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HCV RNA Activates APCs via 
TLR7/TLR8 While Virus Selectively 
Stimulates Macrophages Without 
Inducing Antiviral Responses
Yuwei Zhang1,2,3, Mohamed El-Far1,2, Franck P. Dupuy1,2,3,4, Mohamed S. Abdel-Hakeem1,5, 
 Zhong He1,2,3, Francesco Andrea Procopio1,2,3, Yu Shi1,2,3, Elias K. Haddad1,2,3, 
Petronela Ancuta1,2, Rafick-Pierre Sekaly1,2,3,6 & Elias A. Said1,2,7

The innate and adaptive immune systems fail to control HCV infection in the majority of infected 
individuals. HCV is an ssRNA virus, which suggests a role for Toll-like receptors (TLRs) 7 and 8 in 
initiating the anti-viral response. Here we demonstrate that HCV genomic RNA harbours specific 
sequences that initiate an anti-HCV immune response through TLR7 and TLR8 in various antigen 
presenting cells. Conversely, HCV particles are detected by macrophages, but not by monocytes and 
DCs, through a TLR7/8 dependent mechanism; this leads to chloroquine sensitive production of pro-
inflammatory cytokines including IL-1β, while the antiviral type I Interferon response is not triggered in 
these cells. Antibodies to DC-SIGN, a c-type lectin selectively expressed by macrophages but not pDCs 
or mDCs, block the production of cytokines. Novel anti-HCV vaccination strategies should target the 
induction of TLR7/8 stimulation in APCs in order to establish potent immune responses against HCV.

Infection with Hepatitis C virus (HCV) affects 185 million people worldwide, which makes it one of the main 
public health problems1,2. HCV infection can result in chronic hepatitis with increased risk of progression to cir-
rhosis and hepatocellular carcinoma (HCC)3. Adaptive immunity in HCV infection is usually delayed, regardless 
of the outcome of the disease progression, which suggests a lack of proper innate immune responses4,5. This is 
likely due to the capacity of HCV to evade detection by the innate immune cells4. Different pattern recognition 
receptors (PRRs) have the capacity to recognize pathogen associated molecular patterns (PAMPs) in HCV and 
therefore to trigger antiviral and pro-inflammatory innate immune responses6. For this stimulation to take place, 
HCV has to be recognized by endosomal sensors particularly TLR3, 7 and 8 to detect viral RNA7–10. Furthermore, 
the recognition of HCV genomic RNA by the retinoic acid inducible gene-I (RIG-I)11–13 upon uncoating of the 
virus and genomic amplification during HCV infection, can also initiate anti-viral responses. Although poorly 
understood, the role of TLR3 in the detection of HCV extracellular double stranded RNA (dsRNA) replicative 
intermediates was reported8,14. TLR7 and TLR8 can detect single stranded RNA (ssRNA) molecules. The poten-
tial implication of TLR7 in the innate immune response against HCV was postulated4,15. In this regard, pDCs 
have been shown to respond to TLR7-ligation in vitro using Huh-7 infected cells16. Moreover, the presence of a 
GU-rich sequences in the HCV genome was shown to be detected by TLR717. Furthermore, single nucleotide pol-
ymorphisms (SNPs) in TLR7 and TLR8 were shown to be associated with a decrease in the magnitude of inflam-
mation and fibrosis in male patients with chronic HCV-infection, and with the response to IFN-α − based therapy 
as well as the susceptibility to HCV infection18–20. However, the underlying mechanisms for the role of TLR-7 in 
HCV infection are not fully understood. Moreover, little is known about the role of TLR8 in the innate immune 
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responses against HCV. Here we dissect the roles of TLR7 and TLR8 in the detection of specific motifs in the HCV 
genomic RNA and the differential stimulation of mDCs, pDCs, macrophages and monocytes by HCV particles.

Results
HCV genomic RNA encodes GU-rich sequences that stimulate TLR7/TLR8. To determine if HCV 
genome can trigger both TLR7 and TLR8, PBMCs, isolated from healthy donors, were incubated for 24 hours 
with HCV RNA isolated from viral particles; TNF-α  production was measured by ELISA. Our results (Fig. 1a) 
demonstrated that HCV RNA significantly induced TNF-α  production following 24 h of stimulation (439 pg/ml,  
p <  0.0001) compared to control non-stimulated cells. To identify the specific RNA sequences involved in the 
stimulation of TNF production, we screened the HCV genome and identified 9 new GU-rich sequences (HCVL 
1–9) that could potentially trigger TLR7/8 (Supplementary Table S1). Interestingly, three out of these nine 
sequences (HCVL1, 4 and 8) were able to trigger TNF-α  production by PBMCs at levels comparable to those gen-
erated upon stimulation with the reference sequence RNA4021 (2,300, 1,800, 2,100 and 3,400 pg/ml for HCVL1, 
4, 8 and RNA40 respectively, p <  0.0001; Fig. 1b). The specificity of stimulation of these sequences was further 
assessed by introducing mutations (G or U to A) or by treatment with RNase. Both site-directed mutations and 
RNase treatment completely abrogated the capacity of these sequences to trigger TNF-α  production by PBMCs 
(p <  0.0001; Fig. 1c).

To demonstrate that TLR7/8 triggering was upstream of HCV RNA-mediated stimulation of these cells, we 
used IRS661, a specific inhibitor of these TLRs22. The capacity of HCVL1, 4 and 8 to stimulate TNF-α  pro-
duction by PBMCs was significantly inhibited when the stimulation was carried out in the presence of IRS661 
(Fig. 1d, p <  0.0001). To confirm the role of TLR7 and TLR8 in detecting the HCV-encoded sequences, we used 
HEK cells stably expressing TLR7 or TLR8. These cells were transiently transfected with a plasmid bearing the 
luciferase-encoding gene under the control of NF-κ B-dependent promoter to monitor TLR activation. These 
cells were exposed to either HCV-encoded sequences or to the CL097 ligand (as a positive control). A signifi-
cant increase in luciferase activity was observed when cells were exposed to HCV sequences (4-, 2- and 3- fold 
increase for HCVL-1, 4 and 8, respectively in TLR7 expressing cells, p <  0.0001, and 15-, 6- and 3- fold increase, 
respectively in TLR8 expressing cells, (p <  0.0001, Fig. 1e). In contrast, the HCV-encoded sequences were not able 
to induce any luciferase activity under the same conditions in HEK cells expressing TLR3 alone, which detects 
dsRNA, while Poly I:C was able to induce luciferase expression in these cells (2.8- fold increase; Fig. 1e). Together, 
our results showed that the GU-rich sequences, identified herein within the HCV genome, have the capacity to 
significantly induce cell activation in a TLR7 and TLR8-specifc fashion.

HCV-encoded TLR7/8 ligands induce cytokines and chemokines production by APCs and DC 
maturation. We further assessed the capacity of these three RNA sequences to induce the production of 
a panel of cytokines and chemokines by different APCs including isolated monocytes, myeloid DCs (mDCs) 
and plasmacytoid DCs (pDCs) (> 98% purified by enrichment ). Stimulation of these cells using HCVL1, 4 and 
8 induced the production of TNF-α , IL-6, IL-1β , IL-10, IL-12p70, CXCL9 and CXCL10 by these cells to levels 
comparable to those induced by the chemical ligand of TLR7/8, CL097, as monitored by Cytometric Bead Array 
(CBA; Table 1). Of note, introduction of G or U to A mutations by site-directed mutagenesis in these sequences 
also diminished their capacity to stimulate APCs to produce all measured cytokines and chemokines (Table 1). 
However, the profile of cytokine production was different in monocytes, mDCs, and pDCs. Although, high levels 
of TNF-α  and IL-6 were induced in monocytes, mDC, and pDC upon stimulation, CXCL9 and CXCL10 were 
mainly produced by pDCs, whereas IL-1β , IL-12p70, and IL-10 were produced by monocytes and mDCs but 
barely detected in supernatants of stimulated pDCs (Table 1).

Incubation of pDCs, freshly isolated from blood, with HCVL1, 4 and 8 led to the maturation of pDCs as 
observed by the up-regulation of the surface expression of CD80 (MFI =  2,161, 2,267, 2,711 vs control 476, 
p <  0.0001, Fig. 2a) and CD86 (MFI =  43,233, 39709, 44,739 vs control 2,739, p <  0.0001; Fig. 2b). Moreover, this 
stimulation induced the production of IFN-α  (1,600, 1,500 and 1,700 pg/ml respectively, p <  0.0001) and IFN-β  
(1,300, 1,000 and 2,250 pg/ml respectively, p <  0.0001) by pDCs (Fig. 2c,d respectively).

Stimulation of monocytes and pDCs but not macrophages and mDCs with HCV-encoded 
GU-rich sequences inhibits hepatocyte infection with HCV in a type I IFN-dependent manner.  
We next investigated the potential anti-viral activity of cytokines produced by DCs upon stimulation with 
the HCV-encoded sequences identified in this study. Considering the infiltration of macrophages into the 
liver of HCV-infected subjects and their contribution to chronicity10, studies were performed in parallel on 
monocyte-derived macrophages. We infected Huh7.5 cells with HCV in the presence or absence of supernatants 
from monocytes, pDC, mDCs or macrophages stimulated or not with HCVL1, 4 or 8. Our results showed that 
the presence of supernatants from monocytes or pDCs stimulated with HCVL1, 4 or 8 reduced HCV replication 
in Huh7.5 cells by 2 Log10 (p <  0.0001), in a way similar to the impact of IFN-α  on HCV replication (Fig. 3a,b). 
In contrast, supernatants from mDCs and macrophages stimulated with HCVL1, 4 or 8 did not have any impact 
on HCV infection in Huh7.5 cells (Fig. 3c,d). Addition of an anti-IFNR antibody to supernatants from mono-
cytes and pDCs stimulated with HCV RNA abolished their inhibitory effect on HCV infection, thus underlying 
the role of type I IFN in this mechanism (Fig. 3e,f). Of note, only supernatants from HCV RNA-stimulated 
monocytes and pDCs induced the phosphorylation of the tyrosine motif Y701 of STAT-1 in PBMCs, which also 
suggested that this inhibitory activity could be mediated by type I IFNs present in the supernatants of these cells 
(Supplementary Figure S1).

HCV particles selectively stimulate macrophages via TLR7/8 but do not induce type I inter-
feron. Our results demonstrated that HCV RNA encodes sequences that stimulate APCs and induce anti-viral 
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Figure 1. Identification of three novel immunogenic GU-rich sequences in the HCV genome that 
specifically trigger TLR7 and TLR8 signaling. (a) PBMCs from healthy donors (106 cells/ml) were 
stimulated for 24 h with HCV-RNA extracted from viral particles (RNA), DOTAP alone, or HCV-RNA 
(106 copies) fused with DOTAP (DOTAP +  RNA). Unstimulated cells (NS) were used as controls. (b) Shown 
is a screening for the immunogenic potential of GU-rich single stranded RNA (ssRNA) sequences identified 
in the HCV genome. Briefly, PBMCs (106 cells/ml) were stimulated for 24 h with different DOTAP-fused 
ssRNAs (7.5 μ g/ml). DOTAP-fused RNA-40 (7.5 μ g/ml) was used as a positive control. DOTAP alone and 
NS cells were used as negative controls. (c) PBMCs were stimulated with the original ssRNAs sequences and 
with sequences in which U to A mutations or RNase-treated ssRNA were used. (d) PBMCs were stimulated 
with the indicated immunogenic ssRNAs sequences in the presence of absence of the TLR7/8 inhibitor 
IRS661 (10 μ g/ml). (a–d) Levels of TNF-α  in cell culture supernatants were quantified by ELISA. Results 
represent mean ±  SD values generated with PBMCs from 3 different individuals. (e) 293 T cells expressing 
TLR7, TLR8 or TLR3 were transfected with the pNfity2-luc vector, which includes the luciferase gene under 
the control of NF-κ B. Cells were stimulated with selected immunogenic HCV ssRNA sequences (HCVL1, 
4 and 8) fused with lipofectamine2000 and the luciferase activity was measured in cell lysates. Results are 
expressed as ratio of luciferase activity observed with cells exposed to HCV-RNA sequences to that with 
cells exposed to lipofectamine alone. CL097 and Poly-IC were used as typical ligands for TLR7/8 and TLR3 
triggering, respectively. Values represent mean ±  SD of triplicate values generated with cells in one experiment 
representative of results obtained in three different experiments. Dunnett’s test p-values relative to DOTAP or 
lipofectamine are indicated on the graphs (* p <  0.05, * * p <  0.01, * * * p <  0.001).
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immune responses. We investigated the capacity of HCV viral particles to trigger such a response in different 
cellular subsets of APCs. Upon incubation with HCV particles for 24 hours, monocytes and DCs did not pro-
duce TNF-α . In contrast; these cells produced TNF-α  upon incubation with the control CL097 ligand (Fig. 4a,b). 
Similar results were observed when total PBMCs were exposed to HCV particles (Supplementary Figure S2a). In 
contrast, both HCV particles, at the same number of RNA copies/ml/cells ratio that was used to stimulate the other 
APCs, and CL097 induced TNF-α  production in macrophages (Fig. 4c). We further validated these observations 
on a large number of donors (n =  20) using a ratio of 20 HCV particles per cell. As expected HCV particles did not 
induce TNF-α  production by monocytes, in contrast macrophages from 19 out of 20 donors responded to HCV 
stimulation as indicated by TNF-α  production (average of 1,517 pg/ml, p <  0.0001; Supplementary Figure S2b).

We used LPS, CL097 and poly I:C as positive controls to monitor the responsiveness of these APCs in our assay. 
Both macrophages and monocytes responded to LPS (TLR4 ligand; an average of 2,200 pg/ml and 3,000 pg/ml,  
p =  0.0069 and 0.0072, respectively), CL097 (TLR7/8 ligand; an average of 3,000 pg/ml and 2,100 pg/ml,  
p <  0.0001 and p =  0.004, respectively) and poly I:C (TLR3 ligand; average of 900 pg/ml and 1,300 pg/ml, p =  0.0054 
and 0.015, respectively). However, only macrophages but not monocytes produced TNF-α  (2,850 pg/ml, 
 p =  0.0032) upon stimulation with HCV particles (Supplementary Figure S2c,d), although both macrophages and 
monocytes were able to produce TNF-α  in response to other RNA virus, such as Sendai virus (Supplementary 
Figure S2e,f). Moreover, HCV particles were able to induce TNF-α  production by macrophages in a dose depend-
ent manner, reaching 4,000 pg/ml of TNF-α  when the ratio of HCV particles to cells were in the range of 50/1 
(Fig. 4d). Furthermore, HCV particles stimulated the production of different inflammatory cytokines by mac-
rophages such as IL-6 (2,800 pg/ml, p <  0.0001), IL-1β  (110 pg/ml, p <  0.0001) and IL-8 (2,950 pg/ml, p <  0.0001; 
Fig. 4e). Interestingly, the production of the cytokine IL-12p70, which is crucial for the induction of CD4 T helper 
(Th1) 1 and CD8 T cell responses, was not induced by HCV particles in macrophages (Fig. 4e).

Macrophages were able to sense HCV particles, however cytokines produced upon this stimulation did not 
inhibit HCV replication (Fig. 3d) likely due to the absence of the type I interferon. To test this hypothesis, we mon-
itored IFN-β  and IFN-stimulated gene expression (IFIT1, OAS1, ISG15) in macrophages after 3 hrs incubation 
with HCV particles, LPS or CL097. Whereas TNF-α  levels increased after stimulation with HCV particles, LPS 

Cell type Ligand TNF-a IL-6 IL-1β IL-10 IL-12 CXCL9 CXCL10

monocyte

NS 45 61 124 34 41 68 680

cl097 8251 11884 5392 153 93 183 970

DOTAP 54 112 133 34 39 73 817

HCVL1 9344 12383 4927 75 157 408 1189

HCVL1mut 48 961 196 41 37 66 681

HCVL4 7252 12267 2803 205 66 360 1092

HCVL4mut 53 205 131 65 44 62 679

HCVL8 12483 12704 5540 223 176 355 1135

HCVL8mut 276 3780 333 57 39 89 877

mDC

NS 287 4266 382 84 48 96 716

cl097 9397 10443 6335 188 400 1122 877

DOTAP 120 317 282 51 37 111 726

HCVL1 3638 6354 3355 153 179 1427 1587

HCVL1mut 59 391 302 55 37 92 680

HCVL4 4060 8545 2115 80 200 1527 1483

HCVL4mut 41 352 215 51 39 128 760

HCVL8 6383 8528 3391 138 329 1432 1666

HCVL8mut 79 433 261 53 43 91 743

pDC

NS 37 564 129 38 37 1087 1177

cl097 1693 2257 224 60 74 13623 5653

DOTAP 50 43 110 30 42 304 1899

HCVL1 2155 2047 202 56 61 8349 6370

HCVL1mut 40 47 109 33 41 362 2473

HCVL4 1883 2370 183 68 48 9793 5862

HCVL4mut 45 52 110 33 45 786 1662

HCVL8 5476 2350 170 59 87 9309 6975

HCVL8mut 58 55 109 35 38 328 2051

Table 1.  Cytokines and chemokines production by monocytes, mDCs and pDCs. Monocytes, mDCs 
and pDCs (105/200 μ l) were isolated from 3 healthy donors by negative selection using magnetic beads and 
stimulated with the indicated HCV ssRNA sequences (7.5 μ g/ml). The supernatants were harvested at 24 h post-
stimulation. Levels of cytokines TNF-α , IL-6, IL-1β , IL-10, IL-12p70, and chemokines CXCL9, CXCL10 were 
measured in the cell culture supernatant by CBA. The U to A mutated forms of HCVL1, HCVL4 and HCVL8 
were used as negative controls. Values represent mean of results generated with cells from 3 different donors.
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or CL097 (Fig. 5a), the stimulation with the TLR7/8 agonist or HCV particles did not induce IFN-β  expression by 
macrophages (Fig. 5b). To exclude the possibility that macrophages were unable to produce to produce IFN-β , we 
stimulated these cells with LPS. As shown in Fig. 5b, IFN-β  was significantly up-regulated in LPS-stimulated mac-
rophages (an average of 28-fold increase, values were 10, 20 and 56-fold increase in 3 independent donors) thus 
demonstrating the capacity of macrophages to produce IFN-β  under other specific conditions. To further demon-
strate the inability of HCV particles to induce the IFN pathway in macrophages, we measured the expression of 
IFN-stimulated genes (ISGs) at 16 hrs after stimulation with HCV particles or LPS. Although LPS induced the 
up-regulation of IFIT1 (an average of 285-fold increase, values were 90- 480- and 285-fold increase as observed in 
3 donors), OAS1 (an average of 30-fold increase, values were 10- 30- and 50-fold increase as observed in 3 donors) 
and ISG15 (an average of 74.5-fold increase, values were 74- 74.5- and 75-fold increase as observed in 3 donors) 
in macrophages, the stimulation with HCV particles did not induce the up-regulation of these IFN-stimulated 
genes (Fig. 5c). Although stimulation of these macrophages with HCV particles or LPS led to the up-regulation of 
TNF-α  expression in macrophages (11- and 13- fold increase respectively (Fig. 5c)). Interestingly, gene expression 
induced by HCV particles and TLR7/8 ligand CL097 has similar profiles, suggesting HCV likely triggers TLR7/8 
in macrophages (Fig. 5a,b).

Figure 2. Maturation and type I IFN induction by pDCs. pDCs were isolated by negative selection using 
magnetic beads and stimulated (105 cells/200 μ l) for 24 h with indicated HCV ssRNAs sequences (7.5 μ g/ml). 
In addition to native HCV ssRNA sequences, pDC were exposed to ssRNAs sequences with U to A mutations 
or RNase-treated ssRNA. (a,b) Shown are results of flow cytometry analysis of CD80 and CD86 expression on 
viable (Vivid-) pDCs cultured under the indicated experimental conditions. (c,d) Levels of IFN-α  and IFN-β  
were quantified in cell culture supernatants by ELISA. Results represent mean ±  SD values generated with pDCs 
isolated from 3 different individuals. Dunnett’s test p-values relative to NS cells are indicated on the graphs.  
(* p <  0.05, * * p <  0.01, * * * p <  0.001).
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Figure 3. Supernatants from Monocytes and pDCs but not mDC and macrophages exposed to HCV ssRNA 
inhibit HCV replication in an IFN-dependent manner. (a–d) Peripheral blood monocytes (a), pDCs (b), and 
mDCs (c), were isolated from 3 healthy donors by negative selection using magnetic beads. Macrophages were 
generated by culturing monocytes in X-vivo 15 medium for 6 days in the presence of GM-CSF (50 ng/ml) (d). 
Cells (105 cells/200 μ l) were stimulated with HCV ssRNA sequences (7.5 μ g/ml) and cell-free supernatants were 
harvested at 24 h post-stimulation. In parallel, Huh7.5 cells (2 ×  104/200 μ l) were incubated with HCV (2 ×  105 
copies) for 4 h, then washed and cultured in DMEM in the presence or absence of cell culture supernatants 
(1/10) or IFN-α  (100 U/ml). At day 3 post-infection, HCV RNA was extracted from the supernatants and 
quantified by real-time RT-PCR. (e,f) HCV-infected Huh7.5 cells (2 ×  104/200 μ l) were incubated in the 
presence or absence of an IFN receptor blocking antibody (10 μ g/ml) for 1 h, and then supernatants from HCV 
ssRNA-exposed monocytes (e) or pDCs (f) were added to the cells. Levels of HCV RNA were quantified in cell 
culture supernatants by real-time RT-PCR. Results represent mean ±  SD values generated with cells from 3 
different individuals. Dunnett’s test p-values calculated relative to NS cells are indicated on the graphs.  
(* p <  0.05, * * p <  0.01, * * * p <  0.001).
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HCV entry in macrophages is mediated by DC-SIGN. We compared the capacity of macrophages and 
monocytes to uptake HCV particles to further investigate the mechanisms leading to their detection by these 
cells. To measure viral entry, monocytes or macrophages were incubated with HCV for 4 hrs followed by treat-
ment with trypsin to remove the viral particles that remained attached to the cell surface. HCV particles bound 
to the surface of both macrophages and monocytes as we could detect viral RNA in both cell types by RT-PCR 
following the 4 hrs incubation period without trypsin treatment. Upon treatment with trypsin, viral RNA was not 
detected in monocytes, whereas it was still detected in macrophages (Fig. 6a).

We then investigated the implication of DC-SIGN, known to promote HCV endocytosis, in the specific capac-
ity of macrophages to bind HCV particles. As a control we also monitored the role of CD81 in this process, as 

Figure 4. Macrophages but not DCs and monocytes are able to produce inflammatory cytokines upon 
exposure to HCV particles. (a–c) Monocytes (n =  8) and pan-DCs (n =  5) were isolated healthy donors by 
negative selection using magnetic beads (STEMCELL). Macrophages (n =  8) were generated from monocytes 
as described above. Monocytes (a), pan-DCs (b) and macrophages (c) (105 cells/200 μ l) were exposed to HCV 
particles (RNA copies/cells ratio of 20) or TLR7/8 agonist CL097 (1 μ g/ml) for 24 h. (d) Macrophages  
(105/200 μ l) were stimulated with different ratios of HCV particles vs. cells (RNA copies/cells) for 24 h.  
(a–d) Levels of TNF-α  in cell culture supernatant were measured by ELISA. (e) Levels of TNF-α , IL-6, IL-1β ,  
IL-8, and IL-12p70 produced by macrophages upon stimulation of HCV particles were measured by CBA. 
Results represent mean ±  SD values generated with cells from 5 different donors. Two tail paired student’s t-test 
p-values are indicated on the graphs. (* p <  0.05, * * p <  0.01, * * * p <  0.001).
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CD81 is known to be implicated in HCV entry. Our results showed that whereas macrophages, monocytes, pDCs 
and mDCs all expressed CD81, DC-SIGN was exclusively expressed by macrophages (Fig. 6b). To assess the 
potential role of DC-SIGN in the recognition of HCV particles by macrophages, we used a DC-SIGN neutral-
izing antibody that blocks the interaction of DC-SIGN with HCV envelop protein23. Macrophages were incu-
bated with HCV particles in the presence or absence of the anti-DC-SIGN blocking antibody or with its matched 
isotype control. TNF-α  production by macrophages treated with anti-DC-SIGN was significantly decreased 
(an average of 90% inhibition, p <  0.0001; Fig. 6c), which indicates that DC-SIGN is involved in the uptake of 
HCV by macrophages. Interestingly, we observed a much higher expression of DC-SIGN on monocytes-derived 
DCs (MDDCs) as compared to macrophages (an average MFI 40,774 and 4,579 respectively, p =  0.0043; 
Supplementary Figure S3a). However, these MDDCs did not respond to HCV particles as monitored by TNF-α  
production. In contrast, MDDCs were able to respond to stimulation by CL097 and Sendai virus (Supplementary 
Figure S3b). Our data showed that DC-SIGN is involved in HCV recognition by macrophages. However, for the 
stimulation to take place other downstream mechanisms are likely required as MDDCs express high levels of 
DC-SIGN but are not triggered by HCV particles.

As we described above, TLR7/8 are likely involved in sensing HCV particles. To assess this hypothesis, we 
tested the capacity of IRS661 and chloroquine, a specific inhibitor of endosomes acidification, to inhibit the 
stimulation of macrophages by HCV particles. IRS661 inhibited 50% of TNF-α  production induced by viral par-
ticles (Fig. 6d, p <  0.0001), indicating an important role for TLR7/8 in detecting HCV particles by macrophages. 

Figure 5. HCV particles fail to promote type-I IFN production in macrophages. (a,b) Monocyte-derived 
macrophages (105/200 μ l) were cultured in the presence or absence of HCV particles (RNA copies/cell ratio of 
20), LPS (10 ng/ml), or CL097 (1 μ g/ml) for 3 h. The expression of mRNA for TNF-α  (a) and IFN-β 1 (b) was 
measured by real-time PCR. (c) Macrophages (105) were stimulated with HCV particles (RNA copies/cell ratio 
of 20) or LPS (1 ng/ml) for 16 h, then IFN-stimulated genes (IFIT1, OAS1, ISG15) and TNF-α  mRNA levels 
were measured by real-time PCR. Results are shown as fold change to gene expression in stimulated cells vs 
non-stimulated cells (n =  3).
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Figure 6. DC-SIGN and TLR7/8 are important for the uptake and recognition of HCV particles by 
macrophages. (a) Macrophages and monocytes (105/200 μ l) were incubated with HCV particles at 37 °C for 
4 h, and then cells were washed and treated with trypsin at 37 °C for 5 mins to remove cell surface-attached 
viral particles. After extensive wash, total RNA was extracted and viral RNA was measured by real-time PCR. 
Viral RNA copies were normalized to GAPDH. Results were generated with cells from 3 different donors 
and represent the percentage of viral RNA associated to the cells untreated with trypsin. (b) PBMCs or 
Macrophages were stained with isotype control (open histograms), anti-CD81 or anti-DC-SIGN Abs (filled 
histograms). CD81 and DC-SIGN expression were measured on monocytes (CD14+), mDCs (Lin−CD14−HLA-
DR+CD11c+CD123−/dim) and pDCs (Lin−CD14−HLA-DR+CD11c−CD123+) by flow cytometry using cells 
from 3 different donors. Macrophages were also stained with anti-CD81-PE or anti-DC-SIGN-PE Abs.  
(c) Macrophages were incubated with medium alone, isotype control Abs, or DC-SIGN blocking Abs (10 μ g/ml)  
for 1 h, then cells were exposed to HCV particles for 24 h. Levels of TNF-α  in cell culture supernatants were 
quantified by ELISA. Shown are percentages of TNF-α  production relative to cells exposed to HCV particles 
alone. Results were generated with cells from 6 different donors. Two tail paired student’s t-T tests analysis-
values are indicated on the graphs. (d) Macrophages were stimulated with HCV particles in the presence or 
absence of the TLR7/8 inhibitor IRS661 (10 μ g/ml) or chloroquine (10 μ M) for 24 h. TNF-α  production was 
measured by ELISA. Results represent mean ±  SD values generated with cells from 5 different individuals. 
Dunnett’s test p-values are indicated on the graphs (* p <  0.05, * * p <  0.01, * * * p <  0.0001).
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Interestingly, chloroquine completely abolished TNF-α  production by macrophages exposed to HCV particles 
(Fig. 6d, p <  0.0001), which indicates that this process was mediated by endosomal TLRs.

Together, our data showed that recognition of HCV RNA by monocytes and pDCs mediated anti-HCV func-
tions in an IFN-dependent fashion. However, HCV complete particles, although they were able to stimulate mac-
rophages but not other APCs, failed to induce the production of IFN-β  by macrophages; therefore, they were 
compromised in their antiviral activity.

Discussion
In the current study we identified novel HCV-encoded RNA sequences that can elicit TLR7/8-mediated innate 
immune responses. We show here that the presence of GU-rich sequences in HCV ssRNA are essential but not 
sufficient to stimulate immune responses as 6 out of the 9 GU-rich ssRNA sequences identified in our study did 
not induce detectable responses. This suggests that other parameters might also participate in determining the 
capacity of viral ssRNA to trigger TLR7/8. Moreover, other sequences with the capacity to stimulate TLR7/8 
might also exist in HCV genome. HCV-encoded RNA sequences that we identified here stimulated inflammatory 
cytokines and chemokines, as well as type I IFN-dependent anti-HCV responses by primary APCs, particularly 
monocytes, mDCs and pDCs. These responses could not be initiated by HCV particles as monocytes and DCs 
were defective in their capacity to sense HCV particles. Only macrophages were able to sense HCV particles, 
however, this induced a pro-inflammatory environment, which is prevalent in HCV infected subjects as it was 
previously shown to be associated to disease progression24,25. Importantly, HCV particles failed to induce the 
production of type I IFN, thus allowing HCV to escape the intrinsic antiviral innate immune response.

The lack of DC and monocyte activation by HCV is in line with earlier reports showing a deficiency in virus 
uptake by these cells26,27. Our results suggest that this is likely a result of a blockade at the entry step, which 
might be due to the lack of DC-SIGN expression in primary DCs and monocytes. DC-SIGN plays a key role in 
the uptake of HCV as previously shown in vitro by monocyte-derived DCs23,28 and further confirmed by our 
current data; we demonstrated that macrophage activation by HCV particles is DC-SIGN-dependent. Although, 
DC-SIGN is not expressed by peripheral DCs29,30, it is expressed on dermal DCs, ‘monocytoid’ DCs in the 
lymph nodes and macrophages in the liver31–35, which suggests that these cells could sense HCV in its target 
tissue. DC-SIGN expression does not warrant optimal responses upon recognition of HCV since we show that 
monocyte-derived DCs, although expressing high levels of DC-SIGN, did not respond to HCV particles. This 
lack of response was specific to HCV as these same cells strongly responded to Sendai virus, which is another 
RNA virus. In line with this hypothesis, earlier reports have shown that immature DCs can readily uptake HCV 
particles through DC-SIGN-mediated internalization into a non-lysosomal compartment, where virus escapes 
the detection by TLRs28,36.

The lack of detection of HCV particles did not apply to all innate APCs as we showed here that macrophages 
could indeed recognize HCV particles through a DC-SIGN-dependent interaction, which leads to the trigger-
ing of TLR7/8 signaling, as confirmed by the use of TLR antagonists, and the production of pro-inflammatory 
cytokines. Whether the differentiation of monocytes into macrophages in vitro have impacted their activation 
profile, and consequently enhanced their potential to detect HCV particles remains unknown and deserves fur-
ther investigations. However, the in vitro differentiation of monocytes to MDDCs did not render them sensitive 
to the stimulation with HCV particles, which suggests that the ability to detect HCV particles required monocytes 
differentiation into macrophages.

Moreover, type I IFN and IFN-stimulated genes, i.e. IFIT1, OAS1, and ISG15 gene expression signature, which 
are key mediators of viral inhibition37–40, were not induced upon stimulation of macrophages by HCV particles. 
The biased IFN signal in response to HCV in macrophages is not likely specific to HCV but rather reflects an 
altered type I IFN response upon triggering of TLR7/8 in these cells. For instance, activation of macrophages 
with chemical ligands of TLR7/8, i.e. CL097, did not induce any significant interferon production by these cells. 
However, upon activation with LPS, which triggers TLR4, the same macrophages produced IFN-β . Those results 
suggest that activation of TLR7/8 pathway in macrophages does not lead to type I IFN production.

One of these potential mechanisms that could explain the lack of type I interferons production by these cells 
could involve NLRX-1, an inhibitor of mitochondrial antiviral immunity, which is known to prevent the induc-
tion of antiviral response in macrophages41,42. Moreover, alternatively activated STAT1 has been shown to neg-
atively regulate TLR7/8 signaling in macrophages, especially prevent type I IFN production43. The antagonist 
effects of IL-1β  may also contribute in the absence of IFN production in macrophages as IL-1β  inhibits IFN-β  
synthesis44. IL-1β inhibits type I IFN responses by directly promoting IFN receptor turnover45 and antagonize 
STAT1 activity46. Moreover, the absence of type I IFN production by macrophages upon stimulation with HCV 
particles might be due to the fact that TGF-β  and IL-10, which are produced by macrophages themselves, have the 
capacity to negatively regulate TLRs-induced type I IFN production47,48; this possibility remains to be investigated 
in future studies.

HCV particles selectively activated macrophages to induce pro-inflammatory cytokines, such as IL-1β , TNF-α  
and IL-8, which have been shown to be up-regulated in chronically HCV-infected individuals and correlate with 
HCV-driven fibrogenesis10,25,49–51. This may further suggest that activation of macrophages by HCV can poten-
tially contribute to disease progression in infected patients by this virus. In line with this hypothesis, resident 
hepatic macrophages, Kupffer cells (KCs), in HCV-infected subjects were shown to be the primary cellular source 
of liver inflammation as they produce significantly high levels of IL-1β  upon exposure to HCV10. The production 
of IL-1β , also observed in our experiments, indicates the capacity of HCV particles to activate the inflammasome 
in macrophages10. While macrophages sensed HCV particles, this did not trigger IL-12p70 production and con-
sequently this detection might not be sufficient to prime potent Th1 and CD8 T cell responses. Hence our results 
indicate that macrophage sensing of HCV particles triggers a pro-inflammatory response that does not include 
the pathways and cytokines required for the development of a protective adaptive cellular immune response. 



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:29447 | DOI: 10.1038/srep29447

Liver macrophages are stimulated during chronic HCV infection, however their profile suggests that they do not 
support the induction of proper T cell responses52. The capacity of resident and infiltrating macrophages in the 
liver to detect HCV particles and produce anti-viral type-I IFNs remains to be investigated as these cells might 
have some differences compared to monocytes-derived macrophages. Of note, HCV core protein (HCVc) has 
been found to be able to block TLR3-mediated secretion of IFN-α , IFN-β  by human KC53.

In conclusion, in this study we have shown that innate immune responses mediated by HCV particles were 
limited to macrophages as neither monocytes, mDCs nor pDCs have the potential to detect HCV viral particles. 
However, activation of macrophages by HCV is not optimal and does not trigger anti-viral responses but rather 
induces a pro-inflammatory response. Thus, the development of an anti-HCV vaccine should consider strategies 
that lead to a proper stimulation of TLR7/8 in monocytes, mDCs and pDCs in order to improve the quality of 
the immune response against HCV54,55. Our results thus pave the way for a better understanding of the essential 
innate immune responses to HCV, which are key elements for the development of an effective anti-HCV vaccine.

Materials and Methods
Cell lines and reagents. Hepatoma Huh7.5 cell line (provided by Dr. Charles Rice, Rockefeller University) 
and Huh7.5–20 producing JFH1 HCV (provided by Dr. T. Jake Liang, National Institutes of Health) were cultured 
in DMEM-based complete growth medium. The 293HEK cell line expressing TLR3, TLR7 or TLR8, and the 
plasmid pNiFty2-Luc were obtained from Invivogen (USA). The pNiFty2-Luc plasmid contains a reporter gene 
expression cassette that allows firefly luciferase production under the control of NF-κ B. Nine sequences within 
the HCV genome containing around 65% GU were selected and synthesized (Integrated DNA Technologies, 
Canada). TLR7/8 agonist RNA40, CL097 and TLR3 agonist poly I:C were obtained from Invivogen. DC-SIGN 
blocking antibody and matched isotype control were obtained from R&D Systems.

Antibodies used for flow cytometry. The following Abs were used for flow cytometry: CD80-FITC, 
CD86-PE, CD14-Pacific blue, Linage-Alexa700 (CD3, CD19, CD16), HLA-DR-APC-cy7, CD11c-APC, 
CD123-FITC, CD81-PE (BD Bioscience, USA), DC-SIGN-PE (R&D Systems, USA). A viability dye (Molecular 
Probes®  LIVE/DEAD®  Fixable Dead Cell Stain Kits, Invitrogen) was used to exclude dead cells. Cells were 
stained and analyzed by FACS using the BD LSRII cytometer and FlowJo software.

Cell sorting and differentiation. Human peripheral blood mononuclear cells (PBMCs) were isolated 
from leukapheres using ficoll density centrifugation. Enrichment kits for monocytes, plasmacytoid dendritic 
cells (pDCs) and panDC separation were obtained from STEMCELL Technologies Inc. Myeloid DCs (mDCs) 
were isolated from PBMCs using the CD1c+ Dendritic Cell Isolation Kit (Miltenyi Biotec, USA). Typically, the 
purity of cell fractions was > 98% as determined by staining with anti-CD14-PB Abs for monocytes, and with 
lineage-Alexa700 (CD3, CD14, CD19, CD16), HLA-DR-APC-Cy7, CD11c-APC and CD123-PE Abs for DCs. To 
prepare macrophages, monocytes were cultured in the X-VIVOTM 15 medium (lonzabio, USA) for 6 days in the 
presence of GM-CSF (50 ng/ml; R&D Systems, USA). To obtain monocyte-derived DCs (MDDCs), monocytes 
were cultured for 6 days in the X-VIVOTM 15 medium supplemented with GM-CSF (50 ng/ml) and IL-4 (20 ng/ml).  
Informed consent was obtained from all the donors and the project was approved by the Institutional Review 
Boards (IRB) of the Centre Hospitalier de l′ Université de Montréal Research Center, Vaccine & Gene Therapy 
Institute of Florida.

Cytokine quantification. TNF-α  production was measured using the Human TNF alpha ELISA Ready-SET 
kit (eBioscience, USA). In parallel, cytokines (IL-1β , IL-6, IL-10, IL-12p70 and TNF-α ) and chemokines (CXCL9, 
CXCL10) were measured by Cytometric Bead Array (CBA) using the Human Inflammatory Cytokine Kit and 
Human Chemokine Kit (BD Biosciences, USA). Type I IFN was measured using the Human Interferon alpha 
ELISA kit and the Human Interferon Beta ELISA Kit (PBL Interferon Source, USA).

Real-time RT-PCR. RNA was extracted using RNeasy Mini Kit (QIAGEN, USA). The expression of mRNA 
for TNF-α  and IFN-β , together with the mRNA for the IFN-stimulated genesIFIT1, OAS1 and IAS15, was 
measured using predesigned primers and probe sets (Roche-Applied-Science) and the LightCycler®  480 Probes 
Master(ROCHE, USA). Real-time RT-PCR (Qiagen) was carried out in a LightCycler 480 II (Roche) according 
to manufacturer’s recommendations. The expression of each gene in different samples was normalized relative to 
GAPDH mRNA levels.

HCV production and quantification. The Huh7.5–20 cells stably producing HCV particles were cultured 
in DMEM-based complete growth medium for 4 days. The cell culture supernatant was harvested and filtered 
through a 0.45 μ m filter to remove cell debris (Sarstedt, Germany). To concentrate the virus, supernatant con-
taining HCV particles was passed through an Amicon ultra-15 centrifugal filter-100 (Millipore, USA). Filters 
were sterilized with 70% alcohol and rinsed with PBS before use. Concentrated viral aliquots were stored at 
− 80 °C for further use. The viral titer was quantified by real-time RT-PCR. Briefly, RNA was extracted from 
cell culture supernatant using the QIAamp Viral RNA Mini Kit (QIAGEN, USA). Real time PCR was per-
formed as described above using the specific forward primer 5′ -CGGGAGAGCCATAGTGG-3′ , reverse primer  
5′ -AGTACCACAAGGCCTTT-3′ , and the probe 5′ -/56-FAM/CTGCGGAACCGGTGAGTACAC/3IABlkFC 
(IDT, USA).

Study approval. This study was approved by the Institutional Review Boards (IRB) of the Centre Hospitalier 
de l′ Université de Montréal Research Center, Vaccine & Gene Therapy Institute of Florida and at all participating 
sites’ IRBs. All experiments were performed in accordance with the guidelines and regulations approved by the 
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ethic committees from CRCHUM, VGTIFL and all IRBs. Study participants provided written informed consent 
for the use of their plasma and cells for the current research investigation.

Statistical analysis. Statistical analyses were performed using the GraphPad Prism 5. Details are included 
in Figure legends. Actual p-value is showed in the main text when it is available.

References
1. Messina, J. P. et al. Global distribution and prevalence of hepatitis C virus genotypes. Hepatology 61, 77–87, doi: 10.1002/hep.27259 

(2015).
2. Lavanchy, D. The global burden of hepatitis C. Liver international: official journal of the International Association for the Study of the 

Liver 29 Suppl 1, 74–81, doi: 10.1111/j.1478-3231.2008.01934.x (2009).
3. Seeff, L. B. The history of the “natural history” of hepatitis C (1968–2009). Liver international: official journal of the International 

Association for the Study of the Liver 29 Suppl 1, 89–99, doi: 10.1111/j.1478-3231.2008.01927.x (2009).
4. Thimme, R., Binder, M. & Bartenschlager, R. Failure of innate and adaptive immune responses in controlling hepatitis C virus 

infection. FEMS microbiology reviews 36, 663–683, doi: 10.1111/j.1574-6976.2011.00319.x (2012).
5. Shin, E. C. et al. Delayed induction, not impaired recruitment, of specific CD8(+ ) T cells causes the late onset of acute hepatitis C. 

Gastroenterology 141, 686–695, 695 e681, doi: 10.1053/j.gastro.2011.05.006 (2011).
6. Horner, S. M. & Gale, M., Jr. Regulation of hepatic innate immunity by hepatitis C virus. Nature medicine 19, 879–888, doi: 10.1038/

nm.3253 (2013).
7. Akira, S. & Takeda, K. Toll-like receptor signalling. Nature reviews. Immunology 4, 499–511, doi: 10.1038/nri1391 (2004).
8. Wang, N. et al. Toll-like receptor 3 mediates establishment of an antiviral state against hepatitis C virus in hepatoma cells. Journal of 

virology 83, 9824–9834, doi: 10.1128/JVI.01125-09 (2009).
9. Lee, J. et al. TNF-alpha Induced by Hepatitis C Virus via TLR7 and TLR8 in Hepatocytes Supports Interferon Signaling via an 

Autocrine Mechanism. PLoS pathogens 11, e1004937, doi: 10.1371/journal.ppat.1004937 (2015).
10. Negash, A. A. et al. IL-1beta production through the NLRP3 inflammasome by hepatic macrophages links hepatitis C virus infection 

with liver inflammation and disease. PLoS pathogens 9, e1003330, doi: 10.1371/journal.ppat.1003330 (2013).
11. Uzri, D. & Gehrke, L. Nucleotide sequences and modifications that determine RIG-I/RNA binding and signaling activities. Journal 

of virology 83, 4174–4184, doi: 10.1128/JVI.02449-08 (2009).
12. Schnell, G., Loo, Y. M., Marcotrigiano, J. & Gale, M., Jr. Uridine composition of the poly-U/UC tract of HCV RNA defines non-self 

recognition by RIG-I. PLoS pathogens 8, e1002839, doi: 10.1371/journal.ppat.1002839 (2012).
13. Saito, T., Owen, D. M., Jiang, F., Marcotrigiano, J. & Gale, M., Jr. Innate immunity induced by composition-dependent RIG-I 

recognition of hepatitis C virus RNA. Nature 454, 523–527, doi: 10.1038/nature07106 (2008).
14. Dansako, H. et al. Class A scavenger receptor 1 (MSR1) restricts hepatitis C virus replication by mediating toll-like receptor 3 

recognition of viral RNAs produced in neighboring cells. PLoS pathogens 9, e1003345, doi: 10.1371/journal.ppat.1003345 (2013).
15. Horner, S. M. Activation and Evasion of Antiviral Innate Immunity by Hepatitis C Virus. Journal of molecular biology, doi: 10.1016/j.

jmb.2013.10.032 (2013).
16. Takahashi, K. et al. Plasmacytoid dendritic cells sense hepatitis C virus-infected cells, produce interferon, and inhibit infection. 

Proceedings of the National Academy of Sciences of the United States of America 107, 7431–7436, doi: 10.1073/pnas.1002301107 
(2010).

17. Zhang, Y. L., Guo, Y. J., Bin, L. & Sun, S. H. Hepatitis C virus single-stranded RNA induces innate immunity via Toll-like receptor 7. 
Journal of hepatology 51, 29–38, doi: 10.1016/j.jhep.2009.03.012 (2009).

18. Wang, C. H. et al. TLR7 and TLR8 gene variations and susceptibility to hepatitis C virus infection. PloS one 6, e26235, doi: 10.1371/
journal.pone.0026235 (2011).

19. Schott, E. et al. Association of TLR7 single nucleotide polymorphisms with chronic HCV-infection and response to interferon-a-
based therapy. Journal of viral hepatitis 15, 71–78, doi: 10.1111/j.1365-2893.2007.00898.x (2008).

20. Schott, E. et al. A Toll-like receptor 7 single nucleotide polymorphism protects from advanced inflammation and fibrosis in male 
patients with chronic HCV-infection. Journal of hepatology 47, 203–211, doi: 10.1016/j.jhep.2007.03.021 (2007).

21. Heil, F. et al. Species-specific recognition of single-stranded RNA via toll-like receptor 7 and 8. Science 303, 1526–1529, doi: 10.1126/
science.1093620 (2004).

22. Barrat, F. J. et al. Nucleic acids of mammalian origin can act as endogenous ligands for Toll-like receptors and may promote systemic 
lupus erythematosus. The Journal of experimental medicine 202, 1131–1139, doi: 10.1084/jem.20050914 (2005).

23. Pohlmann, S. et al. Hepatitis C virus glycoproteins interact with DC-SIGN and DC-SIGNR. Journal of virology 77, 4070–4080 
(2003).

24. Zampino, R. et al. Chronic HCV infection and inflammation: Clinical impact on hepatic and extra-hepatic manifestations. World 
journal of hepatology 5, 528–540, doi: 10.4254/wjh.v5.i10.528 (2013).

25. Szabo, G. & Petrasek, J. Inflammasome activation and function in liver disease. Nature reviews. Gastroenterology & hepatology 12, 
387–400, doi: 10.1038/nrgastro.2015.94 (2015).

26. Longman, R. S., Talal, A. H., Jacobson, I. M., Albert, M. L. & Rice, C. M. Presence of functional dendritic cells in patients chronically 
infected with hepatitis C virus. Blood 103, 1026–1029, doi: 10.1182/blood-2003-04-1339 (2004).

27. Rollier, C. et al. Chronic hepatitis C virus infection established and maintained in chimpanzees independent of dendritic cell 
impairment. Hepatology 38, 851–858, doi: 10.1053/jhep.2003.50426 (2003).

28. Ludwig, I. S. et al. Hepatitis C virus targets DC-SIGN and L-SIGN to escape lysosomal degradation. Journal of virology 78, 
8322–8332, doi: 10.1128/JVI.78.15.8322-8332.2004 (2004).

29. Mengshol, J. A. et al. Impaired plasmacytoid dendritic cell maturation and differential chemotaxis in chronic hepatitis C virus: 
associations with antiviral treatment outcomes. Gut 58, 964–973, doi: 10.1136/gut.2008.168948 (2009).

30. Sun, P. et al. Functional characterization of ex vivo blood myeloid and plasmacytoid dendritic cells after infection with dengue virus. 
Virology 383, 207–215, doi: 10.1016/j.virol.2008.10.022 (2009).

31. Collin, M., Bigley, V., Haniffa, M. & Hambleton, S. Human dendritic cell deficiency: the missing ID? Nature reviews. Immunology 11, 
575–583, doi: 10.1038/nri3046 (2011).

32. Gringhuis, S. I. et al. HIV-1 exploits innate signaling by TLR8 and DC-SIGN for productive infection of dendritic cells. Nature 
immunology 11, 419–426, doi: 10.1038/ni.1858 (2010).

33. Schwartz, A. J., Alvarez, X. & Lackner, A. A. Distribution and immunophenotype of DC-SIGN-expressing cells in SIV-infected and 
uninfected macaques. AIDS research and human retroviruses 18, 1021–1029, doi: 10.1089/08892220260235380 (2002).

34. Lai, W. K. et al. Expression of DC-SIGN and DC-SIGNR on human sinusoidal endothelium: a role for capturing hepatitis C virus 
particles. The American journal of pathology 169, 200–208, doi: 10.2353/ajpath.2006.051191 (2006).

35. Angel, C. E. et al. CD14+  antigen-presenting cells in human dermis are less mature than their CD1a+  counterparts. International 
immunology 19, 1271–1279, doi: 10.1093/intimm/dxm096 (2007).

36. Kwon, D. S., Gregorio, G., Bitton, N., Hendrickson, W. A. & Littman, D. R. DC-SIGN-mediated internalization of HIV is required 
for trans-enhancement of T cell infection. Immunity 16, 135–144 (2002).



www.nature.com/scientificreports/

13Scientific RepoRts | 6:29447 | DOI: 10.1038/srep29447

37. Raychoudhuri, A. et al. ISG56 and IFITM1 proteins inhibit hepatitis C virus replication. Journal of virology 85, 12881–12889, doi: 
10.1128/JVI.05633-11 (2011).

38. Kwon, Y. C., Kang, J. I., Hwang, S. B. & Ahn, B. Y. The ribonuclease L-dependent antiviral roles of human 2′ ,5′ -oligoadenylate 
synthetase family members against hepatitis C virus. FEBS letters 587, 156–164, doi: 10.1016/j.febslet.2012.11.010 (2013).

39. Zhao, Y., Kang, H., Ji, Y. & Chen, X. Evaluate the relationship between polymorphisms of OAS1 gene and susceptibility to chronic 
hepatitis C with high resolution melting analysis. Clinical and experimental medicine 13, 171–176, doi: 10.1007/s10238-012-0193-6 
(2013).

40. Kim, M. J. & Yoo, J. Y. Inhibition of hepatitis C virus replication by IFN-mediated ISGylation of HCV-NS5A. Journal of immunology 
185, 4311–4318, doi: 10.4049/jimmunol.1000098 (2010).

41. Allen, I. C. et al. NLRX1 protein attenuates inflammatory responses to infection by interfering with the RIG-I-MAVS and TRAF6-
NF-kappaB signaling pathways. Immunity 34, 854–865, doi: 10.1016/j.immuni.2011.03.026 (2011).

42. Moore, C. B. et al. NLRX1 is a regulator of mitochondrial antiviral immunity. Nature 451, 573–577, doi: 10.1038/nature06501 
(2008).

43. Schroder, K. et al. Differential effects of CpG DNA on IFN-beta induction and STAT1 activation in murine macrophages versus 
dendritic cells: alternatively activated STAT1 negatively regulates TLR signaling in macrophages. Journal of immunology 179, 
3495–3503 (2007).

44. Kohase, M. et al. Interleukin-1 can inhibit interferon-beta synthesis and its antiviral action: comparison with tumor necrosis factor. 
Journal of interferon research 8, 559–570 (1988).

45. Ivashkiv, L. B. & Donlin, L. T. Regulation of type I interferon responses. Nature reviews. Immunology 14, 36–49, doi: 10.1038/nri3581 
(2014).

46. Tian, Z., Shen, X., Feng, H. & Gao, B. IL-1 beta attenuates IFN-alpha beta-induced antiviral activity and STAT1 activation in the 
liver: involvement of proteasome-dependent pathway. Journal of immunology 165, 3959–3965 (2000).

47. Naiki, Y. et al. TGF-beta1 inhibits the production of IFN in response to CpG DNA via ubiquitination of TNF receptor-associated 
factor (TRAF) 6. Innate immunity 21, 770–777, doi: 10.1177/1753425915596844 (2015).

48. Varano, B. et al. Inhibition of the constitutive and induced IFN-beta production by IL-4 and IL-10 in murine peritoneal 
macrophages. Virology 277, 270–277, doi: 10.1006/viro.2000.0560 (2000).

49. Polyak, S. J., Khabar, K. S., Rezeiq, M. & Gretch, D. R. Elevated levels of interleukin-8 in serum are associated with hepatitis C virus 
infection and resistance to interferon therapy. Journal of virology 75, 6209–6211, doi: 10.1128/JVI.75.13.6209-6211.2001 (2001).

50. Itoh, Y. et al. Serum levels of soluble tumor necrosis factor receptors and effects of interferon therapy in patients with chronic 
hepatitis C virus infection. The American journal of gastroenterology 94, 1332–1340, doi: 10.1111/j.1572-0241.1999.01083.x (1999).

51. Jouan, L. et al. Targeted impairment of innate antiviral responses in the liver of chronic hepatitis C patients. Journal of hepatology 56, 
70–77, doi: 10.1016/j.jhep.2011.07.017 (2012).

52. Said, E. A. et al. A Potential Inhibitory Profile of Liver CD68+  Cells during HCV Infection as Observed by an Increased CD80 and 
PD-L1 but Not CD86 Expression. PloS one 11, e0153191, doi: 10.1371/journal.pone.0153191 (2016).

53. Tu, Z. et al. Hepatitis C virus core protein subverts the antiviral activities of human Kupffer cells. Gastroenterology 138, 305–314, doi: 
10.1053/j.gastro.2009.09.009 (2010).

54. Bergmann, J. F. et al. Randomised clinical trial: anti-viral activity of ANA773, an oral inducer of endogenous interferons acting via 
TLR7, in chronic HCV. Alimentary pharmacology & therapeutics 34, 443–453, doi: 10.1111/j.1365-2036.2011.04745.x (2011).

55. Horsmans, Y. et al. Isatoribine, an agonist of TLR7, reduces plasma virus concentration in chronic hepatitis C infection. Hepatology 
42, 724–731, doi: 10.1002/hep.20839 (2005).

Acknowledgements
We would like first to thank all the study participants for their generous collaboration. We thanks Dr. Charles Rice 
kindly provided Hepatoma Huh7.5 cell line and Dr. T. Jake Liang provided Huh7.5–20 cell line producing JFH1 
HCV virus. We also thank Dr. Naglaa Shoukry and Dr. Joumana Zeidan for their reading of the manuscript and 
help with editing.

Author Contributions
Y.Z. designed and performed experiments, analysed data and wrote the manuscript. M.E.F. and P.A. helped with 
analysis and wrote the manuscript. F.P.D. and Z.H. performed DC. separation and cytokine/chemokine detection 
by Cytometric Bead Array. F.P.D. and M.S.A.-H. optimized the method for HCV quantification. Z.H. helped with 
viral production and infection in vitro. Y.S. helped with flow cytometric analysis. E.K.H. provided experiment 
advice. E.A.S. and R.-P.S. designed and supervised the project, and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, Y. et al. HCV RNA Activates APCs via TLR7/TLR8 While Virus Selectively 
Stimulates Macrophages Without Inducing Antiviral Responses. Sci. Rep. 6, 29447; doi: 10.1038/srep29447 
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	HCV RNA Activates APCs via TLR7/TLR8 While Virus Selectively Stimulates Macrophages Without Inducing Antiviral Responses
	Results
	HCV genomic RNA encodes GU-rich sequences that stimulate TLR7/TLR8. 
	HCV-encoded TLR7/8 ligands induce cytokines and chemokines production by APCs and DC maturation. 
	Stimulation of monocytes and pDCs but not macrophages and mDCs with HCV-encoded GU-rich sequences inhibits hepatocyte infec ...
	HCV particles selectively stimulate macrophages via TLR7/8 but do not induce type I interferon. 
	HCV entry in macrophages is mediated by DC-SIGN. 

	Discussion
	Materials and Methods
	Cell lines and reagents. 
	Antibodies used for flow cytometry. 
	Cell sorting and differentiation. 
	Cytokine quantification. 
	Real-time RT-PCR. 
	HCV production and quantification. 
	Study approval. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  Identification of three novel immunogenic GU-rich sequences in the HCV genome that specifically trigger TLR7 and TLR8 signaling.
	Figure 2.  Maturation and type I IFN induction by pDCs.
	Figure 3.  Supernatants from Monocytes and pDCs but not mDC and macrophages exposed to HCV ssRNA inhibit HCV replication in an IFN-dependent manner.
	Figure 4.  Macrophages but not DCs and monocytes are able to produce inflammatory cytokines upon exposure to HCV particles.
	Figure 5.  HCV particles fail to promote type-I IFN production in macrophages.
	Figure 6.  DC-SIGN and TLR7/8 are important for the uptake and recognition of HCV particles by macrophages.
	Table 1.   Cytokines and chemokines production by monocytes, mDCs and pDCs.



 
    
       
          application/pdf
          
             
                HCV RNA Activates APCs via TLR7/TLR8 While Virus Selectively Stimulates Macrophages Without Inducing Antiviral Responses
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29447
            
         
          
             
                Yuwei Zhang
                Mohamed El-Far
                Franck P. Dupuy
                Mohamed S. Abdel-Hakeem
                Zhong He
                Francesco Andrea Procopio
                Yu Shi
                Elias K. Haddad
                Petronela Ancuta
                Rafick-Pierre Sekaly
                Elias A. Said
            
         
          doi:10.1038/srep29447
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29447
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29447
            
         
      
       
          
          
          
             
                doi:10.1038/srep29447
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29447
            
         
          
          
      
       
       
          True
      
   




