300 (NIH AIDS
Reagent Program); LPS (InvivoGen); cycloheximide, cyclosporine A, PHA, and BAPTA-AM (Sigma Aldrich);
U73122, H89, Ro31, Ly294002, PD98059, U0126, SB202190, and Bay11702 (Calbiochem).
Cytokine quantification by ELISA.

Cytokine quantification of TNF-α and IL-10 was performed using
a specific ELISA kit (eBioscience). Briefly, the first monoclonal antibody was used for capture overnight at 4 °C.
After three washes with PBS containing 0.05% Tween 20 (wash buffer), plates were saturated by adding 250 µl
of a protein solution (diluent assay) for one hour at room temperature. After three washes, culture supernatants
(100 µl/well) were added and incubated for 2 hours at room temperature. Plates were then washed three times and
incubated for 1 hour at room temperature with a biotinylated anti-cytokine antibody. After five washes, the bound
biotinylated antibody was detected by additional 30 minutes incubation with streptavidin peroxidase. After seven
washes, plates were incubated with the enzyme substrate (TMB). The reaction was stopped by adding 50 µl of
H2SO4 (4 N) to each well. Absorbance was read at 450 nm with a wavelength correction at 570 nm. Cytokines
were quantified from a standard curve generated by using various concentrations of recombinant protein of each
cytokine. The limit of detection of the cytokines was 4 pg/ml for TNF-α and 2 pg/ml for IL-10.

Western blot analysis.

Equal amounts of proteins (10–40 μg) were subjected to 10% SDS-PAGE and the
separated proteins were transferred to a nitrocellulose membrane. The membrane was blocked with 5% of non-fat
milk in Tris-buffered saline with 0.05% Tween 20 (TTBS) for 1 h, then washed with TTBS, and incubated with the
primary antibody overnight at 4 °C. Immunoreactive bands were detected by incubation for 1 h with the appropriate anti-primary antibodies conjugated with horseradish peroxidase (DAKO). Proteins of interest were visualized
using a chemiluminescent substrate ECL (Pierce, Rockford, IL).

Signal transduction experiments. Monocytes were incubated for 30 minutes with/or without various
signal transduction pathway inhibitors before HIV-1 gp120 (10 nM) was added. After 24 hours, cell supernatants
were harvested and quantified by ELISA for the presence of TNF-α and IL-10. The remaining cells were analyzed
for the toxicity of each inhibitor by trypan blue exclusion assay. Only inhibitors at concentrations found to be
non-toxic by this assay were used in the present study.
Statistical analyses.

Statistical analysis was performed using GraphPad Prism software. All results were
expressed as means +/− SD. All experiments were performed for a minimum of three times. Differences in the
means for the different groups were tested using a Student’s t test, a one-way ANOVA followed by a Bonferroni
post hoc test, or a two-way ANOVA followed by a Bonferroni post hoc test (as indicated in figure legends). P
values < 0.05 were considered to be statistically significant.

Results

HIV-gp120 induces IL-10 and TNF-α production by human monocytes. Human monocytes, isolated from healthy donors, were stimulated by HIV–1 envelope glycoproteins from various sources including
soluble gp120 produced in either vaccinia virus or baculovirus expression systems, cell surface expressed gp120/
gp41 envelope glycoproteins, or viral free particles. After 24 hours, the production of TNF–α and IL–10 were
quantified in cell supernatants by ELISA. The results showed that HIV–1 envelope glycoproteins, whatever the
tropism R5 or X4, origin, or mode of presentation, induced TNF–α and IL–10 production (Fig. 1A–C).
Considering that several reports have been devoted to the R5–tropic envelope glycoproteins, in the rest of
this study, we focused on characterizing the signaling pathways triggered by X4 gp120 to activate the production
of TNF–α and IL–10 in human monocytes. To this end, we showed that treatment of monocytes with escalating
amounts of HIV–1 gp120 (1, 10, or 50 nM) induced dose-dependent production of TNF-α and IL-10 (Fig. 1D,E).
In control experiments, no significant productions of TNF-α or IL-10 were detected in the supernatants of
untreated monocytes. To further characterize the specificity of this response and to demonstrate that the induction of TNF-α and IL-10 are not related to contaminant endotoxins but are directly related to the intrinsic effect
of HIV-1 envelope glycoprotein, we showed that the production of these cytokines was totally abrogated when
monocytes were stimulated with gp120 previously denatured by heating or following the reduction of disulfide
bonds by β-mercaptoethanol treatment (Fig. 1F,G). As controls, we showed that similar treatment of LPS had no
effect on its capacity to induce cytokine production as depicted in Fig. 1F,G. To investigate whether the secretion
of TNF-α and IL-10 came from de-novo protein synthesis or from the mobilization of intracellular or membrane
stocks, monocyte cells were stimulated with gp120 in the presence of cycloheximide (an inhibitor of protein synthesis). In these conditions, gp120-induced TNF-α and IL-10 production by monocytes was totally blocked, thus
demonstrating that TNF-α and IL-10 were not released from intracellular/membrane stocks but were dependent
on de-novo protein synthesis (Fig. 1F-G).
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Figure 1. CCR5 and CXCR4 HIV-1 envelope glycoproteins induce the production of TNF-α and IL-10 in
human monocytes. (A): Monocytes were mock treated or treated by X4-tropic HIV-1 gp120Lai, gp120HXB2,
gp120Baculo, or R5-tropic gp120Bal, gp120YU2. Statistical significances were compared to “mock treated” group.
(B) Monocytes were co-cultured with HeLa cells expressing X4-tropic HIV-1 gp120Lai for 24 hours before
cytokine quantification in the cell supernatants. As negative control monocytes were co-cultured with HeLa
cells not expressing HIV-1 gp120. Statistical significances were compared to “monocytes + HeLa” group. (C)
Effect of free HIV-1 Lai (50TCID50) or HIV-1 infected cells in stimulating the production of TNF-α and
IL-10 in human monocytes. Statistical significances were compared to “mock” group. (D,E) Monocytes were
treated for 24 h with gp120 (1 nM to 50 nM) and cytokines were quantified in the cell supernatants. Statistical
significances were compared to “mock”-treated group. (F,G) Effect of gp120 denaturation, disulfide bridge
reduction, or cycloheximide treatment on cytokine production by gp120 treated monocytes. Comparative
similar experiments were performed with LPS. Statistical significances were compared to “mock” -treated
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group. (H,I) PBMC were depleted of monocytes by three successive adherence steps. Cells remaining in
suspension (106) were incubated in the presence of gp120 or treated by a mixture of PHA (3 µ/ml) and IL-2
(10 U/ml). The production of TNF-α and IL-10 in cells supernatants was determined by ELISA. Statistical
significances were compared to untreated cells. (J,K) Monocytes from healthy human donors (n = 6) were
treated with gp120 (10 nM), or not (Mock). After 24 h of treatment, TNF-α and IL-10 were quantified in the
cell supernatants. Differences in the means for the different groups were tested using Student’s t test. Asterisks
represent P values: *P < 0.05; **P < 0.01; ***P < 0.001.
In order to identify the cell types that are able to secrete TNF-α and IL-10 in response to gp120 treatment, we split PBMCs into two distinct populations: plastic-adherent cells (mostly monocytes) and the plastic non-adherent population (mostly lymphocyte cells). After the first adherence step, which isolated mainly
monocyte cells, the non-adherent cell fraction was subjected to three successive adherence steps and remaining
non-adherent cells were stimulated by gp120 protein for 24 hours. The results showed that the non-adherent cell
fraction did not produce TNF-α and IL-10 following treatment with 10 or 25 nM of gp120, while stimulation with
phytohaemagglutinin (3 µg/ml) and IL-2 (10 U/ml), the two lymphocyte activators, led to a production of IL-10
and TNF-α. These results demonstrate that these two cytokines are rather selectively produced by the adherent
cell fraction that contains the monocyte population (Fig. 1H,I). To generalize this observation, we showed that
gp120 induced the production of TNF-α and IL-10 by monocytes isolated from six healthy donors (Fig. 1J,K).
However, the amount of TNF-α and IL-10 secretion showed some variability between different donors, which
may be related to genetic and/or epigenetic factors of the individual donor.

Gp120 induces TNF-α and IL-10 production independently of CD4, CXCR4, MR interaction and
viral entry. To investigate the role of CD4 receptor and CXCR4 co-receptor in gp120-induced TNF-α and

IL-10 production, monocytes were incubated with either the anti-CD4 neutralizing antibody Leu3a (2 µg/ml),
soluble CD4 (5 µg/ml), or 500 nM of AMD3100, an antagonist of CXCR4 known for its ability to block the replication of X4-tropic HIV-1 isolates. In these conditions, no significant inhibition of TNF-α or IL-10 production was
observed in response to gp120 treatment (Fig. 2A,B), suggesting that gp120-induced TNF-α and IL-10 occurred
independently of the recruitment of receptor and co-receptor related signaling pathways. We further showed
that gp120-induced cytokines were not blocked in the presence of (i) the broadly neutralizing 2G12 mAb, which
recognizes a mannose carbohydrate epitope involved in the interaction with a previously described mannose
receptor22 (Fig. 2C); (ii) the anti-fusion peptide C34L (10−6 M) (Fig. 2D); that efficiently inhibits viral entry56;
these results suggest that virus entry is not essential for the induction TNF-α and IL-10 production.
Altogether, these results show that gp120-induced TNF-α and IL-10 production occurs independently of
interaction with CD4, CXCR4 and mannose C type lectin receptors (MR), and does not require viral entry.

Role of calcium, PLC, PKC and PKA pathways. Downstream of the phospholipase C (PLC), synthesis
of inositol-1, 4, 5-triphosphate (IP3) induces an increase of cytoplasmic calcium mobilization responsible for
activation of the calcium pathway. This calcium-mobilization leads to the activation of NFAT transcription factor
following its dephosphorylation by calcineurin, an enzyme with a phosphatase activity. After activation, NFAT
translocates to the nucleus, where it binds to cognate DNA sequences leading to transcriptional up-regulation of
several genes including cytokines.
Previous reports have shown that gp120 is able to induce calcium mobilization in human macrophages57
and in U87 cell line stably transfected with HIV-1 CD4 receptor and CCR5 co-receptor34. Thus, we investigated
whether the calcium pathway was involved in gp120-mediated IL-10 and TNF-α induction. Pre-incubation of
monocytes with increasing concentrations of BAPTA/AM, an intracellular chelator of calcium, strongly inhibited gp120-mediated IL-10 production in a dose-dependent manner. Inhibition reached 80% when BAPTA/
AM was used at 20 µM (Fig. 3A). Involvement of this pathway was also investigated using cyclosporine-A, an
inhibitor of calcineurin. In the presence of cyclosporine-A, gp120 mediated IL-10 induction was inhibited by
45%. In order to further evaluate the crucial role of calcium in IL-10 induction, monocytes were stimulated by
gp120 in a calcium-free medium. In the absence of calcium, gp120 used at 10 or 25 nM became unable to induce
IL-10 (Fig. 3B). Interestingly, IL-10 production was restored if the calcium-free medium was complemented with
exogenous calcium (CaCl2: 4 mM) (Fig. 3B). These results strengthen the conclusion that the role of calcium is
crucial in the signaling pathways leading to the induction of IL-10 by HIV-1 gp120. In contrast to IL-10 production, TNF-α was only weakly inhibited by the stimulation of monocytes by gp120 (10 nM) in the presence of
BAPTA/AM 20 µM and cyclosporine-A 1 µM, inhibition reaching 23% and 36% respectively. Furthermore, stimulation of monocytes with gp120 (10 nM) in a calcium-free medium still led to a significant production, about
42%, of TNF-α (Fig. 3C). More interestingly, the addition of calcium to the calcium-free medium rescued the
total production of TNF-α. Thus gp120-mediated TNF-α was only partially dependent on the calcium pathway.
Altogether, our data suggest that gp120 induced IL-10 via a strictly calcium dependent pathway, while induction
of TNF-α seems to have been only partially calcium dependent. The latter data also suggest the implication of at
least a second calcium-independent pathway in the gp120-induced TNF-α.
The role of calcium pathway may be related to the consequences of the activation of phospholipase C. Once
activated, PLC cleaves phosphatidyl-inositol-phosphate (PIP2) into IP3 and diacylglycerol (DAG), which are
responsible for the release of intracellular stocks of calcium and the activation of PKC respectively. Both pathways are known to be involved in cytokine gene expression. The activation of PLC and, downstream, PKC and
calcium mobilization are also linked to the activation of PKA: a pathway recruited after elevation of c-AMP
concentrations.
Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

5

www.nature.com/scientificreports/

Figure 2. Activation of human monocytes by gp120 is CD4, CXCR4 and MR independent. (A,B) Monocytes
(0.5 × 106 cells) were “Mock” treated or previously treated for 1 hour at 37 °C with Leu3a anti-CD4 (2 µg/ml),
soluble CD4 (5 µg/ml) or AMD300 (500 nM) before treatment with gp120 (20 nM) or LPS (50 ng/ml). After
24 hours, cell supernatants were harvested and the production of TNF-α and IL-10 was quantified by ELISA.
(C,D) As above, monocytes were untreated (mock), pre-incubated for one hour with mAb 2G12 (25 µg/ml) or
with anti-fusion peptide C34L (10−6 M) before treatment with gp120 (20 nM) (C) or with HIV-1 supernatant
(D). Monocytes incubated with the mAb 2G12 or with the C34L peptide alone were used as negative controls.
Statistical significances were compared to gp120 treated or HIV-1 supernatant treated cells.

Role of Phospholipase C.

The role of PLC pathway in the control of the gp120-induced TNF-α and IL-10
production was evaluated using the chemical inhibitors PLC, U73 122. Briefly, monocytes were pre-incubated for
30 min with 2.5 and 10 µM of U73 122 before stimulation with gp120 at 10 nM. At 24 hours after treatment, cell
supernatants were collected and cytokine production was quantified by ELISA. The results showed that U73 122
partially inhibited, but in a dose-dependent manner, both gp120-induced IL-10 and TNF-α production by 47%
and 45% respectively (Fig. 4A, B). These results indicate that the PLC pathway seems to be involved in about half
of the TNF-α and IL-10 production in response to gp120.
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Figure 3. Calcium pathway is essential for gp120-induced IL-10 and strongly involved in TNF-α production.
(A) Monocytes were pre-treated with BAPTA-AM at 2 or 20 µM or with cyclosporine-A before stimulation with
gp120. After 24 hours, secreted cytokines were quantified by ELISA. Statistical significances were compared
to gp120 treated cells in the absence of inhibitor. (B,C) Monocytes were incubated in a calcium-free medium
(left) or in calcium-free medium complemented with 4 mM calcium chloride (right) and stimulated by gp120
(10–25 nM). Culture supernatants were then collected and the presence of TNF-α and IL-10 was determined
by ELISA. The results are expressed in pg/ml of cytokines. The values represent means +/− SD of three
independent experiments.

Role of PKA and PKC. We then investigated the potential role of PKA and PKC, two protein kinases known

for their involvement in the signaling pathways controlling expression of several cytokines. The PKA pathway is
activated after elevation of c-AMP concentrations. The PKC pathway is activated by calcium and DAG for the
classic PKC family (α, β1, β2, and γ isoforms) or by DAG only for non-classic PKC (δ, ε, η, θ and μ isoforms) while
the activation of the atypical PKC family (ζ and υ/λ isoforms) is independent of Ca2+ and DAG, two components
generated following the enzymatic action of PLC on PIP2. The role of PKA and PKC pathways downstream of
PLC in gp120-induced TNF-α and IL-10 production was evaluated using the chemical inhibitors H89, an inhibitor of PKA, and Ro31–8220, an inhibitor of PKC. Strong and total inhibition of IL-10 production was observed
in the presence of PKA inhibitor, while only a partial inhibition, of 39% and 55%, of TNF-α was obtained by H89
at 10 µM and 100 µM, respectively (Fig. 4C, D). In the presence of the PKC inhibitor Ro31–8220 at 2.5 and 5 µM,
we observed strong inhibition of TNF-α of 51% and 61%, respectively, whereas IL-10 production was not affected
(Fig. 4C). These data show that, downstream of PLC activation, selective pathways are involved in gp120-induced
TNF-α and IL-10 production. While TNF-α production is partially dependent on calcium, PKA and PKC pathways, IL-10 production is completely dependent on calcium and PKA pathway but independent of PKC.
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Figure 4. Effect of PLC, PKA, PKC, PI3K and MAP kinases pathway inhibitors on gp120-induced TNF-α and
IL-10 cytokines. Before adding HIV-1 gp120 (10 nM), monocytes were either incubated or not for 30 minutes
with different signal transduction pathway inhibitors: (A,B) U73122, an inhibitor of PLC; (C,D) H89 and RO31,
inhibitors of PKA and PKC respectively; (E) Ly294002, inhibitor of PI3K, PD98059 and U0126, inhibitors of
ERK1/2 MAP kinases, SB202190, inhibitor of P38 MAP kinase. After 24 h, cell supernatants were harvested
and quantified by ELISA for the presence of TNF-α and IL-10. Statistical significances were compared to gp120
treated cells in the absence of inhibitor.

Role of PI3K, MAP kinases and NF-κB pathways in gp120-induced TNF-α and IL-10 production.

Because MAP kinases and PI3K are activated downstream of PLC pathway, we investigated their role in the control of gp120-induced TNF-α and IL-10 production. Briefly, human monocytes were pre-treated with chemical
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Figure 5. gp120-induced NF-κB is essential for the production of TNF-α and IL-10. (A) monocytes (3 × 106)
were stimulated by X4-gp120 during 5 to 60 minutes. Total cell proteins lysate were separated by SDS-PAGE
and analyzed by Western blotting for IκB degradation. Images were processed by slight contrast adjustment
using Image Lab 5.2.1 software and cropped to focus on protein of interest. (B) HeLa cells (4 × 104 cells) stably
transfected with a plasmid coding for β-galactosidase gene under the control NF-κB inducible promotor were
co-cultured with the same amount of HeLa cells expressing X4-gp120 of HIV-1 Lai isolate. After 20 hours of
co-culture, β-galactosidase activity was evaluated by adding the substrate of X-gal. Blue cells corresponding
to β-galactosidase positive cells were quantified by scoring under light microscopy. The inset figure showed
the nuclear translocation of NF-κB P65 subunit after 30 and 120 minutes of co-culture as described above. (C)
Monocytes were incubated with HIV-1 gp120 (10 nM) in presence or absence of NF-κB inhibitors Bay117082 or
TLCK. After 24 hours, cell supernatants were harvested and quantified by ELISA for the presence of TNF-α and
IL-10. Statistical significances were compared to gp120 treated cells in the absence of inhibitor.

inhibitors targeting PI3K (Ly299002), MAPkinases ERK1/2 (PD98059 or U0126) or P38 (SB202190) and then
stimulated with gp120 (10 nM). We found that inhibition of PI3K, MAPkinases ERK1/2 and p38 strongly inhibited, at least at the highest concentrations, gp120-induced TNF-α and IL-10 production (Fig. 4E). These results
are in agreement with previously published data and confirmed the major role of these signaling pathways in the
control of gp120-induced cytokines.
Considering the essential role of transcription factor NF-κB in the activation of cytokine/chemokine gene
expression, including TNF-α and IL-10 genes, its implication in the control of gp120-induced cytokines was
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Figure 6. Model of X4-gp120 activated signaling pathways involved in the activation of TNF-α and IL-10 gene
expression. Two important points can be highlighted from this model: First, the key receptor, which remains to
be defined, involved in the induction of TNF-α and IL-10 gene expression is different from CD4, CXCR4 and
MR. Second, X4-gp120 continues to signal through these historical receptors to activate specific or amplify
common pathways with the yet undefined receptor to activate or enhance the production of these two immuneregulatory cytokines: TNF-α and IL-10. The crucial pathways controlling 100% of TNF-α or IL-10 production
are depicted by the symbol
.

evaluated by using two complementary approaches. In the first approach, we showed the capacity of gp120 to: i)
activate NF-κB as demonstrated by the observed degradation of IκB in cell lysates from monocytes pre-treated
during 5 to 60 min by gp120 (10 nM) (Fig. 5A, full-length blots are presented in Fig. S1) and ii) to activate the
β-galactosidase gene expression placed on the control of NF-κB promoter (Fig. 5B). This NF-κB activation is in
agreement with the nuclear translocation of P65 sub-unit of NF-κB in gp120 stimulated cells as showed in Fig. 5
B-inset (full-length blots are presented in Fig. S2). In the second approach, the involvement of NF-κB in gp120
induced TNF-α and IL-10 was evaluated by using two chemical inhibitors: TLCK, a serine/threonine protease
inhibitor that inhibits NF-κB by blocking IκB degradation, and Bay-117082, an inhibitor of cytokine-induced
IκB-α phosphorylation. In these conditions, the gp120-induced TNF-α and IL-10 were completely abrogated by
non-cytotoxic concentrations of TLCK (200 µM) and Bay-117082 (100 µM) (Fig. 5C). Together, these results show
that: (i) cell membrane or soluble gp120, by interacting with a potential cell surface receptor, activates the NF-κB
pathway leading to TNF-α and IL-10 production; (ii) inhibition of NF-κB pathway abolishes gp120-induced
TNF-α and IL-10; and (iii) gp120-induced TNF-α seems to be less sensitive to the effects of NF-κB inhibitors,
TLCK and Bay-117082, when used at 20 µM and 10 µM respectively.

Discussion

In this study, we have demonstrated that HIV-1 gp120 from either X4 or R5-tropic viruses are able to induce the
production of TNF-α and IL-10 by human monocytes. However, only the analysis of the panel of signaling pathways it activates will reveal whether they activate common or specific pathways depending on their tropism. This
proposal may be also extended to a future study, integrating not only the tropism (R5, X4, R5/X4, R5+/X4−, R5/
X4+) of the envelope glycoproteins but also its viral origin (subtypes, clades and circulating recombinant forms).
The amount of cytokines produced by gp120-treated monocytes appears to vary depending on both the glycoprotein preparation and the cell donors. Variations in cytokine production generated by the different used gp120
preparations can be related to intrinsic structural and/or post-translational modifications of the gp120 according to the cell system and the methods of protein production and purification. For example, it is well known
that glycoprotein produced in mammalian cells or insect cells does not exhibit the same profile of glycosylation.
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Insect-cell-based expression systems will add shorter N-glycans, with little sialylation58. In line with this statement, our results show that the denaturation of gp120 by heat-treatment or modification of its secondary structure after reduction of disulfide bridges is accompanied by the abolition of its capacity to induce the production of
TNF-α and IL-10. In addition to this first level of variation in the anti-gp120 response, we also observed a second
level of variation that was cell donor dependent. The latter variations may be related to genetic and/or epigenetic
factors related to each donor as observed in several other studies22,59. Such variations could also be explained by
the emerging concept of “trained immunity”60. It is of interest to note that, in contrast to IL-1β and IL-18, which
are expressed as immature pro-forms sequestered in the cytoplasm and are secreted upon catalytic cleavage by
Caspase 161, the production of TNF-α and IL-10 following gp120 stimulation requires de-novo protein synthesis,
as demonstrated by the capacity of cycloheximide, an inhibitor of protein synthesis, to block TNF-α and IL-10
secretion.
Given that T cells are also able to produce IL-10 and TNF-α, we asked whether they participated in the production of cytokines following stimulation with gp120. To answer this question, we tested the ability of gp120
to induce the production of TNF-α and IL-10 in the lymphocyte fraction of PBMC, enriched by elimination of
adherent cells after three successive adherence steps. In these conditions, no significant cytokine production was
observed in cell supernatants of the monocyte-free non-adherent cells treated with gp120, thus indicating the
direct implication of monocytes.
Several other studies have shown that, in addition to TNF-α and IL-10, HIV-1 enveloped glycoproteins also
stimulate the production of a variety of pro-inflammatory and anti-inflammatory cytokines/chemokines, including IL-1β, IL-6, IL-8, IL-18, IL-23, IL-27, CCL2, CCL4, CCL20, CXCL2, CXCL13, and TSLP62–64 that are also
implicated in HIV-1 associated impairment of the immune system52,53,63, AIDS-related diseases, and the aberrant
sustained hyper immune-activation65,66.
Therefore, new targets and therapeutic approaches that control TNF-α and IL-10 production could be helpful
to curtail hyper immune activation and T cell exhaustion in HIV-infected patients. The relationship between
chronic immune activation and AIDS-disease progression has been studied extensively in both human and
non-human primate models. In the human model, one striking hallmark of elite controllers is the absence of
hyper-immune activation. A similar observation has been made in the SIV/animal model. The administration
of the pathogenic SIVmac251 or SIVmac239 strain67 to Sooty-Mangabey or African green monkeys, the natural
hosts of SIV, leads to infection with a high viral load but the animals do not develop an AIDS-like disease. In
contrast, the same experimental infection of Asian macaques, a non-natural host of SIV, leads to their infection and AIDS disease development. The major difference between these two models is that the natural host
does not develop persistent hyper immune-activation, while the non-natural host develops persistent chronic
hyper-immune-activation. These two key observations in HIV-1 elite controllers and in host and non-host monkeys underline the importance of immune activation in disease development and thus, justify further investigations in order to understand the molecular and cellular mechanisms governing these aberrant immune-hyper
activations.
The findings of the present study are in contrast with the published data from other groups showing that
gp120-induced cytokines are dependent on CD4 receptor7,68,69, or independent of CD4 but dependent on CCR5/
CXCR4 co-receptors70. Here, we show that stimulation of TNF-α and IL-10 production by X4-tropic gp120 seems
to be independent of both CD4 and CXCR4, as demonstrated by the incapacity of blocking anti-CD4 antibodies,
soluble CD4 and AMD300, a known antagonist ligand of CXCR4, to inhibit gp120-induced cytokines. These
results suggest the implication of another receptor for gp120. HIV-1 gp120 is a highly glycosylated protein; about
50% of its molecular mass is composed of carbohydrates71. In addition to CD4 and CCR5/CXCR4, HIV-1 gp120
has been reported to engage several mannose C-type lectin receptors (MCLR) including mannose receptor
(MR)22. In our study, no inhibition of gp120-induced cytokines was observed in the presence of mAb 2G12, an
HIV-1 neutralizing antibody directed against mannose motifs on gp120, while other studies showed only a partial
inhibition of cytokine-induced gp120 with this mAb, anti-DC-SIGN mAb AZN-D1 or Cyanovirin, a bacterial
protein displaying a high affinity to high mannose oligosaccharides22. In line with our data, other works have
shown that gp120 is also able to induce IL-10 production in mice72 despite the fact that gp120 is unable to bind
murine CD4, CXCR4, CCR5 or MCLR72,73. Altogether, these data suggest that gp120 engages a receptor, different
from CD4 and CCR5/CXCR4 and DC-SIGN, which remains to be defined. Other receptors have been described
for gp120, including different MCLR, α4β7 integrin74, TLR275,76 TLR441or both receptors42 that could mediate the
production of various cytokines/chemokines in addition to TNF-α and IL-10.
The engagement of cell surface receptors by gp120 is followed by the activation of multiple cell signaling
pathways, leading to the positive or negative modulation of different genes. Accordingly, the analysis by oligonucleotide microarray of the quiescent CD4 T cells isolated from non-infected patients, activated by the envelope
glycoproteins gp120 from X4 or R5-tropic viruses, revealed the selective positive modulation of 587 genes, and
822 genes respectively. 699 genes were activated by both R5 and X4 gp12077. Among all the genes that were
up-regulated, there were genes associated with cell proliferation, cell cycle, and transcription factors77. In a more
quantitative phosphoproteomic study, it was shown that the stimulation of quiescent primary CD4 T cells for
1 minute with X4-tropic HIV-1 allowed the phosporylation of 175 genes, many of which were involved in the
steps of viral entry, actin cytoskeleton rearrangement, reverse transcriptase activity, movement of the complex of
reverse transcription into the center of the cytoplasm, nuclear translocation and integration into the genome of
the host cell78.
The calcium pathway is known for its importance among the signaling pathways controlling the expression
of cytokine/chemokine genes, so we tested its role in the induction of TNF-α and IL-10 by human monocytes
following their stimulation by HIV-1 gp120. Our findings show, for the first time, that: (i) when the stimulation
of monocytes was performed in the absence of calcium, the IL-10 production was totally blocked, while the
monocytes continued to produce significant amounts, about 42%, of TNF-α. Interestingly, IL-10 blockade can be
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completely rescued by the addition of exogenous Ca2+; (ii) total inhibition of IL-10, was obtained in the presence
of BAPTA-AM, a chelator of intracellular calcium, while no effect was observed on the production of TNF-α; (iii)
inhibition, by cyclosporine-A of calcineurin, a phosphatase responsible for the activation of the transcription
factor NFAT, leads to strong inhibition of IL-10, without affecting TNF-α production; and (iv) in agreement
with the above three points, inhibition of PKA, a Ser/Thr kinase that has been reported for its involvement in the
phosphorylation of calcium channels, including Ryanodine receptors and L-type calcium channels79,80, leads to
the inhibition of gp120-induced IL-10 production.
Altogether, our findings underline the role of the calcium pathway in the control of IL-10 production and
suggest the involvement of an alternative, calcium independent, pathway in the control of TNF-α production by
gp120-stimulated monocytes. This crucial role of calcium pathway is in line with previous reports describing the
capacity of gp120 to induce calcium mobilization81. It is interesting to note that this dependence on calcium was
inverted in the HIV-1 Tat-monocyte/model previously described by our group18,82–85. In this model, in contrast
to the mode of action of gp120, the absence of calcium is found to block TNF-α completely, while IL-10 production in Tat-treated monocytes was partially blocked86. In addition, in this model, it has been observed that
PKC, but not PKA nor MAP kinases ERK1/2, is required for Tat-induced TNF-α and IL-10 production18,82,87.
Moreover, an inverted involvement was found, where PKA and MAP kinases ERK1/2, but not PKC, pathways
seemed to be essential for the production of TNF-α and IL-10 by gp120-stimulated monocytes. These reports
are one illustration of the capacity of HIV-1 to hijack different host cell pathways to positively modulate the production of TNF-α and IL-10, two cytokines highly implicated both in the chronic activation and the weakness
of the immune system. In addition, our findings also underlined the crucial importance of NF-κB pathway in
gp120-induced TNF-α and IL-10 cytokines.
In conclusion, our results show that X4-tropic gp120 induced TNF-α and IL-10 production by monocytes
through activation of yet-to-be-determined receptor(s), different from CD4, CXCR4 and MR. The analysis of
signaling pathways required for gp120-induced TNF-α and IL-10 production showed that both cytokines are
dependent on PLC, PI3K, ERK1/2, p38 MAP kinases and NF-κB pathways. While PKA and calcium pathways are
essential for gp120-induced IL-10 production, they are only partially involved in gp120-induced TNF-α production (Fig. 6). This work describes essential signaling pathways triggered by HIV-1 gp120 to induce the expression
of immune-regulatory cytokines TNF-α and IL-10. The finding could help in the development of new therapeutic
strategies to alleviate immune activation in restoring the immune function during HIV-1 infection.

Data Availability Statement

The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References

1. Patterson, S. et al. CD4 expression on dendritic cells and their infection by human immunodeficiency virus. The Journal of general
virology 76(Pt 5), 1155–1163, https://doi.org/10.1099/0022-1317-76-5-1155 (1995).
2. Coleman, C. M. & Wu, L. HIV interactions with monocytes and dendritic cells: viral latency and reservoirs. Retrovirology 6, 51,
https://doi.org/10.1186/1742-4690-6-51 (2009).
3. Zhu, T. et al. Genotypic and phenotypic characterization of HIV-1 patients with primary infection. Science 261, 1179–1181 (1993).
4. Connor, R. I., Sheridan, K. E., Ceradini, D., Choe, S. & Landau, N. R. Change in coreceptor use correlates with disease progression
in HIV-1–infected individuals. The Journal of experimental medicine 185, 621–628 (1997).
5. Cheng-Mayer, C., Tasca, S. & Ho, S. H. Coreceptor switch in infection of nonhuman primates. Current HIV research 7, 30–38 (2009).
6. Svicher, V. et al. HIV-1 dual/mixed tropic isolates show different genetic and phenotypic characteristics and response to maraviroc
in vitro. Antiviral research 90, 42–53, https://doi.org/10.1016/j.antiviral.2011.02.005 (2011).
7. Herbein, G. & Khan, K. A. Is HIV infection a TNF receptor signalling-driven disease? Trends in immunology 29, 61–67, https://doi.
org/10.1016/j.it.2007.10.008 (2008).
8. Clerici, M. et al. Role of interleukin-10 in T helper cell dysfunction in asymptomatic individuals infected with the human
immunodeficiency virus. The Journal of clinical investigation 93, 768–775, https://doi.org/10.1172/JCI117031 (1994).
9. Rizzardi, G. P. et al. Plasma levels of soluble CD30, tumour necrosis factor (TNF)-alpha and TNF receptors during primary HIV-1
infection: correlation with HIV-1 RNA and the clinical outcome. Aids 10, F45–50 (1996).
10. Pasquereau, S., Kumar, A. & Herbein, G. Targeting TNF and TNF Receptor Pathway in HIV-1 Infection: from Immune Activation
to Viral Reservoirs. Viruses 9, https://doi.org/10.3390/v9040064 (2017).
11. Tabb, B. et al. Reduced inflammation and lymphoid tissue immunopathology in rhesus macaques receiving anti-tumor necrosis
factor treatment during primary simian immunodeficiency virus infection. The Journal of infectious diseases 207, 880–892, https://
doi.org/10.1093/infdis/jis643 (2013).
12. Clerici, M. & Shearer, G. M. A TH1– > TH2 switch is a critical step in the etiology of HIV infection. Immunology today 14, 107–111,
https://doi.org/10.1016/0167-5699(93)90208-3 (1993).
13. Stylianou, E., Aukrust, P., Kvale, D., Muller, F. & Froland, S. S. IL-10 in HIV infection: increasing serum IL-10 levels with disease
progression–down-regulatory effect of potent anti-retroviral therapy. Clinical and experimental immunology 116, 115–120 (1999).
14. Orsilles, M. A., Pieri, E., Cooke, P. & Caula, C. IL-2 and IL-10 serum levels in HIV-1-infected patients with or without active
antiretroviral therapy. APMIS: acta pathologica, microbiologica, et immunologica Scandinavica 114, 55–60, https://doi.org/10.1111/j.
1600-0463.2006.apm_108.x (2006).
15. Mahajan, S. D. et al. Role of chemokine and cytokine polymorphisms in the progression of HIV-1 disease. Biochemical and
biophysical research communications 396, 348–352, https://doi.org/10.1016/j.bbrc.2010.04.095 (2010).
16. Brockman, M. A. et al. IL-10 is up-regulated in multiple cell types during viremic HIV infection and reversibly inhibits virus-specific
T cells. Blood 114, 346–356, https://doi.org/10.1182/blood-2008-12-191296 (2009).
17. Brooks, D. G. et al. Interleukin-10 determines viral clearance or persistence in vivo. Nature medicine 12, 1301–1309, https://doi.
org/10.1038/nm1492 (2006).
18. Badou, A. et al. Tat protein of human immunodeficiency virus type 1 induces interleukin-10 in human peripheral blood monocytes:
implication of protein kinase C-dependent pathway. Journal of virology 74, 10551–10562 (2000).
19. Li, J. C., Lee, D. C., Cheung, B. K. & Lau, A. S. Mechanisms for HIV Tat upregulation of IL-10 and other cytokine expression: kinase
signaling and PKR-mediated immune response. Febs letters 579, 3055–3062, https://doi.org/10.1016/j.febslet.2005.04.060 (2005).
20. Gupta, S., Boppana, R., Mishra, G. C., Saha, B. & Mitra, D. HIV-1 Tat suppresses gp120-specific T cell response in IL-10-dependent
manner. J Immunol 180, 79–88 (2008).

Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

12

www.nature.com/scientificreports/
21. Tangsinmankong, N., Day, N. K., Good, R. A. & Haraguchi, S. Monocytes are target cells for IL-10 induction by HIV-1 Nef protein.
Cytokine 12, 1506–1511, https://doi.org/10.1006/cyto.2000.0741 (2000).
22. Shan, M. et al. HIV-1 gp120 mannoses induce immunosuppressive responses from dendritic cells. PLoS pathogens 3, e169, https://
doi.org/10.1371/journal.ppat.0030169 (2007).
23. Wilson, E. B. et al. Blockade of chronic type I interferon signaling to control persistent LCMV infection. Science 340, 202–207,
https://doi.org/10.1126/science.1235208 (2013).
24. Jacquelin, B. et al. Nonpathogenic SIV infection of African green monkeys induces a strong but rapidly controlled type I IFN
response. The Journal of clinical investigation 119, 3544–3555, https://doi.org/10.1172/JCI40093 (2009).
25. Zhen, A. et al. Targeting type I interferon-mediated activation restores immune function in chronic HIV infection. The Journal of
clinical investigation 127, 260–268, https://doi.org/10.1172/JCI89488 (2017).
26. Teijaro, J. R. et al. Persistent LCMV infection is controlled by blockade of type I interferon signaling. Science 340, 207–211, https://
doi.org/10.1126/science.1235214 (2013).
27. Juszczak, R. J., Turchin, H., Truneh, A., Culp, J. & Kassis, S. Effect of human immunodeficiency virus gp120 glycoprotein on the
association of the protein tyrosine kinase p56lck with CD4 in human T lymphocytes. The Journal of biological chemistry 266,
11176–11183 (1991).
28. Melar, M., Ott, D. E. & Hope, T. J. Physiological levels of virion-associated human immunodeficiency virus type 1 envelope induce
coreceptor-dependent calcium flux. Journal of virology 81, 1773–1785, https://doi.org/10.1128/JVI.01316-06 (2007).
29. Cicala, C. et al. HIV-1 gp120 induces NFAT nuclear translocation in resting CD4 + T-cells. Virology 345, 105–114, https://doi.
org/10.1016/j.virol.2005.09.052 (2006).
30. Contreras, X., Mzoughi, O., Gaston, F., Peterlin, M. B. & Bahraoui, E. Protein kinase C-delta regulates HIV-1 replication at an early
post-entry step in macrophages. Retrovirology 9, 37, https://doi.org/10.1186/1742-4690-9-37 (2012).
31. Davis, C. B. et al. Signal transduction due to HIV-1 envelope interactions with chemokine receptors CXCR4 or CCR5. The Journal
of experimental medicine 186, 1793–1798 (1997).
32. Francois, F. & Klotman, M. E. Phosphatidylinositol 3-kinase regulates human immunodeficiency virus type 1 replication following
viral entry in primary CD4 + T lymphocytes and macrophages. Journal of virology 77, 2539–2549 (2003).
33. Balabanian, K. et al. CXCR4-tropic HIV-1 envelope glycoprotein functions as a viral chemokine in unstimulated primary CD4 + T
lymphocytes. J Immunol 173, 7150–7160 (2004).
34. Harmon, B. & Ratner, L. Induction of the Galpha(q) signaling cascade by the human immunodeficiency virus envelope is required
for virus entry. Journal of virology 82, 9191–9205, https://doi.org/10.1128/JVI.00424-08 (2008).
35. Pontow, S. E., Heyden, N. V., Wei, S. & Ratner, L. Actin cytoskeletal reorganizations and coreceptor-mediated activation of rac
during human immunodeficiency virus-induced cell fusion. Journal of virology 78, 7138–7147, https://doi.org/10.1128/
JVI.78.13.7138-7147.2004 (2004).
36. Popik, W., Hesselgesser, J. E. & Pitha, P. M. Binding of human immunodeficiency virus type 1 to CD4 and CXCR4 receptors
differentially regulates expression of inflammatory genes and activates the MEK/ERK signaling pathway. Journal of virology 72,
6406–6413 (1998).
37. Vorster, P. J. et al. LIM kinase 1 modulates cortical actin and CXCR4 cycling and is activated by HIV-1 to initiate viral infection. The
Journal of biological chemistry 286, 12554–12564, https://doi.org/10.1074/jbc.M110.182238 (2011).
38. Yoder, A. et al. HIV envelope-CXCR4 signaling activates cofilin to overcome cortical actin restriction in resting CD4 T cells. Cell
134, 782–792, https://doi.org/10.1016/j.cell.2008.06.036 (2008).
39. Arthos, J. et al. HIV-1 envelope protein binds to and signals through integrin alpha4beta7, the gut mucosal homing receptor for
peripheral T cells. Nature immunology 9, 301–309, https://doi.org/10.1038/ni1566 (2008).
40. Geijtenbeek, T. B. et al. DC-SIGN, a dendritic cell-specific HIV-1-binding protein that enhances trans-infection of T cells. Cell 100,
587–597 (2000).
41. Del Corno, M. et al. HIV-1 gp120 signaling through TLR4 modulates innate immune activation in human macrophages and the
biology of hepatic stellate cells. Journal of leukocyte biology 100, 599–606, https://doi.org/10.1189/jlb.4A1215-534R (2016).
42. Nazli, A. et al. HIV-1 gp120 induces TLR2- and TLR4-mediated innate immune activation in human female genital epithelium. J
Immunol 191, 4246–4258, https://doi.org/10.4049/jimmunol.1301482 (2013).
43. Ben Haij, N., Leghmari, K., Planes, R., Thieblemont, N. & Bahraoui, E. HIV-1 Tat protein binds to TLR4-MD2 and signals to induce
TNF-alpha and IL-10. Retrovirology 10, 123, https://doi.org/10.1186/1742-4690-10-123 (2013).
44. Heil, F. et al. Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 8. Science 303, 1526–1529, https://doi.
org/10.1126/science.1093620 (2004).
45. Gao, D. et al. Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses. Science 341, 903–906, https://
doi.org/10.1126/science.1240933 (2013).
46. Jakobsen, M. R. et al. IFI16 senses DNA forms of the lentiviral replication cycle and controls HIV-1 replication. Proceedings of the
National Academy of Sciences of the United States of America 110, E4571–4580, https://doi.org/10.1073/pnas.1311669110 (2013).
47. Miller, E. & Bhardwaj, N. Dendritic cell dysregulation during HIV-1 infection. Immunological reviews 254, 170–189, https://doi.
org/10.1111/imr.12082 (2013).
48. Swanstrom, R. & Coffin, J. HIV-1 pathogenesis: the virus. Cold Spring Harbor perspectives in medicine 2, a007443, https://doi.
org/10.1101/cshperspect.a007443 (2012).
49. El-Far, M. et al. T-cell exhaustion in HIV infection. Current HIV/AIDS reports 5, 13–19 (2008).
50. Swiecki, M. et al. Type I interferon negatively controls plasmacytoid dendritic cell numbers in vivo. The Journal of experimental
medicine 208, 2367–2374, https://doi.org/10.1084/jem.20110654 (2011).
51. Wijewardana, V., Soloff, A. C., Liu, X., Brown, K. N. & Barratt-Boyes, S. M. Early myeloid dendritic cell dysregulation is predictive
of disease progression in simian immunodeficiency virus infection. PLoS pathogens 6, e1001235, https://doi.org/10.1371/journal.
ppat.1001235 (2010).
52. Keating, S. M., Jacobs, E. S. & Norris, P. J. Soluble mediators of inflammation in HIV and their implications for therapeutics and
vaccine development. Cytokine & growth factor reviews 23, 193–206, https://doi.org/10.1016/j.cytogfr.2012.05.006 (2012).
53. Katsikis, P. D., Mueller, Y. M. & Villinger, F. The cytokine network of acute HIV infection: a promising target for vaccines and
therapy to reduce viral set-point? Plos pathogens 7, e1002055, https://doi.org/10.1371/journal.ppat.1002055 (2011).
54. Spear, M., Guo, J. & Wu, Y. The trinity of the cortical actin in the initiation of HIV-1 infection. Retrovirology 9, 45, https://doi.
org/10.1186/1742-4690-9-45 (2012).
55. Idziorek, T. & Klatzmann, D. Construction of CD4-based chimeric molecules by chemical cross-linking. AIDS research and human
retroviruses 7, 529–536, https://doi.org/10.1089/aid.1991.7.529 (1991).
56. Mzoughi, O. et al. Fusion intermediates of HIV-1 gp41 as targets for antibody production: design, synthesis, and HR1-HR2 complex
purification and characterization of generated antibodies. ChemMedChem 5, 1907–1918, https://doi.org/10.1002/cmdc.201000313
(2010).
57. Cicala, C. et al. Induction of phosphorylation and intracellular association of CC chemokine receptor 5 and focal adhesion kinase in
primary human CD4 + T cells by macrophage-tropic HIV envelope. J Immunol 163, 420–426 (1999).
58. Harrison, R. L. & Jarvis, D. L. Protein N-glycosylation in the baculovirus-insect cell expression system and engineering of insect cells
to produce “mammalianized” recombinant glycoproteins. Advances in virus research 68, 159–191, https://doi.org/10.1016/S00653527(06)68005-6 (2006).

Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

13

www.nature.com/scientificreports/
59. Planes, R. et al. HIV-1 Tat protein induces PD-L1 (B7-H1) expression on dendritic cells through tumor necrosis factor alpha- and
toll-like receptor 4-mediated mechanisms. Journal of virology 88, 6672–6689, https://doi.org/10.1128/JVI.00825-14 (2014).
60. Netea, M. G. et al. Trained immunity: A program of innate immune memory in health and disease. Science 352, aaf1098, https://doi.
org/10.1126/science.aaf1098 (2016).
61. Afonina, I. S., Muller, C., Martin, S. J. & Beyaert, R. Proteolytic Processing of Interleukin-1 Family Cytokines: Variations on a
Common Theme. Immunity 42, 991–1004, https://doi.org/10.1016/j.immuni.2015.06.003 (2015).
62. Levast, B. et al. HIV-1gp120 envelope glycoprotein determinants for cytokine burst in human monocytes. PloS one 12, e0174550,
https://doi.org/10.1371/journal.pone.0174550 (2017).
63. Stacey, A. R. et al. Induction of a striking systemic cytokine cascade prior to peak viremia in acute human immunodeficiency virus
type 1 infection, in contrast to more modest and delayed responses in acute hepatitis B and C virus infections. Journal of virology 83,
3719–3733, https://doi.org/10.1128/JVI.01844-08 (2009).
64. Wang, Z., Shang, H. & Jiang, Y. Chemokines and Chemokine Receptors: Accomplices for Human Immunodeficiency Virus Infection
and Latency. Frontiers in immunology 8, 1274, https://doi.org/10.3389/fimmu.2017.01274 (2017).
65. Deeks, S. G. et al. Immune activation set point during early HIV infection predicts subsequent CD4 + T-cell changes independent
of viral load. Blood 104, 942–947, https://doi.org/10.1182/blood-2003-09-3333 (2004).
66. Lane, H. C. et al. Abnormalities of B-cell activation and immunoregulation in patients with the acquired immunodeficiency
syndrome. The New England journal of medicine 309, 453–458, https://doi.org/10.1056/NEJM198308253090803 (1983).
67. Veazey, R. S. et al. Gastrointestinal tract as a major site of CD4 + T cell depletion and viral replication in SIV infection. Science 280,
427–431 (1998).
68. Merrill, J. E., Koyanagi, Y. & Chen, I. S. Interleukin-1 and tumor necrosis factor alpha can be induced from mononuclear phagocytes
by human immunodeficiency virus type 1 binding to the CD4 receptor. Journal of virology 63, 4404–4408 (1989).
69. Clouse, K. A. et al. The HIV-1gp120 envelope protein has the intrinsic capacity to stimulate monokine secretion. J Immunol 147,
2892–2901 (1991).
70. Fantuzzi, L., Canini, I., Belardelli, F. & Gessani, S. HIV-1 gp120 stimulates the production of beta-chemokines in human peripheral
blood monocytes through a CD4-independent mechanism. J Immunol 166, 5381-5387 (2001).
71. Fenouillet, E., Gluckman, J. C. & Bahraoui, E. Role of N-linked glycans of envelope glycoproteins in infectivity of human
immunodeficiency virus type 1. Journal of virology 64, 2841–2848 (1990).
72. Daly, L. M. et al. Innate IL-10 promotes the induction of Th2 responses with plasmid DNA expressing HIV gp120. Vaccine 23,
963–974, https://doi.org/10.1016/j.vaccine.2004.03.072 (2005).
73. Gramberg, T., Caminschi, I., Wegele, A., Hofmann, H. & Pohlmann, S. Evidence that multiple defects in murine DC-SIGN inhibit a
functional interaction with pathogens. Virology 345, 482–491, https://doi.org/10.1016/j.virol.2005.10.008 (2006).
74. Plotnik, D. et al. Extracellular Matrix Proteins Mediate HIV-1 gp120 Interactions with alpha4beta7. Journal of virology 91 https://
doi.org/10.1128/JVI.01005-17 (2017).
75. Reuven, E. M. et al. The HIV-1 envelope transmembrane domain binds TLR2 through a distinct dimerization motif and inhibits
TLR2-mediated responses. PLoS pathogens 10, e1004248, https://doi.org/10.1371/journal.ppat.1004248 (2014).
76. Henrick, B. M., Yao, X. D. & Rosenthal, K. L. HIV-1 Structural Proteins Serve as PAMPs for TLR2 Heterodimers Significantly
Increasing Infection and Innate Immune Activation. Frontiers in immunology 6, 426, https://doi.org/10.3389/fimmu.2015.00426
(2015).
77. Cicala, C. et al. R5 and X4 HIV envelopes induce distinct gene expression profiles in primary peripheral blood mononuclear cells.
Proceedings of the National Academy of Sciences of the United States of America 103, 3746–3751, https://doi.org/10.1073/
pnas.0511237103 (2006).
78. Wojcechowskyj, J. A. et al. Quantitative phosphoproteomics reveals extensive cellular reprogramming during HIV-1 entry. Cell host
& microbe 13, 613–623, https://doi.org/10.1016/j.chom.2013.04.011 (2013).
79. Pifferi, S., Boccaccio, A. & Menini, A. Cyclic nucleotide-gated ion channels in sensory transduction. FEBS letters 580, 2853–2859,
https://doi.org/10.1016/j.febslet.2006.03.086 (2006).
80. Reiken, S. et al. PKA phosphorylation activates the calcium release channel (ryanodine receptor) in skeletal muscle: defective
regulation in heart failure. The Journal of cell biology 160, 919–928, https://doi.org/10.1083/jcb.200211012 (2003).
81. Abbas, W. & Herbein, G. Plasma membrane signaling in HIV-1infection. Biochimica et biophysica acta 1838, 1132–1142, https://doi.
org/10.1016/j.bbamem.2013.06.020 (2014).
82. Leghmari, K., Contreras, X., Moureau, C. & Bahraoui, E. HIV-1 Tat protein induces TNF-alpha and IL-10 production by human
macrophages: differential implication of PKC-betaII and -delta isozymes and MAP kinases ERK1/2 and p38. Cellular immunology
254, 46–55, https://doi.org/10.1016/j.cellimm.2008.06.011 (2008).
83. Hu, X. T. HIV-1 Tat-Mediated Calcium Dysregulation and Neuronal Dysfunction in Vulnerable Brain Regions. Current drug targets
17, 4–14 (2016).
84. Contreras, X., Bennasser, Y., Chazal, N. & Bahraoui, E. HIV-1 Tat induces TNF-alpha production by human monocytes: involvement
of calcium and PKC pathways. Journal de la Societe de biologie 197, 267–275 (2003).
85. Bennasser, Y. et al. [HIV-1 Tat protein induces IL-10 production by human monocytes: implications of the PKC and calcium
pathway]. Journal de la Societe de biologie 195, 319–326 (2001).
86. Leghmari, K., Bennasser, Y., Tkaczuk, J. & Bahraoui, E. HIV-1 Tat protein induces IL-10 production by an alternative TNF-alphaindependent pathway in monocytes: role of PKC-delta and p38 MAP kinase. Cellular immunology 253, 45–53, https://doi.
org/10.1016/j.cellimm.2008.04.015 (2008).
87. Bennasser, Y., Badou, A., Tkaczuk, J. & Bahraoui, E. Signaling pathways triggered by HIV-1 Tat in human monocytes to induce
TNF-alpha. Virology 303, 174–180 (2002).

Acknowledgements

This work was supported by ANRS and SIDACTION. R.P. was supported by an MRT fellowship. We thank Dr
Yamina Bennasser for its participation in the initiation of this work. The authors thank S. Becker for English
editing.

Author Contributions

E.B., and R.P. designed the study. M.S., R.P., K.L., and E.B. conducted experiments. E.B and R.P. wrote the
manuscript. E.B., M.S., K.L., L.B., and R.P., discussed the data and edited the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35478-1.
Competing Interests: The authors declare no competing interests.

Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

14

www.nature.com/scientificreports/
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

Scientific Reports |

(2018) 8:17215 | DOI:10.1038/s41598-018-35478-1

15

