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Abstract

The hepatitis C virus (HCV) nonstructural 5A, a phosphorylated zinc metalloprotein, is an 

essential component of the HCV replication complex. An amphipathic α-helical peptide (HCV 

peptide [C5A]) derived from nonstructural 5A membrane anchor domain possesses potent anti-

HCV and anti-HIV activity in vitro. In this study, we aimed to investigate the potential of HCV 

peptide (C5A) to regulate host immune responses. The capacity of HCV peptide (C5A) in vitro to 

induce migration and calcium mobilization of human phagocytes and chemoattractant receptor-

transfected cells was investigated. The recruitment of phagocytes in vivo induced by HCV peptide 

(C5A) and its adjuvant activity were examined. The results revealed that HCV peptide (C5A) was 

a chemoattractant and activator of human phagocytic leukocytes by using a G-protein coupled 

receptor, namely formyl peptide receptor. In mice, HCV peptide (C5A) induced massive 

phagocyte infiltration after injection in the air pouch or the s.c. region. HCV peptide (C5A) also 

acted as an immune adjuvant by enhancing specific T cell responses to Ag challenge in mice. Our 

results suggest that HCV peptide (C5A) derived from HCV regulates innate and adaptive 

immunity in the host by activating the formyl peptide receptor.

Chemoattractants, including chemokines and classic chemotactic factors, are small 

molecules that play an important role in mediating leukocyte trafficking, hematopoiesis, 

wound healing, allergy, angiogenesis, HIV infection, and malignancy (1–3). The biologic 

effects of chemoattractants are mediated via their specific G-protein-coupled receptors. Most 
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chemoattractant receptors can be stimulated by several chemoattractants (4–6). Indeed, the 

classic chemotactic factor receptor formyl peptide receptor (FPR) binds the bacterial peptide 

N-formyl-methionyl-leucyl-phenylalanine (fMLF), virus HIV-derived peptide T20 and T21 

(7, 8), and endogenous ligands including formyl peptides released by mitochondria of 

ruptured cells (9,10), annexin I produced by activated epithelia (11), and a neutrophil 

granule protein, cathepsin G (12). Functional FPR has been detected in phagocytic 

leukocytes and cells of the non-hematopoietic origin (13–17), such as lung epithelial cells 

(16) and hepatocytes (17). These findings suggest that FPR may be involved in a broader 

spectrum of pathophysiologic processes, including viral infection.

Previous studies showed that chemoattractants have an important role in hepatitis C virus 

(HCV) infection (18–20). The levels of many chemokines in liver tissue or in serum are 

increased during HCV hepatitis (19, 20). The expression level of the chemokine CXCL10 

and its receptor CXCR3 correlates with liver damage (19). Patients with HCV had a lower 

proportion of peripheral blood CD8 T cells expressing chemokine receptors CCR1 and 

CCR5; this was associated with significantly reduced migration of CD8 T cells from such 

patients in response to the CCR1 and CCR5 chemokine agonists in vitro (21). Myeloid 

dendritic cells (DCs) generated from patients with HCV were less mature. Myeloid and 

plasmacytoid DCs from these patients express activated receptors for inflammatory 

chemokines (22), indicating activation of DCs by chemokines produced by the host during 

HCV infection. It has also been reported that HCV NS2 and NS3/4A proteins bind to 

chemokine gene promoters and downregulate the expression of genes for chemokines CCL5, 

CXCL8, and CXCL10 in host cells (23, 24). These observations suggest the capacity of viral 

components to regulate host responses during HCV infection. However, the involvement of 

FPR in HCV infection remains unclear.

The HCV nonstructural (NS) protein NS5A is cleaved by caspases 3 and 6 and by Ca2+-

dependent calpain proteases resulting in the formation of N-terminally truncated NS5A 

fragments (25–27). The truncated NS5A fragments accumulate in the nucleus and cytoplasm 

and impair HCV replication (28). These fragments might be released by damaged cells and 

interact with phagocytic cells to induce host defense responses during HCV infection. 

Recently, an amphipathic α-helical peptide (HCV peptide [C5A]) derived from the 

membrane anchor domain of the NS5A protein has been reported to be virucidal to HCV at 

submicromolar concentrations in vitro (29). HCV peptide (C5A) prevents de novo HCV 

infection and suppresses ongoing infection by inactivating both extracellular and 

intracellular infectious particles. Importantly, the peptide is nontoxic to normal host cells in 

vitro and in vivo at doses at least 100-fold higher than are required for antiviral activity. In 

addition to HCV, HCV peptide (C5A) inhibits infection by selected flaviviruses, 

paramyxoviruses, and HIV (29, 30). In order to understand the potential effects of HCV 

components on host immune responses, we tested four peptide fragments derived from the 

membrane anchor domain of NS5A protein (HCV peptide [C5A]) and the putative CD81 

binding regions (R1, R2, R3) of transmembrane envelope glycoproteins (E2) of HCV (31) 

for their capacity to activate human leukocytes. We report that HCV peptide (C5A) is a 

chemoattractant and activator of human phagocytic leukocytes by using a G-protein coupled 

formyl peptide receptor FPR.
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Materials and Methods

Reagents, cells, and animals

HCV peptide (C5A), an amphipathic α-helical peptide derived from the membrane anchor 

domain of NS5A protein, a scrambled control of HCV peptide (C5Ascr), and three putative 

CD81 binding regions of transmembrane envelope glycoproteins (E2) of HCV were 

synthesized and purified by Pi Proteomics, LLC (Huntsville, AL), according to the 

published sequences: HCV peptide (C5A): SWLRDIWDWICEVLSDFK-NH2 (aa 3–20 of 

NS5A) (5); Scrambled control of HCV peptide (C5Ascr): WSRDIWLWIDDVLSCFEK-

NH2; R1:YANGSGLDERPYCWHYPPR-NH2 (19 aa, 474–492 of E2); R2: 

SGAPTYSWGANDTDVFVLNNTRPPLGNWFGG-NH2 (31 aa, 522–551 of E2); R3: 

PYRLWHYPC-NH2 (9 aa, 612–619 of E2). The purity of the peptides was >95%, and the 

amino acid composition were verified by mass spectrometry. The endotoxin levels in 

dissolved peptide were undetectable (<0.125 EU/ml; LAL QCL-1000 Kit; Lonza, 

Walkersville, MD). The synthetic formyl peptide fMLF was purchased from Sigma (St. 

Louis, MO). Human PBMCs were isolated from Leukopaks through the courtesy of 

Transfusion Medicine Department (National Institutes of Health Clinical Center, Bethesda, 

MD). Monocytes were further purified by elutriation to yield >90% pure preparation. 

Neutrophils were purified from the same Leukopaks by 3% dextran sedimentation with a 

purity of 98%. Rat basophilic leukemia cells stably transfected with epitope-tagged FPR 

(ETFR) were a gift from Dr. R. Snyderman (Duke University, Durham, NC). The cells were 

designated ETFR and were grown in DMEM, 10% FCS, and 0.8 mg/ml geneticin (G418) to 

maintain selection pressure. The FPRL1 cDNA was cloned and transfected into human 

embryonic kidney cells 293 (designated FPRL1/293 cells), as reported previously (32). The 

cells were maintained in DMEM, 10% FCS, and 2 mg/ml Geneticin. Female C57BL/6 (B6; 

H-2b) mice, 8–10 wk of age, were purchased from the animal facility at the Sun Yat-Sen 

University (Guangzhou, China). All mice were treated according to the Association for 

Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and 

Vision Research.

Chemotaxis

Leukocyte, ETFR, and FPRL1/293 cell migration was assessed using a 48-well 

microchemotaxis chamber technique, as described previously (7, 32). Different 

concentrations of stimulants were placed in wells of the lower compartment of the chamber 

(Neuro Probe, Cabin John, MA), and 50 μl of the cell suspension (2 × 106 cells/ml) was 

added in wells of the upper compartment, which was separated from the lower compartment 

by a polycarbonate filter (pore size: 5 μm for leukocytes, 10 μm for ETFR and FPRL1/293 

cells). After incubation at 37°C (90 min for monocytes, 60 min for neutrophils, 180 min for 

T cells, and 300 min for ETFR or FPRL1/293 cells), migrated cells through the pores (the 

cells attached to the other side of the membrane and fallen into the bottoms of the lower 

wells) were collected and counted by FACSCalibur (BD Biosciences, San Jose, CA). The 

experiments were performed at least five times with each cell type, and the results are 

presented as the percentage of migrated cells versus the total loading cells.
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Calcium mobilization

Calcium mobilization in phagocytes was assayed as described previously (7, 32). Calcium 

mobilization in ETFR transfectants and parent rat basophilic leukemia cells was measured 

with the FlexStation II384 system (Molecular Devices) using Fluo-3AM as described 

previously (33). Florescence in the FlexStation II384 system was measured with the 

excitation wavelength at 485 nm and the emission wavelength at 525 nm, and it is shown as 

relative fluorescence units. The assays were performed at least three times, and results from 

representative experiments are shown.

Flow cytometric analysis

For the analysis of HCV peptide (C5A) binding to monocytes, the cells were incubated with 

10 μM biotin-HCV peptide (C5A; with or without 10 μM unlabeled HCV peptide [C5A] or 

fMLF) for 30 min in PBS containing 0.02% sodium azide at 4°C. The unbound biotin-HCV 

peptide (C5A) was washed extensively with PBS containing 0.2% BSA and 0.02% sodium 

azide. Next, the cells were incubated with streptavidin-FITC at 4°C for 30 min in the dark. 

Subsequently, cells were washed twice in washing solution (0.5% BSA-PBS with 0.02% 

azide). The cells were analyzed in a single laser for FITC with FACSCalibur (BD 

Biosciences, San Jose, CA). For the analysis of HCV peptide (C5A) on the regulation of 

CD11b expression, monocytes were stimulated with fMLF (10−7 M) or HCV peptide (C5A; 

10−5 M) at 37°C for 30 min. The cells were collected and stained with FITC-CD11b 

(Pharmigen, San Diego, CA) and analyzed.

Superoxide production

Human neutrophils were suspended in HBSS containing Ca2+ and Mg2+ at 106 cells/ml; 50 

μl (5 × 104 cells) were distributed into wells of a 96-well microtiter chemiluminescence 

plate and incubated at 37°C for 5 min. Next, a mixture of the superoxide-specific 

chemiluminescence indicator reagent Diogenes (National Diagnostics, Atlanta, GA) was 

added to the cells (50% of total reaction volume) with fMLF (10−7 M), HCV peptide (C5A; 

10−5 M), or vehicle control. Superoxide dismutase-inhibitable chemiluminescence was 

measured. To test the effect of HCV peptide (C5A) on LPS-primed cells, neutrophils were 

incubated with LPS (100 ng/ml) at 37°C for 20 min, and then superoxide was measured. 

Data are expressed as integrated luminescence (relative light units). A p value <0.05 

indicates significant differences.

Degranulation assay

To measure β-glucuronidase release, neutrophils were preincubated with 10 μM cytochalasin 

B in HBSS containing 20 mM HEPES (pH 7.4) and 0.1% BSA for 15 min on ice, followed 

by 15 min at 37°C. The cells were then stimulated for 10 min with the indicated amounts of 

HCV peptide (C5A) or fMLF at 37°C. The reaction was terminated by placing samples on 

ice, and supernatant was immediately separated from cell pellet by centrifugation. The 

amount of β-glucuronidase was quantified by incubating 20 μl supernatant with 20 μl of 10 

mM 4-methylumbelliferyl β-D-glucuronide hydrate in 0.1 M sodium acetate (pH 4.0) and 

0.1% Triton X-100 at 37°C for 15 min. The reaction was terminated by adding 300 μl Stop 

Solution (pH 10.4) containing 50 mM glycine and 5 mM EDTA. Fluorescence was measured 
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immediately with an excitation wavelength at 365 nm and an emission wavelength at 460 

nm. Total cellular β-glucuronidase was determined with cell lysate in 0.1% Triton X-100. 

Data are presented as a percentage of total β-glucuronidase released.

MAPK assay

Human monocytes (5 × 106 cells/ml) were stimulated with fMLF (10−7 M) or HCV peptide 

(C5A; 10−5 M) at 37°C for 5 min. The reaction was terminated by brief centrifugation and 

adding 80 μl of ice-cold SDS-PAGE loading buffer after removing the supernatant. Samples 

were sonicated twice for 15 s each. After boiling, samples were analyzed by SDS-PAGE and 

Western blotting using anti-ERK1/2 and anti–phospho-ERK1/2 Abs (Cell Signaling 

Technology) at a 1/1000 dilution. After washing, the membrane was incubated with an HRP-

conjugated anti-rabbit Ab (1/3000 dilution; Bio-Rad). The resulting immunocomplex was 

visualized using SuperSignal West Pico Chemiluminescence kit (Pierce), according to the 

manufacturer’s instructions.

Air pouch assay and exudate preparation

To evaluate the effect of HCV peptide (C5A) on in vivo cell migration, an air pouch assay 

was used. Air pouches were raised on the dorsum by s.c. injection of 3 ml sterile air on days 

0 and 3. On day 6, mice with well-formed air pouches were randomized into three different 

groups, in which each mouse was injected with 1 ml endotoxin-free PBS alone or PBS 

containing 10 μM HCV peptide (C5A), or 100 nM fMLF into the air pouches. Four hours 

after the injection, the mice were sacrificed by CO2 asphyxiation, and the air pouches were 

washed once with 2 ml PBS containing 5 mM EDTA and 20 U/ml heparin. The exudates 

were centrifuged at 500 × g for 5 min at room temperature. Cells were counted with a 

hematocytometer following Trypan Blue staining. Characterization of leukocyte 

subpopulations migrating into the pouch space was performed by eosin-methylene blue 

staining of cytospin slides.

Measurement of phagocyte accumulation in skin

The backs of mice were shaved and 50 μl HCV peptide (C5A) at 10 μM or PBS was injected 

s.c. using 27-gauge needles. Ten hours later, the injected sites were removed and fixed in a 

10% formaldehyde neutral buffer solution. Paraffin-embedded tissue was cut into 4-μm 

sections and stained with H&E.

Immunization and detection of splenocyte proliferation and cytokine production

Six- to 8-wk-old C57BL/6 mice (5 mice per group) were injected i.p. on day 0 with 0.2 ml 

PBS containing 50 μg OVA (Sigma-Aldrich) in the presence of alum (Sigma-Aldrich), 10 

μM HCV peptide (C5A), or 1 μM fMLF. On day 14, all mice were booster immunized by 

i.p. injection of 0.2 ml PBS containing 50 μg OVA. On day 21, immunized mice were 

sacrificed to remove spleens. OVA-specific splenocyte proliferation, cytokine production, or 

both were measured as described previously with minor modifications (34). Splenocytes (5 × 

105 cells/well) were seeded in triplicate in flat-bottom 96-well plates in complete RPMI 

1640 medium (0.2 ml/well) and incubated in the presence or absence of the indicated 

concentrations of OVA at 37°C in a CO2 incubator for 72 h. MTT solution (10 μl of 5 
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mg/ml) was added to each well, and the cultures were further incubated for 4 h at 37°C. 

Cells were then resuspended in 100 μl of 0.04 M HCl/isopropanol solution, and the 

incubation was continued for 2 h to solubilize formazan violet crystals in the cells. The 

absorbance in each well was determined by spectrophotometry at the dual wavelengths of 

570 and 630 nm on a microplate reader (Pharmacia, Sweden). For cytokine production, 

pooled splenocytes of each group were cultured in RPMI 1640 in 24-well plates (5 × 106 

cells/ml/well) with 20 μg/ml of OVA for 48 h before culture supernatants were harvested for 

the measurement of cytokines (ELISA kits were obtained from R&D Systems).

Statistical analysis

Data were expressed as the mean ± SD. The unpaired Student t test was used to compare the 

differences between testing and control groups. Differences resulting in p ≤ 0.05 were 

considered to be statistically significant.

Results

HCV peptide (C5A) is a chemoattractant and activator of human monocytes and 
neutrophils

The effects of HCV peptide (C5A) were first investigated for their ability to induce human 

leukocyte migration, a crucial step for cell homing and accumulation at sites of 

inflammation or injury. This was measured by testing the migratory response of the cells to 

concentration gradients of the peptides placed in the bottom wells of a chemotaxis chamber. 

As shown in Fig. 1A and 1B, human peripheral blood monocytes and neutrophils, but not 

CD3+ T lymphocytes, migrated in response to HCV peptide (C5A) in a dose-dependent 

manner. The dose-response curve was bell shaped, a typical pattern shown by well-defined 

leukocyte chemoattractants, including fMLFs and chemokines (7, 32). However, HCV 

peptide (C5A) added simultaneously to the cells of the upper wells of the chamber abrogated 

the cell migration induced by equal concentrations of HCV peptide (C5A) in the lower wells 

(data not shown). Thus, HCV peptide (C5A)-induced migration of monocytes and 

neutrophils was based on chemotaxis rather than chemokinesis. The chemotactic activity of 

scrambled control of HCV peptide (C5Ascr) and other three synthetic peptides (R1, R2, and 

R3) derived from D81-binding regions of HCV transmembrane envelope glycoproteins (E2) 

(31) was also tested, but none of them induced the migration of human monocytes (Fig. 1C) 

and neutrophils (Fig. 1D).

We next examined whether HCV peptide (C5A)-induced monocyte and neutrophil migration 

was due to activation of a specific receptor. The migration of monocytes to HCV peptide 

(C5A) was completely inhibited by pretreatment of the cells with pertussis toxin (PT), but 

not cholera toxin (Fig. 1E). PT also completely inhibited the migration of neutrophils in 

response to HCV peptide (C5A; Fig. 1E), suggesting that a G-protein of the Gi-type coupled 

receptor was involved (3). This finding was supported by induction of a dose-dependent and 

pertussis toxin-sensitive calcium (Ca2+) mobilization in monocytes by HCV peptide (C5A; 

Fig. 2A, 2B). The capacity of HCV peptide (C5A) to desensitize cell response to subsequent 

stimulation with other chemoattractants was then tested to determine whether this peptide 

shared a G-protein–coupled receptor with other chemoattractants. HCV peptide (C5A) did 
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not cross desensitize the Ca2+ flux induced by a number of chemokines, including CXCL8, 

CCL2, CCL5, CCL7, or CCL3 (Fig. 2C, 2D, and data not shown), suggesting that HCV 

peptide (C5A) does not share a receptor with any of these chemokines. However, the 

bacterial chemotactic peptide fMLF markedly desensitized HCV peptide (C5A)-induced 

Ca2+ mobilization in monocytes (Fig. 2E, 2F). The desensitization of Ca2+ flux between 

fMLF and HCV peptide (C5A) at equal concentrations (1 μmol/l) is shown in Fig. 2E and 

2F. HCV peptide (C5A) had a negligible effect on subsequent cell response to fMLF 

stimulation. However, fMLF at 10−8 M desensitized the calcium mobilization induced by 

HCV peptide (C5A) at 10−6 M, whereas HCV peptide (C5A) at 10−6 M desensitized the 

calcium flux induced by fMLF at 10−8 M (Fig. 2E, 2F). These results suggest that fMLF is a 

more potent activator of phagocytes than HCV peptide (C5A). In addition, because HCV 

peptide (C5A) desensitized the effect of low-dose (nM) fMLF in induction of calcium flux 

in monocytes, we hypothesized that HCV peptide (C5A) might use a cell surface receptor, 

which interacts also with fMLF in the nanomole range on human phagocytic cells (3, 13).

HCV peptide (C5A) may be a ligand for FPR on phagocytic cells

To determine whether HCV peptide (C5A) interacts with FPR, its variant FPRL1, or both, or 

the two cognate receptors for fMLF, we performed receptor-binding analyses and cross-

desensitization experiments using flow cytometric analyses. Monocytes were stained with 

biotin-HCV peptide (C5A) and subsequently with streptavidin-FITC. The results showed 

that HCV peptide (C5A) bound to monocytes (Fig. 3A). The binding was markedly reduced 

by the addition of unlabeled HCV peptide (C5A) and fMLF. We next evaluated whether the 

FPR receptor antagonist Boc-PLPLPL could block the effects of HCV peptide (C5A). The 

results from cell migration assays showed that Boc-PLPLPL blocked the migration of 

monocytes induced by HCV peptide (C5A; Fig. 3B). These results indicate that HCV 

peptide (C5A) may bind to FPR on monocytes. To verify whether HCV peptide (C5A) uses 

FPR, we tested the effect of HCV peptide (C5A) on a rat basophil leukemia cell line 

transfected to express an epitope-tagged FPR (ETFR cells) (35). HCV peptide (C5A)-

induced a dose-dependent Ca2+ mobilization in ETFR cells (Fig. 4A), but not in parental 

cells or mock-transfected cells (Fig. 4B), indicating that the response was mediated by FPRs 

in ETFR cells. We also examined the effect of HCV peptide (C5A) on 293 cells transfected 

with FPRL1 (FPRL1/293) cells, a low-affinity receptor for fMLF. Fig. 4C shows that T21 

(8), an FPRL1 receptor cognate ligand, but not HCV peptide (C5A), induced calcium 

mobilization in FPRL1 transfectants. Thus, FPR was responsible for the unidirectional 

desensitization between fMLF and HCV peptide (C5A) in calcium mobilization in human 

phagocytes. Chemotaxis assays were then used as another sensitive biologic parameter to 

assess the usage of chemoattractant receptors by potential agonists, as reported in our 

previous studies (7, 32). ETFR cells were induced by fMLF to migrate across 

polycarbonatefilters coated with collagen type I, whereas HCV peptide (C5A) induced a 

similar migration of the ETFR cells, although with lower potency than fMLF (Fig. 4D, 4E). 

In contrast, HCV peptide (C5A) or fMLF did not induce migration of mock-transfected cells 

(data not shown). The chemotactic activity of HCV peptide (C5A) on cells transfected with 

FPRL1 was also examined, and the peptide did not induce FPRL1 cell migration at all 

concentrations tested (data not shown). These results indicate that HCV peptide (C5A) uses 

FPR as a functional receptor.
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HCV peptide (C5A) induced superoxide production, degranulation, and MAPK activation 
and enhanced CD11b expression by phagocytes

Superoxide generation is an important bactericidal function of neutrophils. We examined 

whether HCV peptide (C5A) could induce superoxide production in neutrophils and, if so, 

whether this activity could be desensitized by prestimulation with fMLF. Fig. 5A shows that 

both HCV peptide (C5A) and fMLF could induce superoxide production in neutrophils. 

Furthermore, the effect of HCV peptide (C5A) was cross-desensitized by fMLF or vice 

versa. The response to HCV peptide (C5A) was markedly attenuated in LPS-primed cells 

(Fig. 5A). We next investigated whether HCV peptide (C5A) was able to induce the 

degranulation from neutrophils. Neutrophils were stimulated with fMLF and HCV peptide 

(C5A), and the release of β-glucuronidase was determined. HCV peptide (C5A) induced 

significant enzyme release, with an optimum concentration at 10 μM. However, this activity 

of HCV peptide (C5A) was ~100-fold less than fMLF (Fig. 5B). HCV peptide (C5A) could 

also induce ERK1/2 phosphorylation at 1 μM (Fig. 5C). In addition, similar to LPS or fMLF, 

HCV peptide (C5A) upregulated CD11b expression on monocytes (Fig. 5D). Irrelevant 

peptides R1, R2, and R3 derived from HCV failed to activate phagocytes in all experiments 

performed (data not shown). These data indicate that HCV peptide (C5A) is an activator of 

human monocytes.

HCV peptide (C5A) induces the accumulation of phagocytes in vivo

To confirm the chemoattractant activity of HCV peptide (C5A) in vivo, we determined the 

number and identity of cells accumulating in response to injection of HCV peptide (C5A) 

into the air pouches of mice. Four hours after injection of PBS, fMLF, or HCV peptide 

(C5A) into the air pouches, cells infiltrating into the air pouches were washed out and 

counted. Leukocyte subpopulations were distinguished by eosin-methylene blue staining of 

cytospin slides. Fig. 6A shows the total number of leukocytes recruited into the air pouches 

of each mouse group. Injection of HCV peptide (C5A) enhanced the recruitment of total 

leukocytes into the air pouches. The number of leukocytes recruited by HCV peptide (C5A) 

increased by 2.5-fold compared with control air pouches injected with PBS. In agreement 

with the in vitro chemotactic activity, the cells recruited into the air pouches by HCV peptide 

(C5A) were monocytes and neutrophils rather than lymphocytes (Fig. 6B). We further tested 

the chemotactic activity of HCV peptide (C5A) in vivo by s.c. injection of the peptide. Ten 

hours after injection, HCV peptide (C5A) induced typical features of inflammation, 

consisting of local redness and swelling of the skin with dilated blood vessels and massive 

numbers of infiltrating leukocytes as observed in a histologic examination (Fig. 6C). These 

data indicate HCV peptide (C5A) as a chemoattractant for monocytes and neutrophils in 

vivo.

HCV peptide (C5A) acts as an adjuvant to enhance immune responses

Many microbes and their products possess adjuvant activity to enhance immune responses of 

the host. We determined the potential activity of HCV peptide (C5A) in enhancing Ag-

specific immune response in vivo. Naive C57BL/6 mice were immunized with OVA in the 

presence or absence of HCV peptide (C5A) or fMLF, and measured for the subsequent 

immune responses. Splenocytes from the mice immunized with OVA in the presence of 
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HCV peptide (C5A) or fMLF showed enhanced OVA-specific T cell proliferative responses 

(Fig. 7A). Splenocytes of the mice immunized with OVA in the presence of HCV peptide 

(C5A) or fMLF produced predominantly IFN-γ and IL-17, but not IL-4, suggesting that 

HCV peptide (C5A) and fMLF polarized OVA-specific Th1 and Th17 T cell responses in 

mice (Fig. 7B).

Discussion

This study demonstrates that HCV peptide (C5A) is able to activate FPR on phagocytic 

cells. This property of HCV peptide (C5A) might have an important role in the recruitment 

and activation of phagocytic cells during HCV infection. Phagocytic leukocytes respond to a 

large number of chemoattractants with activation of integrins, directional cell migration, 

generation of superoxide anions, and release of granule contents. These functions constitute 

the first line of host defense against invading microorganisms and tissue injury. Over the past 

three decades, numerous chemoattractants have been identified and include the classical 

chemoattractants such as the bacterial chemotactic peptide fMLF, C5a, LTB4, and platelet-

activating factor, as well as a superfamily of chemokines (1–3, 7). Both classical 

chemoattractants and chemokines activate G-protein coupled receptors (GPCRs) expressed 

on cells of hematopoietic origin and on other cell types. In addition to their role in infection 

and inflammation, there is growing evidence for the involvement of one or more 

chemoattractants in leukocyte trafficking, coagulation, hematopoiesis, wound healing, 

allergy, atherogenesis, angiogenesis, and malignancy (1–3, 7, 36, 37). The scope of 

chemoattractant receptor research has greatly expanded because of the discovery that several 

GPCRs, CCR5 and CXCR4 in particular, also serve as coreceptors for HIV type 1 (HIV-1) 

(7, 38). In addition, some viruses contain components that activate GPCRs on host cells (7, 

15, 32, 37). This study revealed an HCV component HCV peptide (C5A) as an activator of 

host phagocyte by using the GPCR FPR, which was originally identified as a receptor for the 

gram-negative bacterial product.

The role of FPR in the pathophysiologic processes of HCV infection requires further 

investigation. HCV peptide (C5A) does not bear any sequence identity with the reported 

FPR agonistic peptides, including the absence of an N-formyl group, suggesting that it is the 

conformation rather than the primary sequence that determines its activity. Activation of 

FPR in leukocytes and glioma cells has been shown to elicit increased production of 

proinflammatory cytokines, chemokines, and angiogenic factors (36). Interestingly, 

functional FPR has also been detected in hepatocytes, and it promotes the production of 

acute phase proteins in response to fMLF (17). Thus, FPR expressed on hepatocytes might 

participate in the inflammatory courses in liver. Previous studies have shown that the 

expression levels of chemokines in the liver are positively correlated to the severity of 

hepatic inflammation in chronic HCV infection (18, 39, 40). The elevated expression of the 

chemokines in a severely inflamed liver could attract leukocytes more efficiently than 

express relevant chemokine GPCRs to the liver (40–42). However, it remains to be 

determined whether HCV peptide (C5A) plays a role in activating hepatocytes to produce 

increased levels of chemokines.
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Although HCV peptide (C5A) could exacerbate liver damage during infection by activating 

FPR on leukocytes and hepatocytes, it could also promote host immune responses required 

for the destruction and clearance of infectious agents. Our in vivo experiments showing 

HCV peptide (C5A) as a phagocyte recruiter and enhancer of OVA-specific T cell responses 

(Fig. 7A), suggesting that HCV peptide (C5A) has the capacity to promote innate and 

adaptive immune responses. In this context, HCV peptide (C5A) may be considered as a 

basis for the development of anti-HCV agents and immune adjuvants.
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FIGURE 1. 
Induction of phagocyte migration by HCV peptide (C5A). Different concentrations of HCV 

peptide (C5A), scrambled control of HCV peptide (C5Ascr), and R1, R2, and R3 peptides 

were placed in the lower wells of the chemotaxis chamber; cell suspension was placed in the 

upper wells. The upper and lower wells were separated by polycarbonate filters. After 

incubation, the cells that migrated across the filters were stained and counted or collected 

and counted by FACSCalibur. A, Migration of human monocytes across the filters in 

response to 10 μM HCV peptide (C5A) or 100 nM fMLF (open arrow, pore; solid arrow, 

migrated monocyte; original magnification × 200). B, Percentage of leukocyte migration in 

response to HCV peptide (C5A) over total loading cells. C and D, The migration of 

monocytes (C) and neutrophils (D) in response to scrambled HCV peptide (C5Ascr), R1, 
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R2, and R3. E, Inhibition of monocyte migration in response to HCV peptide (C5A) (10−5 

M) or fMLF (10−7 M) by pretreatment of the cells with PT (100 ng/ml) or cholera toxin (CT, 

100 ng/ml) for 30 min at 37°C.
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FIGURE 2. 
Calcium (Ca2+) mobilization in phagocytes induced by HCV peptide (C5A). Human 

phagocytes were loaded with Fura-2 and stimulated with HCV peptide (C5A). The ratio of 

fluorescence at 340 and 380 nm wavelength was recorded and calculated using the 

FLWinLab program. A, Dose response of HCV peptide (C5A) in monocytes. B, Inhibition 

of monocyte response to HCV peptide (C5A; 10−6 M) by pretreatment of the cells with PT 

(100 ng/ml) but not cholera toxin (CT; 100 ng/ml). C, Cross-desensitization of Ca2+ flux 

between 10−6 M of HCV peptide (C5A) and CCL2 in monocytes. D, Cross-desensitization 

of Ca2+ flux between 10−6 M HCV peptide (C5A) and CXCL8 in neutrophils. E and F, 

Desensitization of HCV peptide (C5A)-induced Ca2+ flux by 10−8 M fMLF (E) or 

desensitization of fMLF-induced Ca2+ flux by 1 μM HCV peptide (C5A) (F) in monocytes.
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FIGURE 3. 
A, Flow cytometric analysis of HCV peptide (C5A) binding to monocytes. Monocytes (1 × 

107 cells/ml) were stained with 10 μM biotin-HCV peptide (C5A) in the absence or presence 

of 10 μM HCV peptide (C5A) or 10 μM fMLF. The samples were further incubated with 

streptavidin-FITC and analyzed in FACSCalibur as described in Materials and Methods. B, 

Inhibition of monocyte migration in response to HCV peptide (C5A; 10−5 M) by 

pretreatment of fMLF antagonist Boc-PLPLPL as described in Materials and Methods.
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FIGURE 4. 
Activation of FPR transfected cells (ETFR cells) by HCV peptide (C5A). Calcium 

mobilization in ETFR tranfectants (A), rat basophilic leukemia parent cells (B), or 

FPRL1/293 cells (C) was measured with FlexStation II384 system using Fura-3AM. Changes 

in intracellular calcium concentration in response to agonists were recorded as relative 

fluorescence units (RFUs). D and E, Induction of ETFR cell migration by HCV peptide 

(C5A). Different concentrations of HCV peptide (C5A) were placed in the lower wells of the 

chemotaxis chamber; cell suspension was placed in the upper wells. The upper and lower 

wells were separated by polycarbonate filters. After incubation, the cells migrated across the 

filters were stained and counted or collected and counted by FACSCalibur. D, Migration of 

ETFR cells across the filters in response to 10−5 M HCV peptide (C5A; original 

magnification ×200). E, Percentage of ETFR cell migration in response to HCV peptide 

(C5A) in total loaded cells.
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FIGURE 5. 
A, Induction of superoxide generation by HCV peptide (C5A) in neutrophils: Resting or 

LPS-primed neutrophils were stimulated with fMLF, with HCV peptide (C5A), or 

sequentially with fMLF (10−7 M), HCV peptide (C5A) (10−5 M) in the order shown. The 

superoxide produced was measured as described in Materials and Methods. B, Release of β-

glucuronidase in neutrophils stimulated with HCV peptide (C5A). Neutrophils were 

stimulated with different concentrations of fMLF or HCV peptide (C5A) as described in 

Materials and Methods. The results show dose-dependent secretion of β-glucuronidase from 

the stimulated cells as mean ± SEM, based on triplicate measurements from three 

independent experiments, using neutrophils from different donors. C, ERK1/2 

phosphorylation in monocytes stimulated with HCV peptide (C5A). Monocytes were 

stimulated with HCV peptide (C5A) 10−5 M or fMLF 10−7 M for 5 min. The cells were 

harvested and the phosphorylated ERK1/2 were determined by Western blotting using an 

anti-phospho-ERK Ab. Equal loading of the proteins was determined with an anti-ERK1/2 

Ab. Data shown are representative of two independent experiments. D, HCV peptide (C5A) 

regulated CD11b expression on monocytes. Monocytes were stimulated with fMLF (10−7 

M) or HCV peptide (C5A; 10−5 M) at 37°C for 30 min. The cells were collected and stained 

with FITC-CD11b and analyzed by FACSCalibur.
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FIGURE 6. 
In vivo recruitment of mouse leukocytes by HCV peptide (C5A). A, One milliliter of 

endotoxin-free PBS or PBS containing HCV peptide (C5A; 10−5 M) or fMLF (10−7 M) was 

injected into experimentally formed air pouches in C57BL/6 mice. Four hours later, 

leukocytes recruited into the pouches were collected, enumerated, and presented as the 

average cell number (mean ± SD) per pouch. B, The migration of various subpopulations of 

leukocytes (neutrophils, monocytes, and lymphocytes) into the air pouches of mice in 

response to HCV peptide (C5A) was determined by differential counting after staining the 

cytospin slides of leukocytes collected from air pouches. C, Skin redness, swellings, and cell 

infiltration induced by HCV peptide (C5A) injected s.c. (100 μl/10 μM). The tissues were 
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collected for histologic examination 10 h after challenge (original magnification ×10). In all 

experiments, three mice per group were used. *p < 0.05 compared with PBS-treated group.
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FIGURE 7. 
HCV peptide (C5A) enhancement of OVA-specific cellular immune responses. C57BL/6 

mice were immunized i.p. on day 0 with 0.2 ml PBS containing 50 μg OVA in the presence 

of alum (3 mg), HCV peptide (C5A; 10 μM) or fMLF (1 μM). On day 14, mice were 

booster-immunized by i.p. injection of 0.2 ml PBS containing 50 μg OVA. Ag-specific T cell 

proliferation (A) and cytokine production (B) were measured. The data from one of three 

representative experiments are shown. *p < 0.05 compared with PBS-treated group.
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