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Abstract
Hepatitis C virus (HCV) infection causes tremendous morbidity and mortality with over 170 million people infected worldwide. HCV gives rise to a sustained, chronic disease in the majority of infected individuals owing to a failure of the host immune system to clear the virus. In general, an adequate immune response is elicited by an efficient antigen presentation by dendritic cells (DCs), the cells that connect innate and adaptive immune system to generate a specific immune response against a pathogen. However, HCV seems to dysregulate the activity of DCs, making them less proficient antigen presenting cells for the optimal stimulation of virus-specific T cells, hence interfering with an optimal anti-viral immune response. There are discordant reports on the functional status of DCs in chronic HCV infection (CHC), from no phenotypic or functional defects to abnormal functions of DCs. Furthermore, the molecular mechanisms behind the impairment of DC function are even so not completely elucidated during CHC. Under​standing the mechanisms of immune dysfunction would help in devising strategies for better management of the disease at the immunological level and help to predict the prognosis of the disease in the patients receiving antiviral therapy. In this review, we have discussed the outcomes of the interaction of DCs with HCV and the mechanisms of DC impairment during HCV infection with its adverse effects on the immune response in the infected host.
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Core tip: Infection with hepatitis C virus (HCV) is linked with serious outcome like chronic hepatitis in the majority of infected cases, leading to severe liver necrosis and an increased threat of cirrhosis and hepa​tocellular carcinoma. An aberrant signalling through an inefficient antigen presentation by dendritic cells (DCs) can lead to a subdued T cell immune response. There is a need to completely understand the mechanistic aspects of DC impairment during HCV infection so as to harness this critical arm of the immune system for successful resolution of disease.

INTRODUCTION
Hepatitis C virus (HCV) causes a persistent infection in the majority of infected humans, accounting for chronic liver diseases, cirrhosis, and hepatocellular carcinoma. Hepatitis may occur with limited or no symptoms, but often leads to jaundice, anorexia and malaise. The infection can be either acute which lasts for less than 6 mo or chronic hepatitis C (CHC), which lasts longer than 6 mo[1]. Till date, the reasons why some people are able to resolve the infection spontaneously, while others do not and go on to establish a chronic infection are not well defined. As the disease commences, the viral load (VL) increases rapidly, but the host immune response lags behind, with adaptive immune response appearing only after a month and humoral immune response after about 2 mo[2]. After few weeks of infection, the rate of increase in the VL slows down and in approximately 8-12 wk of infection, when serum alanine aminotransferase levels peak, the VL decline, HCV-specific antibodies may or may not become detectable at this stage. Most individuals develop a persistent, chronic infection with stable VL keeping 2-3 logs lower than the acute stage. 
The mechanisms by which HCV establishes a chronic infection have yet not been completely delineated. Various theories have been set forth to explain the link between an inefficient cellular immune response and the establishment of a chronic infection, including rapid replication of HCV, which eviscerates the immune system[3]; the production of immunomodulatory proteins by HCV[4,5]; and inability of the body’s immune response to persuade opportune priming of naive-T-cells[6]. Moreover, HCV succeeds in disrupting the coordination between the components of the innate immune system, subsequently resulting in a deficient adaptive immune response[7]. Consequently, the host’s immune system is not able to clear the infection and fails to generate protective cellular immunity against the virus.

Dendritic cells (DCs) are the most potent antigen presenting cells (APCs), which connect innate and adaptive immune system to generate a specific immune response against a pathogen. HCV appears to disrupt the activity of DCs, making them less capable as an APC for the stimulation of virus-specific T cells and could thus delay the propagation of an effective immune response against the virus. There are discordant reports on the functional status of DCs in chronic HCV infection, with some studies reporting no phenotypic or functional defects in circulating DCs of chronically infected HCV patients[8-11], others indicate functionally and numerically impaired DCs[12-15]. Thus, it is important to reconcile these findings so as to reach a consensus on the status of DC functions to better explore its applicability in improving the overall immune response against the virus.

The molecular mechanisms behind the impairment of DC function are still not completely elucidated during chronic HCV infection. There are possibilities that the components of HCV through their interaction with DCs, may dysregulate their functional abilities or impair the maturation of DCs with a reduction in T helper 1 (Th1) cytokines or lead to apoptosis of these cells. These processes can also alter the expression of costimulatory/inhibitory receptors, thereby interfering with the allo-stimulatory abilities of DCs. The toll-like receptor (TLR)-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-(B) signalling pathways are altered, leading to a downstream reduction of interleukin 12 (IL-12) secretion[16,17]. These pathways are also influenced by the suppressor of cytokine signalling (SOCS) family of proteins[18]. This review highlights the outcomes of the interaction of DCs with HCV and the mechanisms of DC impairment during HCV infection with its down-modulatory effects on the immune response of the infected host.
DCs as warriors against infection

The response of DCs to any infection in general and HCV in particular, at an early stage, is vital in shaping up the course and final outcome of the disease. DCs are the most efficient inducers of optimal immune responses and are capable of either inducing protective immunity against the non-self antigens or tolerance to self-antigens. DCs recognize microorganisms through pattern recognition receptors (PRRs) like TLRs, nucleotide-binding oligomerization domain-like receptors, retinoic acid inducible gene-Ⅰ (RIG-Ⅰ) like receptors and C-type lectin receptors[19]. The pathogen associated molecular pattern (PAMP) signature of HCV includes poly-uridine motifs and stem-loop double-stranded RNA (dsRNA) structures within its single-stranded RNA genome. The product of RIG-Ⅰ which has been defined as a dsRNA PAMP receptor is critical for transducing HCV-induced signals in the host to activate immune responses towards HCV[20,21]. Following the interaction of PAMP with its cognate receptor there is downstream activation of genes like Interferon regulatory factor-3 and NF-(B, resulting in the expression of interferon beta (IFN() and its secretion from the infected cells. NF-(B activation and function is central to the chemokine and proinflammatory cytokine response to virus infection, which functions side by side with IFN( to modulate the ensuing adaptive immune response. As soon as DCs encounter a pathogen, the expression of various molecules like the major histocompatibility complex (MHC) Ⅰ and Ⅱ, co-stimulatory molecules (CD80 and CD86) is increased on the DC surface along with increased secretion of Th1 cytokines like IL-12. As the DCs mature, they lose their ability to phagocytose the antigen and become good APCs. This process is guided by the changes in the expression of certain chemokine receptors that is required for their migration from the periphery to regional lymph nodes where they encounter naive-T cells. Endogenous antigens are processed and presented along with MHC Ⅰ to CD8+ T cells, while the exogenous antigens are loaded onto MHC Ⅱ for presentation to CD4+ T cells. DCs possess a unique ability whereby exogenous antigens can also be presented through the MHC Ⅰ, known as cross-presentation of antigens. The processed peptides complexed with MHC molecules interact with T cell receptor accompanied by the binding of co-stimulatory molecules with CD28 on T cells providing appropriate signals for T cell activation. Eventually, the cytokines are produced from DCs, that determine the differentiation of effector cells into Th1, Th2 or cytotoxic T cells[22]. The interaction of CD40 on DCs with CD40L on T cells is also required by DCs for appropriate T cell activation[23]. These DCs also promote the survival and differentiation of cytotoxic T lymphocytes via the crosslinking of CD137L (4-1BBL), which is a co-stimulatory immune-checkpoint molecule, with CD137 on T cells[24].

Various subtypes of DCs are reported in the human body that perform different functions[25]. DCs are resident in tissues such as spleen and lymph nodes, those residing in the skin are known as Langerhans cells that migrate from non-lymphoid organs such as skin, intestines and lungs to lymph nodes to present tissue derived antigens to T cells. Plasmacytoid DCs (pDCs) and myeloid (mDCs) or monocyte-derived DCs (mo-DCs) may be present in various tissues, yet they mainly circulate in the blood. The pDCs are known as major producers of type Ⅰ interferons in response to virus-associated molecules such as single-stranded RNA and unmethylated cytosine-phosphate-guanine-rich DNA that trigger TLR7 and TLR9, respectively[26]. Myeloid DCs on the other hand, represent the major fraction of APCs in the blood that responds to TLR ligation by producing IL-12[27].
Status of DCs during hepatitis C infection

DCs are known to get infected with the HCV as RNA of several genotypes have been previously detected in the blood of chronically infected subjects[28]. Moreover, the DCs express DC-specific intercellular adhesion molecule-3-grabbing nonintegrin receptor that is used for the uptake of HCV[29]. Patients with chronic HCV infection have been reported to have decreased frequencies of peripheral mDC and pDC[15,30]. The counts of DCs in circulation, however, do not necessarily reflect the total DC compartment because of the migration of DCs from the periphery to the site of infection.

Existing literature describes controversial reports regarding the interaction of DCs with HCV. Multiple defects like the reduced DC frequency, decreased expression of MHC molecules, deficient expression of co-stimulatory molecules, defects in the allo-stimulatory abilities, aberrant secretion of cytokines with a preponderance of immune-regulatory cytokines like IL-10 or transforming growth factor-beta that mainly induce the regulatory T cells have been observed in CHC patients[31,32]. The level of Th1 promoting cytokine like IL-12 is reportedly found at low levels, whereas the level of IL-10 is increased. This cytokine profile affects the allo-stimulatory abilities of DCs to induce lymphocyte proliferation as observed in cocultures of DCs with T cells. Patients with detectable HCV RNA had circulating DCs with significantly decreased capacity to stimulate allogeneic T lymphocytes and produce low IL-12 as compared to patients on anti-viral therapy with undetectable RNA, suggesting the important role of therapy in restoration of DC func​tions[33]. The effect of anti-viral therapy is augmented in patients with intact DC pathogen recognizing functions indicating a direct association of DC functional status with response to anti-viral treatment[34]. Our own study on CHC patients suggested that DCs of only those patients achieved sustained virological response, in whom the DCs exhibited mature and functional phenotype prior to therapy initiation, indicating functional modulation of defective DCs to be directly associated with successful response to therapy[35]. This also seems to predict the clinical efficacy of anti-viral drugs and is also influenced by the extent to which HCV inhibits DC functioning.

Mechanism of DC impairment

The immunosuppressive strategies adopted by HCV to interfere with DC functioning and subsequent gene​ration of adaptive effector cell responses indicate that the components of HCV including the HCV proteins interact with immune components of the host including DCs and possibly suppress the protective immunity against viral infection. In fact, the interaction of DCs with HCV core protein had a negative impact on the function of DCs as the exposure to this protein was able to inhibit TLR4-induced IL-12 secretion through its interaction with the gC1q receptor on the surface of mo-DCs by activating the phosphatidyl inositol 3-kinase (PI3K) pathway, leading to a hampered differentiation of Th1 cells[36,37]. Exposure of extracellular HCV core antigens to DCs also transduced signals leading to phosphorylation of signal transducer and activator of transcription (STAT)3, that dampened the T helper immune response through activation of PI3K/AKT signa​lling pathway[38]. STAT3 activation is also related to generation of myeloid suppressor cells, which through their immunosuppressive factors, restrains cell-mediated immune responses at the local inflammatory site[39].

HCV impairs the activation of DCs via select PRRs by reversibly interfering with Toll/IL-1 domain-containing adapter-inducing IFN( (TRIF) and IFN( promoter sti​mulator-1-dependent signal processing during chronic infection, which leads to the exhaustive functioning of HCV-specific CD8+ T cells (i.e., loss of IL-2 secretion and degranulation marker, CD107a)[40]. Thus, subjects in whom PRR signalling in DCs was intact exhibited enhanced polyfunctionality (i.e., increased secretion of IL-2 and expression of CD107a).
Another important parameter contributing to exhaustion of DCs during HCV infection is the expression profile of receptors with inhibitory function, such as programmed death ligand 1 (PD-L1)[41]. A balanced expression of costimulatory and inhibitory molecules on DCs governs the stimulatory signals delivered to T cells for their activation and regulates immunity vs tolerance[42]. Increased expression of co-stimulatory markers (such as CD80, CD86, and CD40) can promote T cell activation, while increased expression of co-inhibitory markers (PD-L1 or CTLA-4) is involved in T cell tolerance[43]. An increase in the expression of both costimulatory and coinhibitory markers was observed in CHC patients, however, it was only the expression of inhibitory molecule, PD-L1 that correlated with an altered ratio of PD-L1/CD86 expression that seem to be responsible for the DC dysfunction in these patients[44]. Thus, strategies that target the inhibitory molecules on DCs might represent tools to improve DC functions and more so for the better management of the disease. Clinical trials in many chronic diseases, including CHC, with an aim of investigating the efficiency of PD-1/PD-L1 modulation are underway.

An upregulation of tryptophan-catabolizing enzyme indolamine 2,3-dioxygenase (IDO), which is an inducer of immune tolerance was significantly upregulated in the myeloid DCs of CHC patients[45]. This enzyme seems to contribute to the attenuated functioning of DCs and has been reported to be associated with inhibition of T cell proliferation and function. Deprivation of tryptophan forms certain toxic metabolites that lead to cell-cycle arrest of both in vitro and in vivo activated human T cells making these cells susceptible to apoptosis[46]. Patients infected with human immunodeficiency virus, HCV and HBV have increased IDO activity and whether it has any role in facilitating long-term persistence of these viruses needs to be investigated further.

Further, in the presence of viral proteins, the DCs tend to upregulate many genes which might play a significant role in rendering them tolerogenic[47]. HCV core protein is shown to cause down regulation in host response by interfering with the downstream signalling pathway[48]. SOCS proteins, potent regulators of cytokine signalling also affect the DC differentiation, maturation and also act as a negative regulator of JAK/STAT signalling[49]. The SOCS proteins interfere with the binding of cytokines with their cognate receptors and downstream cell-signalling intracellular molecules. In a human hepatoma HepG2 cell line, over expression of SOCS 1 and SOCS 3 suppressed STAT activity and gene expression of various antiviral proteins[50]. The HCV core protein is shown to cause up-regulation of SOCS 3 which might be related to non-responsiveness to antiviral therapy[51,52]. Moreover, SOCS 3-tranduced DCs expressed low levels of MHC class Ⅱ and CD86 molecules on their surface as was observed both in vitro and in vivo systems[53]. Besides, such DCs produced higher levels of IL-10 and lower levels of IL-12 and IFN(, suggesting a phenotype of tolerogenic DCs. The aforementioned mechanisms of DC impairment are summarized in Table 1.

To deduce the mechanism of DC impairment during CHC infection, we exposed the monocytes of healthy individuals to the HCV-3 specific core and NS5 antigens during differentiation to immature DCs in vitro, and by further inducing maturation in the presence of lipopo​lysaccharide (LPS)[54]. We observed that both core and NS5 antigens induced maturation and activation defects in healthy mo-DCs as they failed to upregulate surface expression of HLA-DR, CD83, CD80 and CD86 upon LPS stimulation. Further, we found that in the presence of NS5 and core antigens, the expression of PD-L1 and IDO got upregulated while only NS5, and not core, caused the increase in expression of SOCS 3 in the mo-DCs that were differentiated in the presence of these viral proteins right from day one. Based on our findings, we proposed a model of DC dysfunction during CHC infection, indicating the upregulation and the role of various negative regulatory factors in rendering the defective phenotype of mDCs during CHC as summarized in Figure 1.
Strategies to improve DC functions: Future aspect

The host immune response takes on a cardinal role in virus control, recovery from the disease and provides protective immunity. Evidence from literature indicates that HCV, like many other viruses that cause chronic disease in humans, targets the DCs and interfere not only with its functioning but also use them for their dissemination within host tissues. An effective HCV vaccine would limit the number of new infections and in that way cut the burden on healthcare organizations. Nonetheless, on that path there are many hurdles and challenges since an effective vaccine is confronted with many factors associated with the HCV. This includes the subsistence of an array of HCV genotypes, limited availability of animal models and the gaps in the existing knowledge regarding the immunological mechanisms to HCV. Combinatorial approaches that would simultaneously enhance immunogenicity of vaccines and negate immunoregulatory pathways may significantly impact the nature of immune response. In this context, DC-based vaccines could be combined with immuno-modulatory molecules to be useful as both prophylactic and therapeutic vaccination against HCV[55]. These include the use of adjuvants with DC-based vaccines such as synthetic TLR agonists (Glu​copyranosyl lipid A, polyinosinic:polycytidylic acid or synthetic oligodeoxynucleotides) that have been used to improve the function of DCs against many other infections[56-58]. The functions of cytotoxic CD8+ T cells have been rescued effectively by blocking the expression of PD-L1 and CTLA-4 in vitro using blocking antibodies with profound improvement in DC functions as well[59]. Therefore, reinvigorating the immune response through blocking/down-modulating inhibitory molecules on DCs are currently proposed to be innovative strategies during chronic HCV infection. Furthermore, silencing SOCS proteins with either siRNA based approaches or via the use of antagonists may improve TLR-mediated STAT-1 activation and IL-12 production in monocytes/macrophages. Besides, blocking SOCS proteins along with blocking PD-L1 in DCs would abrogate HCV-induced inhibition as has been reported for T cell function reconstitution[60]. In future, such synergistic strategies could be employed with the aim of eliminating the pathogenic effects of HCV, although a deeper insight into all these mechanistic aspects of DC dysfunction would be essential.
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Figure 1  Proposed mechanism of dendritic cell impairment during chronic hepatitis infection and its relationship with antiviral therapy. Exposure of mo-DCs to HCV proteins ex vivo upregulated the expression of SOCS 3, IDO and PD-L1 that may be responsible for the observed maturation and activation defects in DCs including decreased secretion of IL-12 and IFN( on LPS stimulation leading to the differentiation of Th2 cells. Such DCs also produced increased levels of IL-10 that promote the differentiation of regulatory T cells. Antiviral therapy along with some immunomodulation targeting these inhibitory molecules would help in the reconstitution of DC function in the antiviral therapy non-responders and would help to achieve SVR. SVR: Sustained virological response; NR: Non-responders to therapy; IL: Interleukin; IFN: Interferon; Th: T helper; SOCS: Suppressor of cytokine signalling; IDO: Indoleamine 2,3-dioxygenase; PD-L1: Programmed death ligand 1; LPS: Lipopolysaccharide; CHC: Chronic hepatitis C; DC: Dendritic cells; HCV: Hepatitis C virus; mo-DC: Monocyte-derived DCs; Treg: Regulatory T cells.
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Table 1  Summary of mechanisms of dendritic cell impairment


Mechanism


�
Effect on immune system


�
Ref.


�
�
STAT3 phosphorylation and activation of PI3K pathway 


�
Reduced Th1 cell development


�
Tacke et al[38]


�
�
Interference with TRIF and IPS-1 signaling pathway


�
Exhaustive function of CD8+ T-cells


�
Rodrigue-Gervais et al[40]


�
�
Down modulation of costimulatory molecules


�
DC dysfunction


�
Bain et al[32], Rana et al[54]


�
�
Upregulation of inhibitory receptors 


�
Impaired DC function and exhaustion of T cell functions


�
Freeman et al[42]


�
�
Upregulation of IDO


�
Immune tolerance


�
Schulz et al[45]


�
�
Increased expression of SOCS


�
Negative regulators of JAK/STAT signalling, 


�
Kim et al[52]


�
�
�
differentiation of DCs to tolerogenic cell


�
Li et al[53]


�
�
DC: Dendritic cell; Th1: T helper 1; SOCS: Suppressor of cytokine signalling; IDO: Indoleamine 2,3-dioxygenase; IPS: Interferon  promoter stimulator-1; TRIF: Toll/interleukin-1 domain-containing adapter-inducing interferon .











