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Abstract
Plasmacytoid dendritic cells (pDCs) are reported to be defective in HCV-infected patients, the
mechanisms of which remain poorly understood. We isolated liver derived mononuclear cells
(LMNCs) and pDCs from normal liver tissues of benign tumor dissections and liver transplant
donors. Isolated pDCs and LMNCs were cultured with precoated HCV envelop protein E2 (HCV-
E2) or anti-CD81 mAb in the presence of CpG-ODN. Our results show that cross-linking of CD81
by either HCV-E2 or anti-CD81 mAb inhibits IFN-α secretion in CpG-induced pDCs; down-
regulates HLA-DR, CD80 and CD86 expression in pDCs; and suppresses CpG-ODN induced
proliferation and survival of pDCs. The blockade of CD81 by soluble anti-CD81 antibody restores
pDCs response to CpG-ODN. These results suggest that HCV E2 protein interacts with CD81 to
inhibit pDC maturation, activation, and IFN-α production, and may thereby contribute to the
impaired innate anti-viral immune response in HCV infection.
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1. Introduction
HCV readily establishes persistent hepatic infection in humans and is a major cause of
chronic liver diseases worldwide. A number of possible factors contribute to its persistence,
including impairment of the host immune response [1]. The precise mechanisms employed
by HCV to promote chronic infections remain poorly understood.

It has been proposed that suboptimal or failed antigen presentation during chronic HCV
infection may be responsible for depressed antiviral T-cell responses. Dendritic cells (DCs)
are the most potent professional antigen presenting cells (APC) that play a pivotal role in the
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initiation and maintenance of CD4+ and CD8+ T-cell responses. There are two distinct
subpopulations of DCs: the myeloid DCs (mDCs) and the plasmacytoid DCs (pDCs). pDCs
are innate immune cells that circulate in the blood and lymphoid tissues, and are specialized
to produce copious amounts of type I IFNs, IFN-α and IFN-β, in response to stimulation by
virus-associated single-stranded RNA and unmethylated CpG DNA through the engagement
of the Toll-like receptors TLR7 and TLR9 within the endosomal compartment [2–4]. HCV
virions have a poor capacity to stimulate TLR7 and TLR9, and additionally impair pDC
production of I FN-α in response to synthetic TLR9 agonist but not TLR7 agonists [5,6].

It has been extensively reported that pDCs show a striking deficit in HCV-infected patients
[6–8], the mechanisms of which remain to be understood. In most previous reports,
dysfunction of pDCs from chronic HCV infected patients has been demonstrated in
peripheral blood [7,8]. However, since immune responses to HCV are focused in the liver,
changes in blood pDCs may not reflect what is happening locally at the site of hepatic
infection. It has been demonstrated that an enrichment of DCs occurs in the liver as
compared with blood in chronic HCV infected patients [7,8]. In HCV-infected livers, a
combination of enhanced mDCs function and reduced numbers of pDCs may contribute to
viral persistence in the face of persistent inflammation [9].

In the present study, we isolated liver derived mononuclear cells (LMNCs) and purified
pDCs from normal liver tissues of benign tumor dissections and liver transplant donors. The
results we obtained show that cross-linking of CD81 by incubation with either HCV-E2 or
anti-CD81 mAb inhibits IFN-α secretion in CpG-induced pDCs; down-regulates HLA-DR,
CD80 and CD86 expression in pDCs; and suppresses CpG-ODN induced proliferation and
survival of pDCs. The blockade of CD81 by soluble anti-CD81 antibody restores pDCs
response to CpG-ODN. Collectively, these results reveal some potential molecular
mechanisms by which HCV establishes chronic hepatic infection.

2. Materials and methods
2.1. Human liver tissue

Human liver tissue was obtained from the Liver Unit of the First Hospital of Jilin
University. Normal human liver tissue was isolated from either spare donor tissue intended
for transplantation or from normal liver tissue resected from patients having benign hepatic
tumors. All human tissue samples were collected with local research ethics committee
approval and patient consent.

2.2. Isolation of liver derived mononuclear cells (LMNCs) from human liver tissue
Fresh liver tissues were cut into small pieces, washed repeatedly in PBS + 10% FCS until no
further blood or bile was visible in the washings, and resuspended in RPMI-1640 with 10%
FCS. They were then homogenized with gentleMACS processor (Miltenyi Biotec), filtered
through 70 μm nylon mesh, washed in RPMI-1640 with 10% FCS, and then layered onto
Lymphoprep and centrifuged at 600g for 30 min. Mononuclear cells were aspirated from the
interface, washed and then resuspended in complete RPMI-1640 medium (cRPMI-1640).
LMNCs were isolated from liver transplant donors as we have described previously [10–13].

2.3. Purification of pDCs
pDCs were purified from LMNCs by BDCA-4 microbeads (Miltenyi) according to the
manufacturer’s instructions. The purity of the isolated pDCs was verified as being >90%
with BDCA-2 antibody.
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2.4. Immobilized E2 and CD81 antibody, and cell culture
The effects of CD81 cross-linking were investigated using a microtiter culture system as
described previously [14]. Briefly, microtiter plates (EIA/RIA plate; Corning Inc.) were
coated with either anti-CD81 mAb (5 μg/ml) or HCV-E2 in sodium bicarbonate buffer pH
8.2. The plates were incubated overnight at 4 °C, and washed three times with PBS. When
immobilizing HVC–E2 onto microtiter wells, the wells were first coated with anti-HCV-E2
mAb (5 μg/ml). These wells were then washed and exposed to recombinant HCV-E2 protein
(1 μg/ml). Isolated LMNCs and purified pDCs were cultured in the precoated microtiter
plates in the presence or absence of various CpG-ODNs or α-CD81.

2.5. Enzyme-linked immunosorbent assay
Concentrations of IFN-α in culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions.

2.6. Flow cytometry
Cells were stained and analyzed by flow cytometry (FACScan; BD Biosciences, San Jose,
CA). FITC-labeled anti-human CD81, allophycocyanin anti-human BDCA-2, Phycoerythrin
(PE)-labeled anti-human CD123, Per-CP-labeled anti-human CD80, CD86, HLA-DR
antibodies were purchased from eBioscience (San Diego, CA). Data were analyzed using
FlowJo software (Treestar, Ashland, OR).

2.7. Proliferation and cell survival assays
pDCs proliferation was assessed by 3[H] thymidine incorporation using 2 × 104 cells per
well in mAb-coated 96-well plates. Cultures were pulsed after 48 h with 1 Ci/well 3[H]
thymidine and then incubated for an additional 16 h. The incorporation of 3[H] thymidine in
proliferating cells was then measured with a liquid scintillation counter. Cell survival was
evaluated by PI staining.

2.8. Statistical analysis
All data were analyzed and found to be significant using the D’Agostino and Pearson
omnibus normality test. Mean values were compared using either a paired t test (2 groups)
or ANOVA (>2 groups), followed by Bonferroni correction for multiple comparison test. P
values <0.05 were considered significant. All statistical tests were performed with Prism
software (GraphPad, San Diego, CA).

3. Results
3.1. Human hepatic pDCs express CD81

It has been reported that CD81 molecules are required for HCV entry into hepatoma cell
lines [15–17]. CD81 acts as both an HCV attachment receptor with high affinity for HCV-
E2 and as a native functional component of signal transduction complexes on the cell
surface of lymphocytes [17–19]. We first evaluated whether freshly isolated human
intrahepatic cells including pDCs express this receptor. As shown in Fig. 1, most LMNCs
and pDCs express CD81 molecules on their surface.

3.2. Cross-linking of CD81 by HCV-E2 or specific antibody inhibits A-type CpG-induced
pDCs IFN-α secretion

To investigate whether HCV-E2 protein can modulate pDCs in HCV infection, we
immobilized HCV-E2 and anti-CD81 mAb separately on a microtiter plate culture system as
previously described [14]. LMNCs and purified pDCs were separately cultured in the
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precoated microtiter plates for 24 h in the presence of an A-type CpG-ODN, CpG-2216, or
the control CpG-2243. As shown in Fig. 2A, CpG-2216 induces LMNCs to produce an
elevated amount of IFN-α, whereas the CpG-2243 control does not. Cross-linking of
CD81by either HCV-E2 or anti-CD81 mAb inhibits IFN-α production in these CpG-2216
induced LMNCs. Blockade of CD81 with soluble anti-CD81 antibody (α-CD81) restores
IFN-α production by CpG-2216 induced LMNCs. As shown in Fig. 2B, pure pDCs produce
an elevated amount of IFN-α (10180 ± 1650 pg/ml) in response to CpG-2216. Cross-linking
of CD81 by either HCV-E2 or anti-CD81 mAb significantly inhibits IFN-α production in
the pDCs (2706 ± 234 and 3167 ± 165 pg/ml, respectively, **p < 0.01). Soluble α-CD81
blocks HCV-E2 cross-linking to partially restore IFN-α production in the CpG-2216
induced pDCs (7632 ± 898 pg/ml, *p < 0.05).

3.3. Cross-linking CD81 with HCV-E2 or specific antibody inhibits CpG-OGN induced pDCs
maturation

To explore the effect of HCV-E2 on pDCs maturation, purified pDCs were cultured in
precoated microtiter plates in the presence of a B – type CpG-ODN, CpG-2006, for 48 h.
Surface markers of DC maturation were analyzed by flow cytometry. As shown in Fig. 3A
and B, CpG-2006 induced HLA-DR (MFI: 214 ± 65), CD86 (MFI: 78 ± 16), and CD80
(MFI: 35 ± 7.8) expression on pDCs. Cross-linking CD81 with CD81 mAb or HCV-E2
significantly inhibit HLA-DR (MFI: 134 ± 25 and 165 ± 34, respectively, *p < 0.05), CD86
(MFI: 39 ± 13 and 27 ± 8.0, respectively, *p < 0.05), and CD80 (MFI: 19 ± 4.3 and 15 ± 2.5,
respectively, *p < 0.05). Soluble α-CD81 partially restores HLA-DR (MFI:198 ± 45), CD86
(MFI:41 ± 6.0), and CD80 (MFI:33 ± 6.6) expression on pDCs.

3.4. Cross-linking CD81 with HCV-E2 or specific antibody inhibits CpG-induced pDCs
proliferation and survival

IL-3 is the key cytokine for promoting the generation of pDCs from high IL-3R-expressing
plasmacytoid precursor cells, and it ensures their proliferation and survival [20]. In order to
evaluate whether HCV-E2 inhibits pDCs proliferation and survival, purified pDCs were
cultured with IL-3 and CpG-2006 for 3 days. As shown in Fig. 4A, CpG-2006 synergizes
with IL-3 to induce pDCs proliferation (CPM × 1000: 3.19 ± 0.195). However, cross-linking
CD81 with anti-CD81 mAb (CPM × 1000: 1.25 ± 0.171, **p < 0.01) or HCV-E2 (CPM ×
1000: 1.09 ± 0.129, **p < 0.01) inhibited CpG-2006 and IL-3 induced pDCs proliferation. α-
CD81 blockade of CD81 cross-linking by HCV-E2 partially restores CpG-2006 and IL-3
induced pDCs proliferation (CPM × 1000: 2.27 ± 0.189, *p < 0.05). As shown in Fig. 4B,
both IL-3 and CpG-2006 induce pDCs survival (% living cells: 74.5 ± 2.81% and 79.35 ±
2.41%, respectively) by either promoting pDCs proliferation or inhibiting pDCs apoptosis.
The results in Fig. 4B also indicate that CpG-2006 induced pDCs survival is inhibited by
cross-linking CD81 with anti-CD81 mAb (% live cells: 28.95 ± 1.30%, **p < 0.01) or HCV-
E2 (% live cells: 27.37 ± 2.73%, **p < 0.01). Soluble α-CD81 blockade of CD81 cross-
linking by HCV-E2 partially restores CpG-2006induced pDCs survival (% live cells: 66.27
± 1.98%, *p < 0.05).

4. Discussion
HCV entry into hepatocytes is the first step of a virus life cycle that leads to persistent viral
infection. It is a multistep process mediated by HCV envelop glycoproteins E1 and E2 and
several host cell surface receptors. The cell surface receptors mainly include tetraspanin
protein CD81, SR-BI, LDLR and CLDN1 which is a tight junction protein. Human CD81 is
the first receptor identified as being necessary for HCV entry into host cells. CD81 is a
widely distributed cell-surface tetraspanin that participates in different molecular complexes
on various cell types, including hepatocytes, B lymphocytes, T lymphocytes, natural killer
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cells and dendritic cells. Consistent with this, we show that both human liver-derived
LMNCs and intrahepatic pDCs express a high level of CD81.

Dendritic cells bridge innate and adaptive immunity and play a central role in anti-viral
defense. Human pDCs are especially important in viral infections because of their capacity
to produce IFN-α in larger amounts than any other cell types. HCV has consequently
developed strategies to evade the IFN system. The mechanisms by which HCV is able to
modulate the IFN-α response of intrahepatic pDCs has been unclear.

HCV-E2 has previously been shown to bind to the main extracellular loop of CD81, which
leads to inhibition of NK cells activation [14,21]. To investigate the outcome of an
interaction between HCV-E2 and CD81 on the IFN-α response of human intra-hepatic
pDCs, we developed an assay system in which LMNCs or purified pDCs are cultured in
microtiter plates coated with either immobilized HCV-E2 or anti-CD81 mAb. Human pDCs
express TLR9, which is responsible for recognition of CpG motifs present in bacterial DNA
or ODNs. It is now clearly established that the A-type CpG-ODNs can efficiently stimulate
IFN-α production by pDCs [22]. In the present study, we stimulated pDCs with CpG-2216
to induce IFN-α production, and demonstrated that cross-linking CD81 with either
immobilized HCV-E2 or anti-CD81 mAb, but not soluble HCV-E2 protein, inhibits IFN-α
production by CpG-2216induced pDCs. In agreement with our findings, Zhang s et al.
recently reported a novel mechanism for recognition of HCV in infected hepatoma cells by
pDCs which involves the formation of membrane microdomains by CD81- and CD9-
associated tetraspanin webs and lipid rafts [23]. Therefore, our above results with respect to
IFN-α production may provide a potential mechanism by which HCV is able to evade the
IFN driven immune response.

B-type CpG-ODNs elicited only low levels of type I IFN but induced rapid pDCs maturation
with increased surface expression of MHC class II and costimulatory molecules (CD80,
CD86, CD40) [22]. Maturated pDCs mixed with activated allogeneic T cells potentially
produce large amounts of IL-12, including its bioactive form IL-12 p70, to promote Th1
responses [24]. In the present study, the B-type CpG-ODN, CpG-2006, was used to induce
pDCs maturation, and we demonstrated that cross-linking CD81 with either immobilized
HCV-E2 or immobilzed anti-CD81 mAb, but not soluble HCV-E2 protein, inhibits
CpG-2006 induced HLA-DR, CD80 and CD86 expression on pDCs. In addition to their
potency for stimulating innate immunity, pDCs can polarize adaptive immune responses
against exogenous particulate Ag [25]. These observations suggest that monovalent binding
between HCV-E2 and CD81 per se is insufficient to induce signals that cause defective IFN-
α production in pDCs.

CpG-ODNs alone can substitute for the cytokine requirement for survival of primary human
DCs. CpG-ODNs are even superior to GM-CSF in promoting pDCs survival in tissue
culture [26]. It has been reported that the numbers of pDCs were significantly lower in HCV
infected patients than in healthy controls [7,27–29], and successful antiviral therapy was
able to normalize the number of pDCs in patients [30]. The present study shows that cross-
linking of CD81 by either HCV-E2 or anti-CD81 mAb inhibited CpG-2006 and IL-3
induced proliferation and survival of pDCs, and thus may help to explain the treatment
success mentioned above.

In summary, HCV may employ envelop protein HCV-E2 to inhibit, maturation,
proliferation, survival and IFN-α production in pDCs. This may contribute to impaired
innate and adaptive immune response during HCV infection. As yet, we do not know the
exact mechanism as to how HCV-E2 interacts with CD81 to inhibit TLR9 signaling in
pDCs. It may be that viral particles interact with regulatory receptors on pDCs to impair
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TLR7 and TLR9 signaling and to also downregulate TLR9 gene expression [31–33]. The
limited responsiveness of pDCs may be contributing to reduced innate immune responses
during chronic HCV infection and oncogenesis, and the mechanisms revealed above may
represent potential targets for new therapeutic interventions.
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Fig. 1.
CD81 expression in LMNCs and pDCs. LMNCs were isolated from fresh normal liver
tissue. CD81 expression was analyzed by flow cytometry on LMNCs (A and C) and pDCs
(B and D). Shown is one representative experiment of six.
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Fig. 2.
CD81 cross-linking inhibits induction of IFN-α release in LMNCs and purified pDCs. (A)
Freshly isolated LMNCs were cultured for 24 h in the presence of serially diluted CpG-2216
or CpG-2243 control in pre-coated microtiter wells containing either immobilized anti-
CD81 mAb or immobilized HCV-E2 to induce cross-linking, and one instance of blocking
by exposure to soluble α-CD81 antibody. The supernatants were assayed for IFN-α levels
by ELISA. Shown is one representative experiment of six. (B) purified pDCs were cultured
for 24 h in the presence of 20 μg/ml of either CpG-2216 or CpG-2243 control in pre-coated
microtiter wells containing either immobilized anti-CD81 mAb or immobilized HCV-E2 to
induce cross-linking and one instance of blocking by exposure to soluble α-CD81 antibody.
The supernatants were assayed by ELISA for IFN-α levels. The figure shows median levels
and standard error from 6 donors (*p < 0.05, **p < 0.01).
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Fig. 3.
CD81 cross-linking inhibits CpG-ODNinduced pDC maturation. Purified pDCs were
incubated with 50 μg/ml CpG 2006 for 48 h in presence or absence of CD81 cross-linking
with one instance of blocking by exposure to soluble α-CD81 antibody. Surface expression
of the indicated molecules was determined by flow cytometry. (A) Shown is one
representative experiment of six. (B) Histograms represent the mean and standard error of
median fluorescence intensities of 6 experiments from 6 independent donors (**p < 0.05).
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Fig. 4.
CD81 cross-linking inhibits CpG-ODN induced pDC proliferation and survival. Purified
pDCs were cultured with IL-3 and/or CpG-2006 for 3 days in the presence or absence of
CD81 cross-linking and one instance of blocking by exposure to soluble α-CD81 antibody.
(A) 3[H] thymidine incorporation assay was used to measure cell proliferation. (B) PI
staining was used to analyze cell survival. The figure shows median levels of experiments
from 6 donors (**p < 0.01, *p < 0.05).
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