
REVIEW

The role of chemokines in acute and chronic hepatitis C
infection
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Hepatitis C imposes a significant burden on global healthcare. Chronic infection is associated with progressive

inflammation of the liver which typically manifests in cirrhosis, organ failure and cancer. By virtue of elaborate evasion

strategies, hepatitis C virus (HCV) succeeds as a persistent human virus. It has an extraordinary capacity to subvert the

immune response enabling it to establish chronic infections and associated liver disease. Chemokines are low molecular

weight chemotactic peptides that mediate the recruitment of inflammatory cells into tissues and back into the lymphatics

and peripheral blood. Thus, they are central to the temporal and spatial distribution of effector and regulatory immune

cells. The interactions between chemokines and their cognate receptors help shape the immune response and therefore,

have a major influence on the outcome of infection. However, chemokines represent a target for modulation by viruses

including the HCV. HCV is known to modulate chemokine expression in vitro and may therefore enable its survival by

subverting the immune response in vivo through altered leukocyte chemotaxis resulting in impaired viral clearance and

the establishment of chronic low-grade inflammation. In this review, the roles of chemokines in acute and chronic HCV

infection are described with a particular emphasis placed on chemokine modulation as a means of immune subversion.

We provide an in depth discussion of the part played by chemokines in mediating hepatic fibrosis while addressing the

potential applications for these chemoattractants in prognostic medicine.
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HEPATITIS C VIRUS (HCV): THE NON-A, NON-B

CAUSATIVE AGENT OF VIRAL HEPATITIS

Over 170 million people globally are infected with the HCV,1,2

the majority of whom will establish chronicity with long term

complications such as cirrhosis, liver failure and hepatocellular

carcinoma (HCC).3–5 HCV is a hepatotrophic, non-cyto-

pathic, enveloped particle of 40–70 nm in diameter.6,7 It

belongs to the Hepacivirus genus within the Flaviviridae family

and has a host range limited to just chimpanzees and

humans.6,8 The HCV genome comprises a positive sense

ssRNA molecule which measures 9.6 Kb in length and contains

39 and 59 untranslated regions flanking a single open reading

frame. The open reading frame encodes a 3000 residue poly-

protein which is cleaved by host and viral proteases into four

structural and seven non-structural components.9 The virus is

categorized into seven known genotypes which can be deli-

neated further into several distinct subtypes.10 Individual

HCV genotypes and subtypes may exhibit extensive sequence

divergence contributing to variable pathogenicity and treat-

ment susceptibility.11 Treatment of chronic HCV infection

currently involves 24–48 weeks of combinational therapy con-

sisting of pegylated interferon-a (IFN-a) and the guanosine

analogue ribavirin.12 Sustained virological response (SVR)

rates with antiviral therapy are highly variable and success with

treatment depends on both host and viral factors. Furthermore,

the lack of an efficacious vaccine and the meagre success rates

offered by existing regimens means that current medical treat-

ment remains limited.13

MICROANATOMY AND IMMUNOLOGY OF THE LIVER

Aforementioned, HCV is typically hepatotrophic. Therefore, it

is worth briefly discussing the unique structure and immune

properties of the liver. The hepatic vascular bed is dually sup-

plied by the hepatic arteries and portal vein which drain

towards a network of specialized capillaries termed hepatic

sinusoids.14 The sinusoids are lined with fenestrated endothelial
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cells (ECs) and luminal Kupffer cells (KCs), and run parallel to

one another through liver parenchyma allowing perfusion of

the tissue with an oxygenated, nutritive and antigen rich blood

supply.14,15 On return to the systemic circulation, blood passes

to the central veins and from there to the hepatic veins before

exiting via the extrahepatic inferior vena cava.16 Between sinus-

oidal endothelium and liver parenchyma lies the space of Disse

which contains fat storing hepatic stellate cells (HSC) and liver

resident dendritic cells (DCs).17 Immune surveillance and tol-

erance within the liver is mediated by a system of innate

defences which features sentinel cells, natural killer (NK) cells

and natural killer T (NKT) cells. Additionally, the liver is popu-

lated by all typical classes of effector and memory T and B cells

as well as CD251FoxP31 regulatory T cells (Tregs).19 For a

more detailed account of the immunological properties of

the liver, several comprehensive reviews have been previously

published.17,18,20–28

DETERMINANTS OF ACUTE AND CHRONIC HCV

INFECTION

Acute infections are typically asymptomatic, therefore studies

on immunity to HCV infection have been for the large part

limited to chronically infected patients or immune chimpan-

zees.13 The outcome of acute infection is generally configured

within the initial 6 months and ultimately depends on the

magnitude, breadth and specificity of the adaptive immune

response.13 Acute resolving infections are characterized by

early expansion of polyclonal CD41 and CD81 T-cell popula-

tions which are sustained through to clearance.8 By contrast,

chronic infections are associated with transient delayed res-

ponses that are weak and target a narrow range of MHC class

I and II restricted epitopes29 which may explain the apparent

deficiency or absence of antigen-specific cytotoxic T lympho-

cytes (CTLs). The adaptive response in chronic infection is

generally short-lived and regardless of any initial vigour in

helper cell proliferation, CD41 effector functions are signifi-

cantly reduced 30,31 and CD81 T cells appear functionally

exhausted.32 Unlike acute infections, chronic infections are

characterized by poor memory induction and increased pro-

grammed death-1 expression on exhausted CD81 T cells in

both the liver and peripheral blood.31,33 Blunt and short-lived

responses in chronically infected individuals may be explained

in part by defects in antigen presentation. Such impairment

might give rise to insufficient T-cell priming, late expansion

of HCV-specific clones and subsequent delay in IFN-c produc-

tion.34 Defective myeloid dendritic cell (mDC) allostimulatory

capacity has been reported in some patient studies and is asso-

ciated with decreased IL-12 production and a reciprocal

increase in IL-10.34 This is further supported by the observa-

tions that HCV viral proteins have ability to modulate mono-

cyte and DC secretion profiles in cell culture.35 Although the

frequency of plasma cells is increased during chronic HCV

infection, the majority of these are nonspecific and in non-

resolving infections, neutralizing antibodies fail to clear the

virus.13 Despite these impairments, antibodies and CTLs exert

selective pressure and contribute to the emergence of viral

escape mutants.36 Why exactly persistent infections are estab-

lished is not yet clear and the reasons for such extensive vari-

ation in patient responses against infection remain obscure.

Current hypotheses aimed at explaining these phenomena

include; the potential role of Tregs within the liver, defects in

secretory mechanisms, susceptibility conferred by particular

HLA types and chemokine modulation.29,37–39

CHEMOKINE SIGNALLING AND LEUKOCYTE

MIGRATION

Chemokines are a family of small (8–12 kDa), chemotactic

glycoproteins which regulate cell trafficking.40 These proteins

are commonly referred to as homeostatic or inflammatory

depending on the context in which they are expressed.41

Through ligation of their cognate receptors, they initiate sig-

nalling pathways culminating in the polarization, migration

and extravasation of leukocytes from blood into tissues.42

They are classified into four groups; CXC (a), CC (b), XC

(c) and CX3C (d) chemokines based on an N-terminal tetra

cysteine motif. CXC chemokines display a generic amino acid

(X) between their first two cysteine residues while the first two

cysteine residues of a CC chemokine lie adjacently.43,44 XC

chemokines lack the typical first and third cysteine residues

whereas the only known CX3C chemokine, Fractalkine displays

a sequence of 3 amino acids between its first two cysteines.45

Chemokine receptors belong to the rhodopsin-like GPCR

superfamily. They are structured into seven transmembrane

helices, an extracellular ligand binding domain and a cytoplas-

mic carboxy terminus rich in serine and threonine resi-

dues.43,46,47 Phosphorylation of the chemokine receptor upon

activation promotes dissociation of its heterotrimeric G pro-

tein, transduction of intracellular signals and the subsequent

binding of b-arrestins.46 b-arrestins induce receptor desens-

itization and internalisation by sterically preventing the G pro-

tein from re-associating with the GPCR.42,44 This feedback

mechanism permits regulation of chemotaxis and cell migra-

tion at the point of the receptor or at the level of its downstream

effectors.42,44 The extravasation of leukocytes from peripheral

blood into underlying tissues during inflammation is a process

which is heavily reliant on chemokine signalling for its ini-

tiation.48,49 Chemokines released by vascular endothelium,

through various chemokine receptors, initiate a signalling cas-

cade downstream of the GPCR. This cascade leads to activation

of Rap-1-GTP which triggers integrin clustering and talin-

mediated stabilization.42,50 This results in enhanced affinity

of integrins for adhesion receptors such as ICAM-1 and sub-

sequent arrest of the leukocyte upon the vessel wall.48 The cell

then uses amoeboid ‘crawling’ motion to navigate along the

apical side of the endothelium towards chemokine gradients.49

The link between heterotrimeric G protein activation and that

of the small GTPases is not completely understood. However,

activation of the small GTPases Rho, Rac and Cdc42 is

mediated by guanine exchange factors downstream from the

heterotrimeric G protein and results in the polymerisation of

G-actin into F-actin, lamellipod formation and a migratory

phenotype.42,44
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THE ROLE OF CHEMOKINES IN HCV INFECTION

Type 1 helper T cell (Th1)-associated CXC chemokine receptor

3 (CXCR3)- and CC-chemokine receptor 5 (CCR5)-binding

chemokines are detected in the peripheral blood approximately

2–8 weeks after initial infection with HCV.51 However, anti-

gen-specific intrahepatic T cells are not observed until 8–12

weeks post infection which suggests that a late priming of spe-

cific CD81 T cells is responsible for delayed liver infiltration

rather than a defect in chemokine synthesis.52 While chemo-

kine production does not appear to dictate the outcome of

acute infection, it represents a target in HCV evasion with

implications for effector cell recruitment and viral elimination.

Inflammatory CXC and CC chemokines are upregulated in the

liver and peripheral blood during chronic HCV infection.53

Moreover, their distribution within the liver directs migration

to specific anatomical sites54 (Figure 1). Th1-polarized clones

which dominate the HCV-infected liver are characterized by

CXCR3, CCR5 and CCR7 expression.55 Their secretion profile

includes an array of pro-inflammatory (IL-1B, IL-6, tumour-

necrosis factor (TNF)-a) and Th1-type (IFN-c, IL-12, IL-18)

cytokines which dictate the local chemokine response.56 Th1-

type CXCR3 and CCR5 ligand synthesis may be induced by

IFN-c or TNF-a in JAK/STAT- or NF-kB-mediated pathways

respectively.57 These ligands may also be induced by IL-12 and

IL-18 production and may depend on IL-6 amplifier activity

for efficient gene expression.58–63 Moreover, IFN-c, TNF-a and

IL-1b are capable of stimulating CXCL2 and CCL2 expression

in vitro.64 Th2 cell-derived cytokines (IL-10, IL-4, IL-5 and IL-

13), on the other hand, downregulate Th1 responses and pro-

mote humoral immunity.65 Stimulation of DCs with IL-10 in

particular has been shown to downregulate IL-12, IFN-a and

CCR7 expression while upregulating CCR5 mRNA.56,66,67 T

cells polarized towards a Th2 response typically express

CCR3, CCR4 and CCR8 and the classical Th2-type chemokines

include CCL17 and CCL22.68,69 HCV may interfere with DC

trafficking by modulating chemokine expression and thus
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Figure 1 Chemokine expression profile compartmentalizes the immune response to HCV in the chronically infected liver. Blood enters the liver
lobule from the hepatic artery and portal vein, and flows via the sinusoids towards the central vein. Extravasation of leukocytes out of the blood and
physical trapping of specific effector subsets is mediated by chemokine secretion profiles in discrete anatomical compartments. Potent cytotoxic
reactions ensue within the PORTAL TRACTS retained by upregulated expression of CCR5 associated chemokines (CCL3, CCL4 and CCL5) on
portal endothelium, while a nonspecific CCR51/CXCR31 Th1 subset dominates the helper cell population in the SINUSOIDS and hepatic
parenchyma attracted by an upregulated expression of CXCL9–11. Upon maturation, dendritic cell and T-cell subtypes change surface expression
of chemokine receptor CCR, facilitating their migration between secondary lymphatic tissues (REGIONAL LYMPH NODES) and the liver. CCR, CC-
chemokine receptor; CTL, cytotoxic T lymphocyte; CXCR, CXC chemokine receptor; HCV, hepatitis C virus; HSC, hepatic stellate cell; iDC,
immature dendritic cell; KC, Kupffer cell; LSEC, liver sinusoidal endothelial cell; NK, natural killer; PMN, polymorphonuclear neutrophil; Tmem,
memory T cell; Th1, type 1 helper T cell; Treg, regulatory T cell.
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prevent efficient antigen presentation. Natterman et al.70

reported that CCL5 secretion induced by E2 crosslinking of

CD81, sequesters immature dendritic cells (iDCs) expressing

CCR5 within the liver and in doing so obstructs their use of

CCR7 to enter the lymphatics. Moreover, expression of

lymphoid CCL21 which binds CCR7 is increased in the chron-

ically infected liver suggesting its role in the development of

follicles during fibrosis.71 Table 1 summarizes the roles of

major chemokines implicated in the immunopathogenesis

of HCV infection.

CCR2 and associated ligands mediate effector cell

recruitment in the HCV-infected liver

CCR2 is expressed on monocytes, macrophages, DCs and T

cells. Ligands for CCR2 include CCL2, CCL7, CCL8 and

CCL13, all of which are expressed in the hepatic envir-

onment.70,72 mRNA transcripts for CCL2 and CCR2 are sig-

nificantly increased in HCV-infected livers.73,74 Moreover, an

increase in serum CCL2 correlates with progressive liver

inflammation in infected persons compared to healthy indivi-

duals.75 IFN-inducible CCL2 is released by KCs in the early

phase of infection and its secretion promotes the first wave of

infiltrating monocytes including CCR21 plasmacytoid

DCs.76,77 Activated plasmacytoid DCs release type I IFN,

TNF-a, CCL4 and CXCL10, and stimulate CCL2 secretion by

other IFN-inducible cell types.76 This effectively triggers a cas-

cade which amplifies leukocyte recruitment; CCL2 recruits

CCL3 secreting monocytes which in turn attract IFN-c pro-

ducing NK cells. Subsequent secretion of IFN-c potentiates

macrophage activation and secretion of CCL3 and CXCL9

which mediate recruitment of CD41 effector T cells.78–80 In

addition, CCR2 expressing CD81 T cells are enriched in the

inflamed liver during persistent infection with HCV.81 Thus,

CCR2 is not only required for innate cell recruitment and

antigen presentation, but must also play some part in the extra-

vasation of CTLs.

Pro-inflammatory IL-8 and neutrophil chemotaxis in

chronic HCV infection

Neutrophils provide first-line defence against invading viral

pathogens. They generate reactive oxygen species and secrete

inflammatory cytokines including IL-8, IL-10 and IL-12.82 IL-8

secretion results in an increased recruitment of neutrophils to

the liver which in turn increases hepatic levels of IL-8 and

exacerbates the necro-inflammatory process.82 In addition,

CXCR1-positive CTLs have been detected in the HCV-infected

liver suggesting that IL-8 may also mediate CD81 T cell recruit-

ment to sites of hepatic inflammation.54 IL-8 production is

mainly induced by TNF-a, but may also be regulated via the

RIG1/IRF3 pathway.83,84 Moreover, the induction of IL-8 may

be amplified via ligation of the Toll-like receptors TLR2, TLR3

and TLR7 which recognize components of the HCV polypro-

tein, dsRNA and host anti-viral compounds respectively.85 In

fact, activation of signalling networks downstream of TLR2

culminates in an NF-kB-dependent increase in TNF-a and

direct transactivation of the IL-8 promoter resulting in

increased expression of this pro-inflammatory chemokine.86

Neutrophil chemotaxis may be enhanced further by an increase

in vascular permeability mediated by TNF-a, thus contributing

to increased levels of IL-8 within the liver.75 Furthermore, the

release of reactive oxygen species from granulocytes and

macrophages is known to modulate the transcriptional activity

of NF-kB, thereby affecting IL-8 expression.82 Hepatic IL-8 is

detected at low maintenance levels during acute HCV infec-

tion, although marked increases in serum and hepatic levels

have been observed in HCV-infected patients with progressive

inflammation and cirrhosis as compared to healthy con-

trols.75,84 This increase in hepatic and peripheral IL-8 correlates

positively with an increase in TNF-a and advancing fibrosis as

indicated by histological activity index and serum levels of

alanine aminotransferase.75 The most pronounced increase in

IL-8 is observed in patients with a higher degree of neutrophil

infiltration, cirrhosis and impaired liver function.75 HCV Core,

NS4A, NS4B and NS5B are capable of inducing IL-8 mRNA

and protein expression in vitro via transactivation of the IL-8

promoter.87,88 In addition to this, HCV Core and NS3A pro-

teins have been shown to trigger inflammation through the

TLR2/NF-kB pathway.35,89 This mechanism may represent

an evasion strategy whereby HCV inhibits IFN production

and exacerbates chronic hepatic inflammation. In contrast,

type I IFNs and the NS3/4A protease complex have been shown

to downregulate IL-8 expression.90 Thus, the virus has evolved

a number of elaborate pathways for modulating host responses

via manipulation of the IL-8 promoter. HCV as a quasispecies

is likely to generate antigenic variants of structural proteins

including NS5A. Different isolates of the virus may therefore

exhibit different potencies for transactivation of the IL-8 pro-

moter resulting in varying responses to antiviral therapy.84,91

Th1-type CXCR3-associated chemokines and liver-

infiltrating lymphocytes

CXCR3 acts as a receptor for CXCL9 (monocyte induced by

IFN-c), CXCL10 (IFN-c inducible protein-10) and CXCL11

(IFN-inducible T-cell a chemoattractant), all of which are

highly expressed in the peripheral blood and liver during

chronic HCV infection.92–94 Upregulated surface expression

of CXCR3 on liver infiltrating CD41 effector lymphocytes

and intrahepatic memory T cells has been reported in the livers

of HCV-infected individuals.95–97 This upregulation is asso-

ciated with an increase in migration towards CXCL9 and

CXCL10 released by sinusoidal ECs and hepatocytes.97,98

Moreover, the importance of the CXCR3-binding chemokines

in the adhesion and transmigration of effector lymphocytes

across sinusoidal endothelium has been demonstrated in in

vitro adhesion assays by two independent groups.96,99 HCV

replication may induce CXCR3-associated chemokines during

the early phase of infection by a dsRNA or viral peptide

mediated synthesis of type I interferon. It is presumed that this

response is further enhanced by secretion of the Th1-type cyto-

kines IFN-c and TNF-a within the local inflammatory envir-

onment.83 Gradients of CXCR3-associated chemokines are

important for the migration and retention of T cells from
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Table 1 Chemokine and chemokine receptors in the immunopathogenesis of HCV infection

Ligand Synonym Receptor Source Target Classification Role in HCV pathogenesis

CC chemokines

CCL2 MCP-1 CCR2 KC, HSC Monocyte, KC,

memory T cell,

CTL, Treg, pDC

Inflammatory Innate and adaptive immunity,

Th1 inflammation, fibrosis

CCL3 MIP-1a CCR1, CCR5 Portal endothelium,

LSEC, KC, HSC,

lymphocyte

Monocyte, NK,

NKT, neutrophil,

Th1, CTL, Treg,

naive T cell,

immature DC

Inflammatory Initial transmigration, portal tract

fibrosis, innate and adaptive

immunity, Th1 inflammation

CCL4 MIP-1b CCR1, CCR5 Portal endothelium,

LSEC, KC, HSC,

hepatocyte

Monocyte, NK,

NKT, neutrophil,

Th1, Treg,

immature DC

Inflammatory Initial transmigration, portal tract

fibrosis, innate and adaptive

immunity, Th1 inflammation

CCL5 RANTES CCR5 Portal endothelium,

biliary epithelium,

hepatocyte, KC,

HSC

Monocyte, memory

T cell, NK, Th1,

immature DC

Inflammatory Initial transmigration, portal tract

fibrosis, innate and adaptive

immunity, Th1 inflammation

CCL7 MCP-3 CCR2, CCR3 Portal endothelium,

LSEC, monocyte

Monocyte, memory

T cell, naive T cell,

Th1, Treg, NK, DC

Homeostatic Th2 response, Th1 inflammation,

T cell and Monocyte Chemotaxis

CCL13 MCP-4 CCR2, CCR3,

CCR5

Widely expressed KC, NK, memory

T cell, Th1, Th2

Homeostatic Adaptive immunity, follicle

formation, T-cell migration

CCL14 HCC-1 CCR1 Widely expressed KC, NK, memory

T cell, Th1, Th2

Homeostatic Adaptive immunity, follicle

formation, T-cell migration

CCL15 MIP-5 CCR1, CCR3 Widely expressed KC, NK, memory

T cell, Th1, Th2,

neutrophil

Homeostatic Adaptive immunity, follicle

formation, T-cell migration

CCL16 LEC CCR1, CCR2,

CCR5, CCR8

Hepatocyte, biliary

epithelium

KC, NK, memory

T cell, Th1, Th2

Homeostatic/

inflammatory

Adaptive immunity, follicle

formation, T-cell migration

CCL18 DC-CK1 Unknown Monocyte Naive T cell Homeostatic/

inflammatory

Adaptive immunity, necro-

inflammatory tissue damage,

fibrosis

CCL19 ELC CCR7 Vascular

endothelium,

lymphatics, LSEC

Naı̈ve B and

T cell, mature

mDC

Homeostatic/

inflammation

DC homing to lymphoid tissue,

follicle formation

CCL20 MIP-3a CCR6 Monocyte, DC Memory B and

T cell, immature

mDC, Th17

Homeostatic/

inflammatory

Necro-inflammatory damage,

fibrosis, HCC

CCL21 SLC CCR7 Vascular

endothelium,

lymphatics, LSEC,

HSC, CD81 CTL,

fibroblast

Naive B and T cells,

Th1, Th2, Treg,

mature mDC

Homeostatic Homing of DC and T cells to

lymphoid tissues, follicle

formation, fibrosis

CXC chemokines

CXCL8 IL-8 CXCR1, CXCR2 LSEC, KC, HSC,

hepatocyte,

neutrophil, biliary

epithelium, portal

endothelium

KC, neutrophil Inflammatory Innate immunity, fibrosis,

angiogenesis, vasodilation,

cirrhosis, HCC

CXCL9 MIG CXCR3 Macrophage, Th1

cell, portal

endothelium, LSEC,

hepatocyte

Memory T cell,

Th1, Th2, CTL,

Treg, NKT, HSC

Inflammatory Adaptive immunity, Th1 cell

compartmentalisation, antifibrotic

CXCL10 IP-10 CXCR3 Hepatocyte, LSEC Memory T cell,

Th1, Th2, CTL,

Treg, NKT, HSC

Inflammatory Recruitment and retention of

intrahepatic Th1 cells, lobular

inflammation, HCC
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peripheral blood into the chronically infected liver. However, it

is proposed that CXCR3 ligands do not mediate the initial

extravasation of lymphocytes into parenchyma, but rather they

are involved in preferential compartmentalisation of a

CXCR31/CCR51 Th1 cell subtype.100 This hypothesis was

drawn from the observation that CXCL9 and CXCL11 were

differentially expressed in the liver and peripheral blood, while

CXCL10 levels were found to be as high in the liver as in the sera

of HCV-infected patients and may therefore neutralize any

initial gradient.83 Instead, the role of initial extravasation has

been attributed to CCR5 and its associated ligands.100

Persistent HCV infection is associated with a CXCR31high/

CCR51high T-cell infiltrate and a nonspecific Th1 response

resulting in impaired CD81 cytotoxicity and progressive

necro-inflammatory damage. Larubia and colleagues101 believe

that this Th1 phenotype is likely to dominate the helper cell

population within hepatic parenchyma, possibly due to an

increased proliferative capacity or susceptibility of other

CD41 lymphocytes to cell death. HCV replication significantly

increases CXCL11 in infected hepatocytes and sinusoidal

endothelial cells, and it has been proposed that an upregulation

of CXCL11 in the sinusoids might benefit the virus by selec-

tively recruiting CXCR31/CCR51 effector cells to this com-

partment resulting in decreased delivery of antigen-specific

lymphocytes to the portal tracts.52 This may promote chronic

localized inflammation within the portal tracts where a poten-

tially nonspecific subset predominates. High serum levels of

CCL3 and CXCL10 have been correlated with a normal fre-

quency of CXCR3/CCR5 expressing CD81 T cells in the peri-

pheral blood.101 Thus, it is possible these cells are strategically

retained in the liver or that CXCR3 and CCR5 are downregulated

in response to overstimulation from a high circulatory ligand

concentration.70,102

CCR1/CCR5 and associated Th1-type chemokines in portal

tract inflammation

CCR1 and CCR5 are expressed on activated Th1/Tc1 cells,

memory T cells, NK cells, and antigen presenting cells.103,104

The ligands for CCR1 and CCR5 include CCL3 (macrophage

inflammatory protein-1a; MIP-1a), CCL5 (regulated upon

activation, normal T-cell expressed and secreted; RANTES)

and CCL8.54,81 In addition, CCR1 has affinity for the monocyte

chemoattractant CCL7 and the homeostatic chemokines

CCL13–16, whereas CCR5 alone binds to CCL4.70 CCL3,

CCL4 (MIP-1b) and CCL5 are implicated in portal tract

inflammation and may be induced by proinflammatory Th1-

type cytokines and type I IFNs.105 CCR5-associated chemo-

kines direct recruitment of effector T cells to the portal tracts,

whereas CXCR3 ligands by comparison appear to attract infil-

trates of macrophages and lymphocytes into liver par-

enchyma.101 Co-expression of CCR5 and CXCR3 on

activated T lymphocytes is thought to contribute to the recruit-

ment and retention of hepatic infiltrates and involve selective

compartmentalisation of nonspecific CCR51/CXCR31 T cells

within the portal tracts.52 Evidently, CCL3, CCL4 and CCL5

expression is upregulated by portal endothelium during

chronic HCV infection.54,97,102 In agreement with this finding,

hepatic inflammation and fibrosis in persistent HCV infection

is concentrated within the portal tracts.106 Furthermore, the

interaction of CCL3 with CCR5 has been shown to mediate

recruitment of effector Th1/Tc1 cells to the portal tracts in

a murine model of host versus graft disease.72 The CCR1

Ligand Synonym Receptor Source Target Classification Role in HCV pathogenesis

CXCL11 I-TAC CXCR3, CXCR7 Hepatocyte, LSEC Memory T cell, Th1,

Th2, CTL, Treg, NKT,

HSC

Inflammatory Recruitment and retention of

intrahepatic Th1 cells

CXCL12 SDF-1 CXCR4, CXCR7 Widely expressed Monocyte, KC,

stromal cell, naive

and memory B and T

cells, NKT

Homeostatic Portal fibrosis, angiogenesis,

follicle formation, HCC, metastasis

CXCL13 BLC CXCR5 Follicular DC,

macrophages and

lymphocytes

B lymphocyte, CD41

T cell, CTL

Homeostatic/

inflammatory

Follicle development

CXCL16 SRPSOX CXCR6 Biliary epithelial

cell, portal

endothelium,

hepatocyte

Memory T cell, CD41

T cell, CTL, NK, NKT,

B cell, neutrophil

Inflammatory T-cell and NK migration, retention,

integrin-mediated adhesion of liver

infiltrating lymphocytes

Abbreviations: BLC, B lymphocyte chemoattractant; CCR, CC-chemokine receptor; CTL, cytotoxic T lymphocyte; CXCR, CXC chemokine receptor; DC,

dendritic cell; DC-CK1, dendritic cell chemokine-1; ELC, EBI1 ligand chemokine; HCC, hemofiltrate CC-chemokine; HCV, hepatitis C virus; HSC,

hepatic stellate cell; I-TAC, interferon-inducible T-cell alpha chemoattractant; IP-10, interferon gamma-induced protein 10; KC, Kupffer cell; LEC,

liver-expressed chemokine; LSEC, liver sinusoidal endothelial cell; MCP, monocyte chemotactic protein; mDC, myeloid dendritic cell; MIG, monokine

induced by gamma interferon; NK, natural killer; NKT, natural killer T; pDC, plasmacytoid DC; RANTES, regulated and normal T cell expressed and

secreted; SDF-1, stromal cell-derived factor-1; SLC, secondary lymphoid chemokine; SRPSOX, scavenger receptor for phosphatidylserine and oxidized

low density lipoprotein; Th1, type 1 helper T cell; Treg, regulatory T cell.
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receptor is also known to play a role in regulating hepatic

inflammation in mice.107,108 Differential expression of CCR5

and CCR1 has been demonstrated in peripheral blood and

intrahepatic T cells from HCV-infected persons. Expression

of both CCR5 and CCR1 was found to be elevated on intrahe-

patic CD41 T cells from individuals with HCV infection,

whereas all subsets of peripheral blood derived T cells showed

a significant reduction in the respective receptors when com-

pared to healthy subjects.100 In vitro chemotaxis studies on

blood and liver derived lymphocytes from chronic HCV-

infected patients revealed a reduced migration of peripheral

blood T cells to CCL3, CCL4 and CCL5 in comparison to those

obtained from the infected liver.100 Interestingly, it was con-

firmed that CD81 effector cells from blood and liver displayed

the greatest difference in receptor levels in the infected

cohort.100 A plausible explanation for a decrease of these recep-

tors in the peripheral blood relative to the infected liver may be

a marked increase in intrahepatic migration due to increased

chemokine synthesis in the liver.101 A higher concentration of

the CCR5-associated chemokines in the portal tracts may

sequester these cells within the liver and in the context of non-

specific CTLs contribute to disease progression. At first, a

prominent CD81 response is observed which correlates with

transient upregulation of CCR5 expression.109 However, dur-

ing chronic infection, virus-specific CD81 T cells exhibit

reduced expression of CCR1 and CCR5 which are normally

associated with a robust Th1/Tc1 response.100,102 The patho-

logy of chronic HCV infection often involves gradual progres-

sion of fibrosis leading to cirrhotic liver disease. It has been

suggested that hepatic inflammation is kept at low levels over

the course of infection ensuring host cell viability and main-

tenance of virus numbers.110 It is hypothesized that the virus

achieves this by reducing migration of antigen-specific CTLs

into the liver via impairment of CCR5 and CCR1 receptor

expression.100 Soo and colleagues111 were first to demonstrate

the ability of full-length HCV cDNA to induce CCL5 mRNA

and protein levels in a number of cell lines. The HCV genome

has since been reported to modulate transactivation of the

CCL5 promoter via IRFs and NF-kB in a HCV culture system

and in various cell lines.112 Additionally, the various regulatory

effects of HCV proteins on CCL5 expression in vitro have been

studied in a number of experimental models. The interaction of

HCV E2 with CD81 leads to an increase in CCL5 expression

and secretion by CD81 T cells as reported by Nattermann and

co-workers.70 By comparison, HCV Core protein has been

shown to mediate inhibition of the CCL5 promoter in two cell

lines.92 However, Ruggieri et al.113 found that when coex-

pressed with either E1/E2 or NS2/NS3 complexes, the inhi-

bitory effect of HCV Core on the CCL5 promoter could be

reversed. Conversely, Soo et al.111 found that when stimulated

by E1/E2, Core mediated activation of a RANTES promoter

construct could be suppressed in a cancer cell line. The regu-

latory activity of HCV Core has been further clarified by

Boisvert and co-workers81 and it now appears as though this

structural component either induces or inhibits CCL5 expression

depending on cellular context and endogenous transcription fac-

tors. The CCR5/CCL5 interaction appears to skew adaptive

immunity in the HCV-infected liver towards a Th1 phenotype.

In comparison, effectors with a Th2 profile are predominantly

CCR41.100 A potent Th1 response is necessary to support HCV-

specific cytotoxicity which is central to the control of viral rep-

lication. However, a nonspecific inflammatory load and an

exhausted CD81 response characterized by excessive inflam-

mation often ensues.38,114 It may be possible that localized

expression of CCR5 ligands within the liver influences whether

an acute infection is spontaneously eliminated or progresses to

chronicity. Likewise, CCR5/CCL5 interactions could be a predis-

posing factor for the success of antiviral treatment. The manip-

ulation of CCR5 and CCL5 expression and receptor–ligand

interactions by HCV is likely to favour subversion of antiviral

immunity and chronicity culminating in persistent inflammation

and hepatic tissue damage. However, the pathological significance

of CCR5 in HCV infection presently lacks definition.103

The CXCR6–CXCL16 axis in the recruitment and retention

of distinct lymphocyte subsets

CXCL16 is a potent chemoattractant for infiltrating CD41 and

CD81 effector T cells in addition to NK cells and NKT cells

with which the liver is enriched.115–118 CXCL16 is highly

expressed in epithelial cells of the biliary ducts and on

portal endothelium of chronic HCV-infected patients.117

Lymphocyte subsets recruited by CXCL16 display an increased

surface expression of CXCR6 in patients with persistent

hepatitis C and are characteristically Th1-polarized.119,120

However, the CXCR61 infiltrate likely contributes to excessive

tissue damage in chronic infection. In addition, intrahepatic

CXCL16 expression has been linked to an influx of CXCR6 and

IL-8 expressing neutrophils.121 Inflammatory Th17 cells and

Tregs expressing CXCR6 are thought to be recruited to the liver

by CXCL16 during chronic HCV infection.72 It is possible that

chronic infection requires a balanced recruitment of effector

and regulatory subtypes such that low-grade inflammation

and suppression of the antiviral response is established.32

Furthermore, a unique population of intrahepatic HCV-

specific CXCR61 CTLs secreting both IL-17 and IFN-c has

recently been described, the significance of which is currently

under investigation.72,122 The interaction of CXCL16 with

CXCR6 on infiltrating lymphocytes has been shown to pro-

mote b1-integrin-mediated adhesion which may function in

the retention of an inflammatory load within the portal

tracts.117 Thus, the CXCR6–CXCL16 axis may be important

for regulatory and effector lymphocyte recruitment, but could

have potential implications for the retention of these cells

resulting in prolonged and inappropriate inflammatory

responses.

CHEMOKINES IN HCV-RELATED HEPATIC AND NON-

HEPATIC DISEASE

Necro-inflammatory damage secondary to chronic HCV infec-

tion accumulates over several decades and is believed to initiate

fibrosis through the direct activation of HSCs.123 Activated
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HSCs are characterized by a loss of retinoid and an increased

responsiveness to mitogenic and chemotactic stimuli resulting

in their enhanced proliferation and migration into regions of

hepatic injury.124 HSCs play a dominant role in liver fibrosis

through their recruitment of an inflammatory load, their secre-

tion of profibrotic and pro-inflammatory cytokines, and their

increased deposition of extracellular matrix proteins.109,113

Consequently, the liver undergoes a remodelling process chara-

cterized by expansion of HSCs, epithelial cell and hepatocyte

proliferation, the generation of fibrotic septa and the formation

of lymphoid-like follicles.53,110 Cirrhosis represents the most

advanced stages of liver fibrosis, at which point, significant

changes to the tissue architecture begin to compromise crucial

immunological and metabolic functions which often manifests

in liver failure and/or HCC.111 Histological analyses of cirrho-

tic livers reveal a replacement of normal parenchyma with

thickened interlobular fibrous septa and the formation of

regenerative hepatocyte nodules.112 As the disease progresses,

portal blood flow becomes severely impeded and hepatocyte

numbers become diminished.125 A mechanistic link between

neovascularisation and hepatic fibrosis has been firmly estab-

lished.126–129 These processes appear to act in concert and may

be co-dependently linked through chronic inflammation.130,131

HCC relies heavily on angiogenesis to meet its metabolic needs

for tumour growth and metastasis 132–134 and local tissue hyp-

oxia may act as a trigger for synthesis of angiogenic factors

through a HIF-1a-dependent pathway. Increased intrahepatic

vascular resistance associated with cirrhosis may also stimulate

compensatory vascular remodeling which further exacerbates

the condition.134 In fact, blood vessel density and VEGF

expression correlate directly with Child–Pugh score and the

proliferative index, size and grade of HCC tumours.135–140 A

number of chemokines and their receptors are upregulated in

the diseased liver and peripheral blood in the progression of

liver fibrosis to cirrhosis and in the pathogenesis of malignant

HCC. These molecules regulate inflammation, fibroprolifera-

tion, angiogenesis, carcinogenesis, metastasis, and anti-tumour

immunity.59,133,141–144 CCL2 is a major HSC-produced che-

mokine and a critical factor in the induction of liver fib-

rosis.145,146 Expression of this chemokine is significantly

increased in HSCs and promotes infiltration of the portal tracts

with activated macrophages and T lymphocytes.147,148 CCL2

also exerts a direct chemotactic effect on HSCs, ensuring a

continuous release of angiogenic and fibrotic factors.149

Interestingly, Farci and co-workers146 found that sustained

high levels of this chemokine were predictive of rapid progres-

sion to cirrhosis, while high levels of CCL4 were typical of slow

progressors. Presence of the 22518 CCL2G allele in HCV-

infected patients has also been reported as a predisposition

to advanced stage disease.119 CCL2 is strongly angiogenic as

demonstrated by its ability to upregulate VEGF expression and

stimulate EC chemotaxis.150,151 When compared to non-

tumourous neighbouring tissue or healthy specimen, HCC

tumours expressed significantly higher levels of CCL2.152

Moreover, CCL2 treatment enhances the migration and

invasion of Huh7 hepatoma cells in vitro.153 Macrophage-

and biliary epithelial cell-produced CCL3 is also upregulated

in the fibrotic liver and expression of CCR1 and CCR5 has

been detected on effector T cells within lymphoid-like folli-

cles.53 CCL3 appears to be an important mediator of injury-

induced liver fibrosis as demonstrated by the reduction in

immune cell infiltration and attenuation of fibrosis in CCL3-

deficient mice.154 Furthermore, CCL3 is capable of stimulating

HSC proliferation and migration.154 The Th2-type cytokines

IL-4 and IL-13 induce both CCL2 and CCL3. Thus, it is pos-

sible that a system is established whereby constant Th2 cell

recruitment and CCL2/CCL3 production is maintained.120

CCR1 and CCL3 expression is significantly higher in HCC than

in fibrosis, cirrhosis or non-tumourous surrounding tis-

sue.155,156 Moreover, the CCR1–CCL3 axis appears to play an

integral role in promoting angiogenesis and tumour bur-

den.143,155,157 Both mRNA and protein content of CCL5 are

significantly increased in patients with high histological activity

index and serum alanine aminotransferase, and its expression

correlates positively with disease severity.60 Stimulation of acti-

vated HSCs with either TNF-a or IL-1b potently induces CCL5

production through an NF-kb-dependent mechanism.158

Autocrine CCL5 is then thought to induce downstream phos-

phorylation of ERK and focal adhesion kinase in HSCs with

ensuing increases in HSC proliferation and migration.158

Upregulation of homeostatic CCL19, CCL21 and CXCL13 at

sites of chronic inflammation promotes follicle formation and

has been implicated in the recruitment of CCR71 and

CXCR51 lymphocytes to B- and T-cell zones.59 CCL20 func-

tions as a chemoattractant for CCR61 lymphocytes and

DCs.121,122 Serum levels of CCL20 are significantly elevated

in chronic hepatitis and continue to increase with advancing

fibrosis and cirrhotic disease.122 Expression of this chemokine

is also markedly increased in hepatoma cells and its levels

correlate directly with VEGF expression and tumour size.159,160

Accordingly, a role for this chemokine in regulating cirrhosis-

and HCC-associated angiogenesis is strongly implied. Elevated

levels of CCR6 mRNA have also been detected on Th17 cells

and Tregs within the inflammatory tumour microenviron-

ment.133,159,161 As such, the CCR6–CCL20 axis is suggested

to be an important factor in carcinogenesis, tumour cell traf-

ficking, proliferation and metastasis. CXC chemokines play a

mechanistic role in mediating fibrosis and neovascularisa-

tion.162–164 Differentiation is made between those that pro-

mote the formation of immature blood vessels and those that

act by inhibiting that same process. Proangiogenic CXC che-

mokines contain a conserved Glu–Leu–Arg (ELR) motif in

their amino terminal and as such are referred to as ELR1.129

They mediate their angiogenic activity through CXCR2 and

CXCR1 on vascular ECs, while the IFN-inducible CXC chemo-

kines CXCL9-11, and CXCL4 which lack the ELR motif are

potently angiostatic and signal through the CXCR3B splice

variant.165 CXCR2 is the main functional receptor for medi-

ating angiogenic and proliferative effects of ELR1 chemokines

like CXCL2, CXCL5 and IL-8.129,165 CXCR2 is also considered
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to be a crucial determinant of liver regeneration and hepatic

cell death in response to chronic inflammatory damage.166

Upregulation of CXCR2 mRNA in HCC tissue and its correla-

tion with intrahepatic metastasis also suggests a role for this

receptor in the proliferation of tumour cells.167 CXCR31

effector cells are another important determinant of HCV-

related fibrosis. These cells proved indispensable in a mouse

model of fibrogenesis when deletion of CXCR3 resulted in a

reduction of intrahepatic IFN-c and increased liver fibrosis.117

Furthermore, CXCR31 effector cells are typically Th1 polar-

ized and when outweighed by a Th2 response, fibrosis tends to

be more aggressive.120 Zeremski et al.79 found that while

CXCL9 and CXCL10 were associated with severity of fibrosis

as indicated by histological activity index and serum alanine

aminotransferase, CXCL11 levels were not.79 CXCR3 ligands

were also associated with features of advanced cirrhosis such as

portal hypertension.126 However, CXCL9 and CXCL10 appear

to have opposing effects in the context of liver fibrosis.

Although increased in advanced fibrosis, CXCL9 induced an

inhibitory effect on expression of TGF-b and collagen in an in

vitro model, suggesting an antifibrotic role for this chemokine

in vivo.117 In contrast, binding of CXCR3 on HSCs by CXCL10

stimulates activation of the MAPK pathway resulting in a pro-

liferative response.127 Moreover, induction of the MEK/ERK

pathway by CXCL10 may reflect a key event in the develop-

ment of HCC. CXCL12 is expressed in bone marrow stroma,

lymphoid-like follicles and bile duct epithelial cells.128 Hepatic

expression of this chemokine is induced in response to pro-

inflammatory stimuli and increases with progression of HCV-

induced cirrhosis.58,168,169 Furthermore, CXCR4 expression is

increased on cells within the foci of cirrhotic livers.128 Strieter

and colleagues129 also demonstrated an essential role for

CXCL12 in VEGF-driven angiogenesis within the murine liver.

In review of these findings, it was suggested that CXCL12

mediates formation of lymphoid-like structures in the cirrhotic

liver and its redistribution along fibrotic septa promotes the

development of immature blood vessels within these struc-

tures.128 A range of pathological features have been attributed

to the CXCR4–CXCL12 axis in the development and progres-

sion of intrahepatic tumours. Expression of CXCL12 and its

corresponding receptor has been detected at significantly

higher levels in HCC tissue when compared to non-tumourous

tissue or tissue from cirrhotic livers.170 Moreover, CXCL12

levels correlate with tumour cell proliferation and distant

lymphoid metastases.171 The ability to recruit endothelial pre-

cursors into tumour sites suggests that the CXCR4–CXCL12

axis is also a key mediator of neovascularisation during the

progression of HCC and therefore, must play an intricate role

in supporting outgrowth and metastasis of malignant CXCR41

tumours.172,173 Furthermore, CXCL12 appears to be involved

in regulating the secretion of MMP-2 and -9 which promote

detachment from the basement membrane and metastasis.174

Overstimulation of CXCR4 by its ligand may also stimulate

hyperproliferation and induce abnormal differentiation pat-

terns in these cells, thus having a direct tumorigenic effect.143

Chronic infection with HCV can also give rise to a spectrum of

extrahepatic diseases (HCV-EHDs) including lymphoprolifera-

tive disorders, metabolic syndrome, thyroid dysfunction and

cancer.175,176 Moreover, extrahepatic disease is believed to com-

plicate prognosis and further increase the risk of developing HCC

and type II diabetes (T2D).60 HCV-EHDs are characterized by

sustained Th1 responses, the potencies of which correlate with

disease severity.175,176 A signature Th1 cytokine profile has been

implicated in the induction of HCV-related autoimmune disease

and the observed ability of HCV to infect islet cells and thyrocytes

in vitro has raised the hypothesis that Th1 responses in the

infected liver are analogous to those mediating autoimmune

and systemic HCV-EHDs.177 Interestingly, CXCL9-11 appear

to play a significant role in the development of these diseases.56

Similar to HCV-induced inflammation of the liver, HCV-EHDs

may be brought on by excessive production of the Th1-type

cytokines IFN-c and TNF-a in target tissues.56 A consequential

increase in CXCR3 ligand expression might further perpetuate

the immune response by augmenting selective recruitment of

CXCR31 Th1 cells to peripheral sites of inflammation.176

Additionally, the expression of CXCL13 may be modulated by

HCV and has been associated with lymphocyte trafficking in

lymphoproliferative disorders and B cell neoplasms.56,178

CHEMOKINES AS BIOMARKERS IN THE OUTCOME OF

TREATMENT

Chemokines have been acknowledged for their potential

application as biomarkers in determining response to

IFN/ribavirin therapy.81,94,98,112,179–184 Depending on pre-

diction accuracies, serum chemokines may be capable of

indicating success or failure in response to treatment, thus

offering a rapid and non-invasive alternative to liver

biopsy. In a study investigating the relationship between

serum levels of CXCR3-associated chemokines and res-

ponse to antiviral therapy, a significant increase in all three

chemokines was observed prior to treatment.98 The same

study found that CXCL9 and CXCL10 were decreased in

those for whom treatment had been successful, whereas

CXCL11 levels did not decline during treatment or in the

initial 6 months after. In contrast, plasma levels of these

molecules remained elevated in the group of non-respon-

ders. Low baseline levels of CXCL10 were associated with

an early response to therapy while higher pre-treatment

levels indicated a failure to achieve SVR. Furthermore,

higher CXCL10 mRNA and protein in the peripheral blood

of infected individuals were predictive of advanced fibrosis

and non-response in two separate investigations.94,180

Levels of CXCL10 were also higher in African Americans

who are generally less responsive to treatment than

Caucasians. However, no race-specific differences were

associated with CXCL9 and CXCL11 in either the infected

or uninfected cohort.98 Elevated levels of IL-8 in serum are

strongly associated with resistance to standard antiviral

therapy.84,183 It is thus likely that IL-8 expression is

induced by HCV NS5A and at least partially inhibits IFN

activity in vivo. In a study by Yamauchi et al.,185 all patients
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with chronic infection had similar pre-treatment serum levels of

CCL20. However, CCL20 levels were reduced within two weeks

of therapy in successful responders, but remained relatively

unchanged in the group of non-responders.185 Higher levels

of CCL20 following standard combinational therapy may there-

fore predict failure in achieving SVR. While early induction of

CCL5 may be predictive of viral clearance, a decrease in CCL3

and CCL4 following treatment correlated well with SVR sug-

gesting a reduction in the migration and retention of CCR51

inflammatory cells.101 The CCR5d32 polymorphism was asso-

ciated with an increased CCL5 gene expression in the peripheral

blood, and mild portal inflammation probably due to reduced

migration of CCR51 T cells into the liver.102 CCL5 was also

found to be useful as a marker for distinguishing disease stage in

the fibrotic liver.112,186 ‘Cytokinomics’ involves the use of high

throughput experimental techniques and computational meth-

ods to gain a genome-wide insight of the cytokine family and to

investigate the functional relationships of these molecules in a

complex biological system.187 Using this approach, a wealth of

information can be yielded on the hierarchical structure of

chemokine signalling in both health and disease. Interactomic

studies make it possible to evaluate the regulation of ligand and

receptor expression, determine pleiotropy, synergy, antagonism

and functional redundancy within an interaction network and

explore correlations with disease.187 Ultimately, these tools will

grant an important understanding of the roles played by che-

mokines in the pathogenesis of diseases such as chronic HCV

infection, liver fibrosis and HCC. Moreover, a comprehensive

global vision of protein networks in the context of disease will

allow for more effective drug developments and the validation

of useful clinical markers. In a recent study, Capone and col-

leagues applied an interatomic study to characterize progression

of chronic HCV infection, cirrhosis and HCC.58 By evaluating a

panel of cytokines, chemokines and growth factors in patient

serum, they identified a profile of pro-inflammatory cytokines

that were upregulated in HCC and correlated with b-NGF, thus

gaining a greater understanding of the link between cancer and

inflammation. Constantini et al.60 also adopted a systems

approach to discriminate between isolated cases of chronic

hepatitis C infection and HCV infection with associated hepatic

disease or T2D. They found that CXCL1 and CXCL9 were

consistently upregulated in chronic HCV infection and asso-

ciated liver disease with or without T2D as a disease modifier.

However, this observation appeared to be specific to inflam-

matory liver disease as it was absent in serum from patients with

T2D alone. In the quest for prognostic markers and indicators

of treatment outcome, it seems that chemokines may be ideal

candidates. Evaluating serum chemokines that reflect HCV

pathology or predict whether or not a patient responds to

IFN therapy would have major clinical benefits and impact

upon treatment decisions. However, to fully assess the feasibi-

lity of these biomarkers in the assessment of HCV-related

disease, wider studies are required. In particular, it is of fun-

damental importance that variable responses across different

ethnic groups and viral genotypes are investigated.

CONCLUSIONS

Chemokines mediate control of HCV replication and the

inflammatory response within the hepatic environment.

They play an essential role in coordinating extravasation,

and are required for both spontaneous clearance in acute

infection and elimination with immunotherapy. However,

they represent a target for immune evasion. During chronic

infection, a sustained expression of chemokines drives per-

sistent low-grade inflammation in the absence of a robust

Th1 response, the net effect of which is collateral tissue

damage and failure to eliminate the virus. HCV antagonizes

the chemokine response to perturb infiltration of antigen-

specific effector clones, thus allowing for uninterrupted

generation of escape mutants and dissemination of virus

particles. In addition, continuous infiltration of the liver

by a nonspecific inflammatory load is a key hallmark of

persistent HCV infection (Figure 2). In this review, the roles

of the chemokine receptors CCR1, CCR2, CCR5, CXCR1,

CXCR3 and CXCR6 in the pathogenesis of HCV have been

discussed. The interactions between these receptors and their

respective ligands are illustrated in Supplementary Figure 1.

Overexpression of CCL3, CCL4 and CCL5 on portal endo-

thelium appears to selectively recruit and retain a continu-

ous wave of nonspecific CCR11/CCR51 inflammatory and

cytotoxic effectors within this compartment. The CCR2-

associated chemokines CCL2 and CCL8 are also upregulated

in the portal tracts and an influx of CCR21 mononuclear

cells has been linked to hepatic fibrosis. Moreover, manip-

ulation of the CXCR6-CXCL16 axis may favour persistence

of the virus through the recruitment of Tregs and suppres-

sion of rigorous CD81 T cell responses within the portal

tracts. In addition, preferential migration of HCV-specific

CTLs to CXCR3-associated chemokines in the hepatic par-

enchyma is thought to impair delivery of an efficient anti-

viral response to the portal and periportal regions. Based on

experimental findings, it is postulated that HCV modulates

expression and localisation of these chemokines in vivo and

in doing so escapes the immune response. Chemokines have

been suggested as potential non-invasive biomarkers for

determining disease outcome and evaluating responses to

pegylated IFN/ribavirin treatment. This is not surprising

given the strength of correlation between serum levels of

specific chemokines and resistance to antiviral therapy.

CXCL10 in particular represents a putative prognostic mar-

ker in the treatment of chronic HCV as baseline levels can

predict whether or not SVR is achieved. In addition, elevated

serum levels of IL-8 and CCL20 following treatment may

indicate resistance to antiviral therapy. Levels of CXCL12,

CCL2, CCL3 and CCL5 may also help in gauging inflammat-

ory activity and liver fibrosis. Early CCL5 responses in the

peripheral blood may on the other hand translate to success-

ful outcome and less severe inflammation within the liver.

Furthermore, from analysis of polymorphisms in the genes

encoding CCL2 and CCL5, it appears as though targeting

chemokines therapeutically may be an approach to consider
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in the future treatment of chronic HCV infection. Further

investigations of chemokines in the context of hepatitis C

infection will undoubtedly provide a clearer definition of

their role in HCV immunopathogenesis and thus allow the

development of novel therapeutic interventions and predict-

ive clinical markers.

Supplementary Information accompanies the paper on Cellular &

Molecular Immunology website.
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