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Abstract

The human immune system is under constant challenge from many viruses, some of which the
body is successfully able to clear. Other viruses have evolved to escape the host immune responses
and thus persist, leading to the development of chronic diseases. Dendritic cells are professional
antigen-presenting cells that play a major role in both innate and adaptive immunity against
different pathogens. This review focuses on the interaction of different chronic viruses with
dendritic cells and the viruses’ ability to exploit this critical cell type to their advantage so as to
establish persistence within the host.
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INTRODUCTION

Viruses have been one of the major causes in tremendous loss of human lives and, thus,
being an important matter of health and economic concern. It is for these reasons that
viruses have garnered such considerable attention over the years and much research has
focused at understanding the mechanisms of how viruses interact with the host. Humans
have evolved a complex and diverse armory to defend against viruses in the form of innate
and adaptive immunity. Our defense immunity is able to successfully protect us from a
plethora of viruses. However, in this constant struggle of power between viruses and the
host, there are some viruses that the body is not able to fully clear that persist and gradually
develop into chronic infections. With chronic viral infections rising globally, persistent
viruses have attracted much attention and most of our current understanding about them has
emerged in the past decade. Some of the major human chronic viruses (Fig. 1) include
human immunodeficiency virus 1 (HIV-1), human T-cell leukemia virus type 1 (HTLV-1),
hepatitis viruses B and C (HBV and HCV), herpes simplex virus (HSV), human
cytomegalovirus (HCMV), varicella-zoster virus (VZV), Epstein-Barr virus (EBV),
papillomavirus (HPV), and adenovirus (HAdV). These chronic viruses can escape and
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subvert the immune response through a wide variety of unique mechanisms (Table 1).
Following primary infection, most of these chronic viruses progress into a state of latency
with minimal viral gene expression, allowing them to evade immune surveillance. Such
individuals remain asymptomatic during the course of primary infection. Following
conditions of stress, other physiological triggers, or even secondary pathogen infection,
these viruses can come out of latency and progress to cause disease symptoms. Although
viruses can differ in their tropism and interact with many different cell types, one major cell
type that all viruses must initially challenge is immune cells that are involved in
surveillance, recognition of foreign threats, and antigen processing and presentation to other
key immune cell types. No wonder that chronic viruses have very smartly evolved to use this
important cell type to their advantage.

The human body is under constant threat from pathogens. Usually, the body is able to cope
with the pathogenic challenge and overcome the threat. Certain pathogens, particularly
viruses, have a long history of causing great harm to human populations, and the human
body has evolved to develop an armory against these viral challenges. Foremost among the
cells involved in the body’s first line of defense are the dendritic cells (DCs). The DCs are
armed with a number of different pattern recognition receptors that can identify unique
pathogenic molecular signatures called pathogen-associated molecular patterns. The major
types of pattern recognition receptors include members of the Toll-like receptor (TLR)
family as well as the cytoplasmic sensors retinoid acid—inducible gene-like receptors and
nucleotide oligomerization domain-like receptors. These various receptors are capable of
identifying unique components of the virion, such as the high repetition of capsomers and
peplomers on virion surfaces as well as the viral nucleic acid and its various replication
intermediates. The triggering of these receptors leads to activation of the innate immune
response through the production of type 1 interferons (IFNs) as well as other cytokines and
chemokines. While the cytokines help to determine the fate of T helper cells, the
chemokines are crucial for the recruitment of effector cells in addition to aiding DCs to
migrate to the sites of T-cell activation, where they can present processed antigenic peptides
in the context of major histocompatibility complex (MHC) class | to the naive T cells. DCs
also undergo activation and maturation through the increased upregulation of surface
molecules, such as CD80, CD86, and MHC class Il. These surface markers aid in the
activation of naive T cells and thereby play an important role in the generation of the
adaptive immune response. Thus, DCs are well placed to mount a successful immunologic
response against viral challenge through their ability to bridge both innate and adaptive
immune response (Fig. 2).

In the human peripheral blood, depending upon the expression of CD11c, two subsets of
DCs are recognized [1]. The CD11c* myeloid DCs (mDCs) express myeloid markers, such
as CD13, CD33 and CD11b, while the CD11c™ lymphoid DCs do not express these markers
but instead express CD123. The CD11c™ lymphoid DCs exhibit a plasmacytoid morphology
and, hence, are called plasmacytoid DCs (pDCs). The mDCs have been found in three
different compartments—peripheral tissue DCs, secondary lymphoid organ-resident DCs,
and circulating blood mDCs. Within the skin, three subsets of DCs have been identified and
include the Langerhan cells (LCs) within the epidermis while the CD1a* DCs and CD14*
DCs are present within the dermis [2]. The LCs express the C-type lectins, such as Langerin
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and dendritic cell immunoreceptor (DCIR) as well as TLR1, TLR2, TLR3, TLR6 and
TLR10 [3, 4]. On the other hand, the dermal CD14* DCs express a wide variety of lectins,
such as dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-
SIGN), CD205, CLEC-6, Dectin 1, and DCIR as well as TLR2, TLR4, TLR5, TLR6, TLR8
and TLR10 [3, 5]. However, the LCs produce only very few cytokines including interleukin
(IL)-15 while the CD14* DCs can produce IL-1/, IL-6, IL-8, IL-10, IL-12, granulocyte
macrophage colony stimulating factor (GM-CSF), monocyte chemoattractant protein
(MCP), and transforming growth factor (TGF-p) [6]. As a result of the different cytokine
profile, both these subsets yield different immunologic end results. The LCs are highly
efficient in their ability to prime naive CD8* T cells and thereby induce potent cytotoxic T
lymphocyte (CTL) response [6]. In contrast, the CD14* DCs induce naive CD4™ T cells to
differentiate into effector cells that share properties with the T-follicular helper cells (Tfh), a
CD4* T cell subset specialized in B cell assistance. The CD14* DCs prime naive CD4* T
cells in order to assist naive B cells to produce largea mounts of IgM and switch isotypes
towards 1gG and IgA [6]. In human blood, the CD1c* (blood dendritic cell antigen
BDCA-1*) DCs form a major fraction of the Lin-1~ HLA-DR* CD11c* mDCs [7].

The pDCs are categorized as Lin-1"CD11c"HLA-DR™ and express high levels of CD123
(IL-3Ra chain), BDCA-2, and immunoglobulin-like transcripts (ILT)-7 [8, 9]. The pDCs
predominantly express very high levels of TLR7 and TLR9, thereby allowing them to act as
viral sensors and produce large amounts of type 1 IFNs in response to viral threat [10]. In
addition, the pDCs can also produce proinflammatory cytokines like TNF-a and IL-6 in
response to virus stimulation as well as chemokines, such as C-X-C motif chemokine 10
(CXCL10) and C-C motif chemokine ligands 4 and 5 (CCL4 and CCL5) [11-13]. Upon
exposure to viruses, the pDCs are able to elicit memory responses through the activation,
proliferation, and differentiation of antigen-specific memory B and T lymphocytes into
plasma cells and CTLs, respectively [14-16].There are two subsets of human pDCs that can
be differentiated on the basis of expression of CD2 into CD2M3" and CD2!°W [17]. Both
subsets can secrete IFN-a and express the cytotoxic molecules granzyme B and TNF-a
related apoptosis inducing ligand (TRAIL). The CD2Ni9" pDCs are more efficient than the
CD2!oW jn their ability to induce allogeneic T cell proliferation. The two subsets are
associated with distinct transcription profiles, differential secretion of 1L-12p40, and the
differential expression of the costimulatory molecule CD80.

Although numerous studies have highlighted, the importance of DCs in the generation of
immune response and transmission of various viruses, the exact mechanism still remains to
be elucidated. Most of our current understanding is from work done in vitro; however, when
such results are compared to in vivo situations, the comparison is stark and in most cases
contrary. We explore a few common discrepancies in the field of HIV-DC as well as HCV-
DC research.

HUMAN IMMUNODEFICIENCY VIRUS 1 AND DENDRITIC CELLS

The human immunodeficiency virus was discovered in the early 1980s and became
associated with acquired immunodeficiency syndrome (AIDS). The virus now has a
worldwide distribution of almost 40 million infected individuals. HIV is transmitted mostly
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sexually but can also be transmitted either parenterally or prenatally. HIV is classified under
the genus Lentivirus of the family Retroviridae. Initially, acute infection with HIV-1 causes
flulike symptoms, but the chronic viral disease develops over many years. The virus employs
multiple strategies for persistence, including stable latent proviral integration, very high
replication capacity, and the ability to undergo rapid mutation. These are some of the key
features that enable HIV-1 to evade the body’s immune response and eventually establish
persistent infection within the host.

The first DCs to have been reported to be susceptible to HIV-1 infection were the LCs, the
antigen presenting cells (APCs) of the epidermis [18]. Although the virus has a preference
for infecting CD4* T cells, it can nevertheless directly infect DCs (c/s infection) but with a
lower efficiency, and for this reason a very small percentage of DCs are positive for the virus
in HIV-1-infected individuals [18]. DCs do express the primary HIV-1 receptor, CD4, as
well as the two main coreceptors CXCR4 and CCR5, and it has been demonstrated in vitro
that they can be infected with both the X4 and R5 strains of HIV-1 [19]. Compared with
mature DCs, immature DCs have been shown to be more susceptible to HIV-1 infection due
to their ability to pick up viral antigens [20]. Interestingly, pDCs infected with HIV-1 in vitro
can transmit the virus to CD4* T cells (trans infection) [21], thereby suggesting a plausible
mechanism by which infected migrating DCs can transmit the virus to CD4* T cells at sites
of activation. However, pDCs are less efficient than mDCs in their ability to transmit the
virus [21]. Conversely, the LCs seem to prevent HIV-1 transmission by degrading the
captured virus particles [22]. But in another study, it was shown that in vitro activated
CD34-derived LCs were found to mediate the #rans infection of HIV [23].The c/sinfection
of DCs is functionally different from the DC-mediated HIV-1 transinfection of CD4* T
cells, as the latter involves the trafficking of whole virus particles from DCs to T cells via a
virologic synapse and is mediated by viral receptors, coreceptors, and DC-SIGN, or other C-
type lectins [24—-26]. This sequential endocytosis and exocytosis of whole HIV-1 particles
without viral replication is known as the “Trojan horse”model. Using monocyte-derived DCs
(MDDCs) it was shown that the productive replication of HIV-1 is dependent on fusion-
mediated viral entry and the mature HIV-1 particles were localized to a specialized
tetraspanin-enriched subcompartment within the DC cytoplasm [27, 28]. Another study
demonstrated that the viral envelope protein gp120 can inhibit the activation of T cells [29].

Due to the unique ability of DCs to transfer the virus to CD4* T cells, DCs may serve as
reservoirs of the virus and continuously supply the T cells with virus over time. Depending
on the DC subtype, DCs can serve in varying capacities as reservoirs. Follicular DCs from
HIV-1-infected individuals have been shown to carry genetically diverse viral strains not
found elsewhere in the body [30], suggesting that these cells may serve as a melting pot for
the emergence of new mutations in infected individuals. Moreover, peripheral blood mDCs
are not found to have the virus during antiretroviral therapy [31], suggesting that DCs in the
lymph nodes serve as the long-term reservoir. A study demonstrating the presence of HIV-1
in mDCs isolated from lymph node biopsies of infected individuals on antiretroviral therapy
[32] supports this notion. In addition, pDCs have been ruled out as serving as reservoirs due
to their ability to produce IFN-a and an unidentified small molecule [21, 33].
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Viral proteins can also play a major role in countering the antiviral effects of DCs in many
ways. The HIV-1 protein, Vpr, is known to decrease the expression of CD40, CD80, CD83,
and CD86 on MDDCs [34]. Immature MDDCs that were treated with HIV-1 Vpr were
incapable of attaining high levels of costimulatory molecules and, thus, failed to mature
[34]. Nef, a vital factor needed for viral replication and pathogenesis, has been verified to
influence DC phenotype, morphology, and function, thus facilitating the spread of HIV [35].

One of the early studies with peripheral blood mononuclear cells (PBMCs) from HIV-1-
infected individuals demonstrated their reduced ability to produce type 1 IFN (IFN-a) in
response to HSV-infected fibroblasts or cell-free HSV virions even when corrected for the
white blood count [36, 37]. In the absence of distinct phenotypic description of DCs at that
time, the study showed that not only do HIV-1-infected individuals have fewer IFN-
producing cells but also each cell makes less IFN-a on a per-cell basis in response to HSV-1
compared with controls [38]. Investigators later demonstrated that both the mDCS and
pDCs, the key type 1 IFN-producing subset of DCs, were reduced in frequency and
functional capacity in the peripheral blood of HIV-1 patients [39-42]. The same studies
showed that the pDC numbers correlated with the CD4 numbers or were inversely correlated
with the viral load. One of the ways by which the numbers of pDCs are reduced in such
infected individuals is through the direct killing of these cells by HIV-1 [33]. Moreover, the
virus can utilize the pDCs to block CD4" T-cell proliferation or induce the differentiation of
naive CD4* T cells into T-regulatory cells. This can be achieved in pDCs through the viral-
induced expression of indoleamine 2,3-deoxygenase, which is a CD4* T-cell suppressor and
regulatory T-cell activator [43, 44]. Because the pDCs are the primary cells equipped with
major viral nucleic acid-sensing TLRs, HIV-1 can suppress the activation of TLR 7 and 8 as
well as block the production of IFN-a [45, 46]. Moreover, the pDCs from HIV-infected
individuals demonstrate defective stimulation in an allogeneic mixed lymphocyte reaction
and a reduced activation phenotype [47, 48]. However, the role of IFN-a in HIV-1 infection
is complex and numerous studies suggest it can play both protective and pathogenic roles.
Both in vitro and in vivo data using severe combined immunodeficient human mouse models
have demonstrated the protective role of IFN-a [49-54]. In addition, the negative correlation
between the pDCs and the viral load confirms this notion [42, 47].However, during chronic
infection, IFN-a has been found to contribute to TRAIL-induced and Fas/FasL-induced
apoptosis of infected as well as uninfected CD4* T cells, thereby suggesting the role of IFN-
a in leading to the exacerbation of immunopathogenesis and disease progression [55-58].
Although the exact mechanism by which IFN-a leads to immunopathogenesis is still not
clear but current studies suggest that during initial acute HIV infection, IFN-a may play a
plausible protective role. However, as the infection progresses it may then lead to a state of
chronic immune activation, thereby becoming detrimental to the immune system during
chronic infection.

There has been considerable debate regarding the importance of DC-SIGN in facilitating
virus entry, binding, and transmission. Early studies highlighted the crucial role that DC-
SIGN played in the frans-infection of HIV, but subsequent studies have shown the #rans-
infection to occur by DC-SIGN independent mechanism as well [59-66]. Moreover, the
macrophages express relatively more DC-SIGN than the DCs in the lymphoid tissues and
blood, suggesting that the macrophages may in turn be responsible for the HIV trans-
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infection in vivo [61, 67, 68]. But this has not yet been demonstrated. In addition, it has been
observed that the monocyte-derived macrophages, like the MDDCs, can also transmit the
virus in a DC-SIGN independent manner [69, 70]. One of the biggest discrepancies has been
the difference in expression of DC-SIGN observed on DCs isolated from tissues and the DC
subsets observed in vivo [60, 61, 71-74]. These discrepancies possibly suggest that the role
of DC-SIGN may be limited in DC-mediated transmission in vivo (Table I1).

HUMAN T-CELL LEUKEMIA VIRUS TYPE 1 AND DENDRITIC CELLS

Human T-cell leukemia virus type 1 is classified in the genus Deltaretrovirus of the sub-
family Orthoretrovirinae and was the first identified human retrovirus from a patient with
cutaneous T-cell cancer almost three decades ago [75-78]. Approximately 10 to 20 million
people are infected with HTLV-1 worldwide, mostly along the tropical belt. The infection is
endemic in Japan, the Caribbean, parts of South America, and Central Africa [79]. Although
a majority of HTLV-1-infected individuals remain asymptomatic carriers and only a very
few (<5%) eventually develop the disease [80, 81], HTLV-1 thus represents a classic
example of a persistent retroviral infection. However, why certain infected individuals
develop the disease while others remain healthy is still not known. Etiologic studies have
shown HTLV-1 to be associated with many different clinical syndromes, such as uveitis,
alveolitis, dermatitis, thyroiditis, Sjogren’s syndrome, polymyositis, and arthritis [82] as
well as two predominant immunologically distinct diseases, oncogenic adult T-cell leukemia
(ATL) [83] and neuroinflammatory HTLV-1-associated myelopathy or tropical spastic
paraparesis (HAM/TSP) [84].

The role of DCs in HTLV-1-associated diseases has not been clearly elucidated, but studies
suggest that DCs are of particular significance because the development of HAM/TSP is
associated with rapid maturation of DCs whereas ATL involves a maturation defect in this
critical cell population (Fig. 3) [85-88]. DCs obtained from patients with HAM/TSP were
found to be infected with HTLV-1 and can also be infected in vitro [85, 89]. Autologous
infected DCs, as well as those pulsed with inactivated HTLV-1 virions, have also been
shown to lead to a strong proliferative response of both CD4* and CD8* T cells [90].
Moreover, cell-free HTLV-1 can infect freshly isolated mDCs and pDCs [91]. Such infected
DCs can then rapidly transfer the virus to autologous primary CD4* T cells, resulting in
chronic infection as well as leading to their interleukin-2 (IL-2)-independent transformed
state [91, 92]. These results suggest that DCs are susceptible to HTLV-1 infection and that
their cognate interaction with T cells may contribute to the development of ATL and HAM/
TSP. Using a murine DC line (JAWS I1) and in vitro differentiated human MDDCs, it was
shown that DCs once exposed to Tax undergo activation and maturation, exhibiting
alterations in surface phenotype, secreting cytokines/chemokines, and leading to an
allogenic and antigen (Tax)-specific immune response [93-96]. The genesis, priming, and
maintenance of the Tax-specific CTL response are not completely characterized and a recent
study suggested that the HTLV-1-infected CD4*CD25" T cells stimulate and expand the
Tax-specific CD8* T cells in HAM/TSP patients [97]. However, this study did not
demonstrate that infected CD4* T cells can alone prime naive CD8s from normal donors,
and it also did not consider the involvement of DCs or the costimulation pathway in the
process. In vitro and in vivo priming assays demonstrated that compared with the
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CD4*CD25* T cells, DCs were far more efficient in generating and maintaining a Tax-
specific CTL response in peripheral blood lymphocytes from naive normal donors as well as
in HHD 11 mice [98]. In addition, we showed that DCs do play a role in determining the
degree of infection (proviral load, Tax mMRNA expression, and cellular immune response) in
cell-free versus cell-associated HTLV-1 infections using an in vivo transgenic murine model
system that allowed for the selective transient depletion of DCs [99]. To further understand
the intricate relationship between the DCs and cell-free HTLV-1, we studied the kinetics of
interaction in isolation using murine bone marrow-derived dendritic cells and observed
selective downregulation of many I1SGs, chemokines, cytokines, and MHC class | molecules
[100]. Our results demonstrate a clear viral-mediated strategy in targeted downregulation of
key signaling molecules as well as those required for antigen presentation to the CTLs.
Investigators have also recently demonstrated that free HTLV-1 induces TLR7-dependent
innate immune response through pDCs by the production of IFN-a and by upregulating
expression of TRAIL [101]. Moreover, such HTLV-1-stimulated pDCs were transformed
into IFN-producing killer pDCs [101].

With respect to ATL, DCs are of particular significance as the development of ATL involves
a maturation defect in this critical cell population [86—88]. Monocyte-derived immature DCs
from patients with ATL were found to have reduced ability to take up antigen and to express
surface antigens CD1a and CD86 [86]. In addition, mature DCs differentiated from such
cells poorly stimulated the autologous proliferation of CD4* and CD8" T cells [86]. Another
study showed that patients with ATL have reduced numbers of both mDCs and pDCs
compared with controls [87]. Moreover, pDCs from such HTLV-1-infected individuals were
found to have impaired IFN-a capacity [87]. The activation and maturation of DCs require
the interaction of its CD40 receptor with the cognate CD40L (CD154) expressed on
activated T cells [102]. However, CD40L expression was found to be blocked in T cells from
patients with ATL but not from either patients with HAM/TSP or normal controls [103]. It
was also shown that although the HTLV-1 transcriptional transactivating protein Tax
upregulated CD40L gene expression, CD40L expression was absent in HTLV-1 Tax-
expressing transformed cell lines through an epigenetic methylation mechanism
[103].Moreover, cell-free HTLV-1 can infect freshly isolated mDCs and pDCs [91]. Such
infected DCs can then rapidly transfer the virus to autologous primary CD4* T cells,
resulting in chronic infection as well as leading to their IL-2-independent transformed state
[91, 92]. These results suggest that DCs are susceptible to HTLV-1 infection and are
functionally impaired in cases of ATL, as well as being able to transfer the virus to CD4* T
cells leading to their eventual transformed state.

HEPATITIS VIRUSES B AND C AND DENDRITIC CELLS

Hepatitis viruses B and C are hepatotropic and primarily infect hepatocytes. Both these
viruses can cause chronic liver disease and progressive liver injury that may eventually lead
to liver cirrhosis, liver failure, and liver cancer [104, 105]. More than 500 million people
worldwide are chronically infected with HBV or HCV [106]. HBV belongs to the
Hepadnaviridae family whereas HCV is the only known member of the Hepacivirus genus in
the family Flaviviridae. The lack of adequate immune response against these viruses is
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believed to explain their persistence and, thus, current research has been focused on
understanding the immune escape strategies of these viruses.

HEPATITIS B VIRUS

Previous studies have demonstrated decreased frequency of circulating blood DC numbers in
patients with chronic HBV infection compared with healthy individuals [107-113]. Inmost
studies, increased serum alanine aminotransferase levels, an indicator of liver inflammation,
were found to correlate reciprocally with the number of circulating mDCs [111, 114] and
pDCs [115]. These studies correlate with earlier findings demonstrating increased
frequencies of intrahepatic DCs in the portal areas of the liver in patients with chronic HBV
infection [112, 114].

A major finding in patients with chronic HBV infection, in addition to reduced frequency of
circulating DCs, is the functional impairment of DCs, which may contribute to the
insufficient immune response against HBV [111]. Ex vivo patient studies on mDCs
demonstrate no or very little reduced expression of the costimulatory molecules; however,
expression levels of the inhibitory molecule B7-H1 were found to be highly upregulated
[109, 111, 114, 116]. Unlike minor changes in phenotypic expression, DCs from such
infected individuals were found to be severely compromised in terms of functional capacity.
When the mDCs were stimulated with double-stranded RNA, the cells produced reduced
amounts of IFN-Band TNF-a but no significant change in the levels of IL-6, IL-1, and
IL-12 [111, 117]. Such functional modulation of DCs may affect their ability to prime and
elicit a T-cell response. mDCs from HBV-infected individuals are less efficient in inducing
T-cell proliferation in vitro than those from healthy individuals [111, 116, 118]. Type 1 IFN
production following viral challenge is the key feature of pDCs. In contrast to healthy
individuals, pDCs from HBV-infected individuals are impaired in their ability to produce
IFN-a when stimulated with Staphylococcus aureus Cowan [111], HSV [108], or DNA
containing CpG motifs [112, 115, 119]. Not only was the production of IFN-a impaired in
such individuals, but the type 1 IFN signaling pathway itself was found to be compromised,
which would aid in the eventual replication and survival of the virus [120, 121].

The uptake or binding of HBV and hepatitis B surface antigen (HBsAg) by DCs has been
shown but the receptor remains unknown [122-124]. When peripheral blood mDCs were
mixed with physiologically relevant levels of either HBV or HBsAg, DCs were found to be
reduced in their capacity to stimulate T cells. Moreover, only HBV and not HBsAg was
found to significantly reduce the ability of these cells to produce IL-12 [123]. In line with
the effect of HBV on blood mDCs, MDDCs were found to be similarly impaired in their
ability to stimulate allogeneic T cells and produce IL-12 [122]. Overall, these data
demonstrate that HBV or its viral protein is partially involved in disrupting DC function as
seen in patients with chronic HBV infection. This is supported by the fact that when the viral
load in such individuals is reduced by the administration of nucleoside analogues, mDCs
then have increased IL-12 production and are also able to activate T cells ex vivo [110].
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HEPATITIS C VIRUS

Previous studies have demonstrated reduced frequencies of both peripheral mDCs and pDCs
in chronically infected HCV individuals [125, 126]. Strikingly, the numbers of such cells
were found to be increased in the liver of HCV patients [127, 128]. However, it is difficult to
ascertain whether the observed increase of DCs in the liver results from the decrease of these
cells from the periphery. pDCs derived from HCV-infected subjects were observed to be
deficient in IFN-a production upon stimulation by CpG [129]. Furthermore, mDCs from
these patients showed a lessened capability to induce an allogeneic mixed lymphocyte
reaction (AMLR), which is supported by the low levels of HLA-DR and CD86 expression as
well as the high levels of IL-10 production in response to poly-1C stimulation [129].
Conversely, pDCs from HCV-infected subjects were characterized by an increased ability to
stimulate an AMLR [129]. The reduced number of DCs is probably due to their induced
apoptosis by the HCV core NS3 and NS5 proteins in vitro [130]. Although lower
frequencies of mDCs and pDCs are usually detected in patients infected with chronic HCV,
there appear to be no phenotypic or functional defects when compared with healthy subjects
[131].The reduction in pDCs induced a lower production capacity of IFN-a [131].
Experimental data reveal that DC subsets are all functional in patients with chronic HCV
infection, a finding that could be used for DC-based HCV immunotherapy trials, contrary to
previous studies [131].

In a comparison of liver mDCs isolated from both noninfected inflamed liver and HCV-
infected liver, HCV-infected livers were observed to have a higher expression of MHC class
I, CD86, and CD123 [132]. Moreover, mDCs obtained from HCV-infected livers were
better stimulators of allogeneic T cells and secreted significantly less 1L-10 [132]. The
reduction in IL-10 secretion is believed to contribute to the enhanced functional properties of
mDCs from HCV-infected livers [132]. Additionally, depletion of IL-10 heightened the
ability of mDCs from a noninfected liver to stimulate T cells [132]. In contrast, pDCs were
present at much lower frequencies in a HCV-infected liver as well as expressing higher
levels of regulatory receptor BDCA2 [132]. However, another study reported that HCV-
infected patients had significantly lower numbers of circulating BDCAL1* and BDCA2" DCs
when compared with healthy donors [128]. Moreover, chronic HCV infection was shown to
correlate with intrahepatic DC proliferation [128]. These characteristics of mDCs and pDCs
are believed to contribute to the viral persistence of HCV [132].

When ex vivo mDCs from individuals with chronic HCV infection were analyzed for
expression of surface costimulatory and MHC molecules, little difference was found from
healthy individuals [126]. Moreover, mDCs from patients with chronic infection were
reduced in their ability to produce IL-12 and TNF-a when stimulated with TLR agonists but
the level of IL-6 remained the same [117, 126, 133]. Interestingly, levels of the regulatory
cytokine IL-10 were increased compared with controls [129, 134]. As a result of this altered
cytokine profile, the mDCs were dampened in their ability to induce proliferation of
allogeneic T cells [129, 135, 136]. Similar studies with peripheral pDCs from patients with
chronic HCV infection demonstrated their reduced ability to produce IFN-a upon
stimulation with TLR agonists [125, 126], as well as their ability to activate T cells [136,
137]. There are many mechanisms by which HCV can disrupt the type 1 IFN signaling
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pathway [138-140]. Moreover, many HCV proteins can interfere with various molecules of
the signaling pathway, such as TRIF (TIR-domain-containing adapter-inducing interferon-5)
and Cardif, that are produced following recognition of viral RNA and thereby allow the
virus to blunt the type 1 IFN response [140]. DCs can utilize either of their two C-type lectin
receptors, DC-SIGN and L-SIGN, to bind to the HCV envelope glycoproteins E1 and E2
[141].

The HCV envelope glycoprotein E2 binding to DC was shown to lead to a shift from
immature to mature phenotype through increased expression of cell surface molecules, such
as CD83, CD80, CD11c, and MHC class Il [142]. DCs that were E2-matured displayed a
higher capacity to stimulate T cell proliferation and IFN-y and I1L-12 production in
comparison to immature DCs. The promotion of DC E2-maturation was shown to be both
time-dependent as well as dose-dependent and was capable of being inhibited by anti-E2
antibodies. Moreover, E2-matured DCs showed a declined activity in endocytosis and
phagocytosis upon maturation. Thus, the results indicate that E2 proteins not only induce
DC maturation, but may also play a role in immune regulation during HCV infection [142].
Furthermore, DC migration appears to be significantly affected by interactions of HCV E2
with CD81 [128].

DC specific C type lectins DC-SIGN and L-SIGN have been shown to be vital receptors for
HCV envelope glycoproteins E1 and E2 [143, 144]. Both HCV E1 and E2 bind to the same
binding site on DC-SIGN that HIV-1 binds to. A recent study has shown that C type lectins
L-SIGN, expressed mostly on endothelial cells in liver sinusoids, and DC-SIGN, expressed
on DCs, are not only able to capture HCV, but do so via specific binding to envelope
glycoprotein E2 [145]. C-type lectins L-SIGN and DC-SIGN bind to the HCV E2
glycoprotein with high affinity and growing evidence indicates that liver sinusoidal
endothelial cell-expressed L-SIGN may act as a HCV capture receptor and transmitter of
infectious virions to neighboring hepatocytes [144, 146]. The HCV envelope glycoprotein
E2 binds DC-SIGN and L-SIGN via high-mannose N-glycans [146]. HCV particle capture
by SIGN™ cells may not only promote viral infection of hepatocytes, but may also be vital
for persistence of infection [145].

However, there are few conflicting studies in the field of HCV-DC research (Table I1). Early
studies demonstrated the maturation and functional impairment of conventional DCs (cDCs)
inHCV infection with decreased IL-12 and increased I1L-10 production in vitro [147, 148].
Interestingly, the impaired allostimulatory potential of cDCs has been reported with mixed
results [149-152]. This is particularly intriguing as clinical studies clearly demonstrate
absence of any impairment of the cDCs in HCV infected individuals.

HERPES SIMPLEX VIRUS AND DENDRITIC CELLS

The term herpes is derived from the Greek word herpin, meaning creeping, and is used to
explain the characteristic creeping nature of the eruptions caused by the virus. HSV belongs
to the a-herpesviridae family. HSV affects more than one-third of the human population and
is responsible for eczema herpeticatum in patients with atopic eczema or other severe life-
threatening forms that can occur in immunosuppressed individuals. It enters the body
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through skin lesions and primarily infects epithelial cells. The most striking feature of HSV
is its capability to establish latency after primary infection and, thus, persist in the host and
then later reactivate throughout the lifetime of the individual. It was recently demonstrated
that in case of Kaposi’s sarcoma-associated herpesvirus (KSHV/HHV8), a member of the -y-
herpesviridae, secondary pathogen infection can lead to the reactivation of the latent virus
[153].

The in vitro infection of immature DCs by HSV-1 has been shown to result in morphologic
changes and in downregulated expression of various costimulatory molecules, such as
CD80, CD86, and CD40; the DCmarker CD1a; adhesion molecule CD54 (ICAM1); and
MHC I [154]. The selective targeting of MHC class | molecule by HSV-1 allows it to blunt
the presentation of viral peptides by infected DCs to naive CD8* T cells. The formation of
the HSV gene product infected cell protein (ICP) 47 with TAP (transporter associated with
antigen processing) to ICP47-TAP complex allows it to block the translocation of MHC
class | peptide complex to the cell surface and thereby inhibits the MHC class | pathway
[155-157]. In addition, HSV-infected DCs have reduced secretion of IL-12, a key cytokine
produced by mature DCs, and of the maturation marker CD83, suggesting the ability of
HSV-1 to interfere with the maturation process [158]. The HSV-dependent loss of CD83
surface expression has been observed to be due to the degradation of CD83 in the lysosomal
compartment as well as by the proteosome and not due to reduced mRNA expression [159,
160]. Among all the viral-mediated strategies discussed regarding the persistence of HSV,
one of the most striking was the selective downregulation in surface expression of CD40 and
CD54 along with the reduced secretion of 1L-12 by the HSV infected DCs [154]. Secretion
of IL-12 is highly dependent on CD40-CD40L interaction and, therefore, the reduced
secretion of IL-12 by infected DCs can hamper the ability of DCs to generate a successful
Th1-mediated cellular immune response. The surface marker CD54 (ICAML) is required for
providing costimulation to the CD8* T cells independently of CD80 and CD86. In addition,
it also required the cells to extravasate across the transendothelial membrane as well as in
inhibiting the secretion of IL-4 so as to favor a Th1 mediated immune response.

One of the major primary responses generated by the host against HSV involves DC-
mediated T helper cell responses and antibody production. HSV can interfere with the MHC
class 11 antigen presentation of the CD4™ T cells by reducing the expression of the invariant
chain and through the interaction of viral envelope glycoprotein B with HLA-DR and HLA-
DM polypeptides [161]. In addition, the presence of virus-derived antigen presenting DCs is
critical to the generation of a successful CD8* T-cell response to cutaneous HSV-1 infection
[162].

In another approach to deter the host immune response, HSV has been shown to induce
apoptosis in DCs in a two-step manner consisting of an early antiapoptotic and a late
proapoptotic stage. In the first phase, the HSV glycoprotein D ensures the survival of the
HSV-infected cell, through the induction of nuclear factor-xB and thereby protects against
Fas-induced apoptosis through the reduction of caspase 8 activities as well as upregulation
of apoptotic molecules [163]. During the second phase after sufficient viral replication has
taken place, HSV induces apoptosis of immature DCs through the caspase 8 pathway by
upregulating TNF-a, TRAIL, and p53 and down-regulating cellular FLICE-inhibitory
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protein (c-FLIP) [164]. Moreover, HSV has been demonstrated to downregulate the
chemokine receptors CCR7 and CXCR4 on DCs, as well as the prostaglandin E(2) receptors
EP2 and EP4, and thereby interfere with their migration [165, 166]. Recently it was
demonstrated that pDCs found at sites of genital lesions were resistant to HSV infection in
vitro and were able to proliferate autologous virus-specific T cells [167]. However, the
blood-resident pDCs have been shown to secrete large amounts of type | IFN in response to
the HSV antigen [168, 169]. The recognition of HSV by the pDCS was shown to be TLR9
dependent [170-172]. In addition, HSV can enter DCs through either DC-SIGN or the
inhibitory receptor paired immunoglobulin-like type 2 receptor (PIR) a [173, 174].

Since HSV infection is restricted to the epidermal layers, studies have shown that the surface
resident LCs can also be infected by HSV and that they may be compromised in their
function to successfully elicit a fully functional anti-HSV CTL response [175]. However, the
apoptosis of such compromised LCs and other infected cells may serve as a source for other
resident bystander immature LCs or dermal DCs that can then phagocytose the apoptotic
bodies without undergoing maturation. The phagocytosed particles can then be loaded onto
MHC class | molecules to be cross-presented to the CD8* T cells [176].

HUMAN CYTOMEGALOVIRUS AND DENDRITIC CELLS

Human cytomegalovirus is a member of the g-herpesviridae family with a large double-
stranded DNA genome. Depending on the geography, the seroprevalence of HCMV can be
40% to 90% of the population. Primary HCMV infection occurs early in life through either
saliva or breast milk, leading to latency, lifelong persistence and accompanied by periodic
bouts of reactivation that are usually asymptomatic. However, under conditions of systemic
immunosuppression, such as in AIDS patients and transplant recipients, HCMV infection
can manifest with other complications or even lead to morbidity and mortality. It is,
therefore, one of the most common types of opportunistic infections in such
immunocompromised individuals.

There are many levels at which HCMV can usurp the activity of DCs in their ability to
launch a strong innate and adaptive immune response against the virus and its proteins.
HCMYV can interfere with the antigen processing and presenting capacity of DCs through the
action of various viral proteins. The tegument protein pp65 prevents processing of the viral
intermediate early antigen-1 for presentation [177]. The US2 and US11 genes downregulate
the surface expression of MHC class | by translocating them to the cytosol for proteosomal
degradation [178, 179]. US2 can also target the MHC class 11 and nonclassic MHC class |
molecule HFE [180, 181]. Immunoevasive genes, such as US3, can retain MHC class | and
interfere with MHC class Il while US6 can block TAP functions, thereby blunting the ability
of viral peptides to be loaded within MHC class | molecules [182-184]. US10 has been
demonstrated to be involved in delaying intracellular MHC class | trafficking [185].The viral
protein pp71 encoded by UL82 can inhibit the transport of MHC class | molecules between
the endoplasmic reticulum and cis-Golgi [186]. Other strategies employed by HCMV
involve the use of viral homologues for IL-10, chemokine receptors, and products involved
in regulating cell-cycle progression or inhibiting apoptosis [187-192].
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Recent studies have utilized MDDCs as a primary cell surrogate to understand the
interaction between HCMYV and DCs. Studies have shown that MDDCs can be infected with
fresh isolates of HCMV [193, 194]. The virus utilizes the viral glycoprotein B to bind to
DC-SIGN on the MDDCs [195]. It then utilizes the UL128-UL131A genes to facilitate entry
[196]. When the expression of various surface markers was analyzed following infection
with HCMV, the immature MDDCs matured rapidly and upregulated the costimulatory
molecules CD40, CD80, and CD86 but downregulated both MHC class | and 1l molecules
[197]. Such mature MDDCs were also able to upregulate expression of CD95L (FasL) and
TRAIL, allowing them to target both PBMCs and T-cell lines for lysis [197]. When different
viral strains were used, however, expression of costimulatory molecules was downregulated,
DC maturation was inhibited, IL-12 and TNF-a production in response to
lipopolysaccharide or CD40L were reduced, but earlier findings about inefficient induction
of T-cell proliferation by infected DCs were supported [198]. In addition, MDDCs generated
from PBMCs of immunocompetent patients with symptomatic HCMV disease were found to
be impaired in their ability to proliferate T cells [199]. The HCMYV protein UL18 when
bound to immature MDDCs results in the expression of CD83 but no other maturation
marker; increased IL-10 and IL-6 secretion; and reduced migration in response to RANTES
(regulated upon activation, normal T-cell expressed, and secreted) [200]. HCMV has also
been shown to induce the expression of MIP-1a (macrophage inflammatory protein, CCL3),
MIP-143 (CCL4), and RANTES (CCLY5) to allow the downregulation of CCR1 and CCR5
receptors on immature DCs, thereby interfering with the migratory ability of MDDCs [201].

With regard to the pDCs, HCMV can also lead to the production of type 1 IFNs from these
cells but is unable to productively infect the pDCs [202, 203]. Very little viral gene
expression was observed in such infected pDCs. However, the pDCs underwent dramatic
changes in phenotype and function following infection through the robust production of
IFN-a, TNF-a, and 1L-6 [203]. Although the soluble factors released from such infected
pDCs was unable to proliferate T cells in AMLR, the soluble signals were, nevertheless, able
to cause the activation and proliferation of B cells [203]. In addition, in the presence of
CD4+ assistance, the soluble factors are able to mediate antibody production in B cell
receptor stimulated B cells [203]. In another separate study utilizing pDCs derived from
umbical cord blood, no type I IFN production was observed from such pDCs following
infection with HCMV [204].

OTHER CHRONIC VIRUSES AND DENDRITIC CELLS

Varicella zoster virus (VZV) is the etiologic agent of varicella (chickenpox) and infects up to
90% of the human population. After the primary infection has been cleared, the virus
establishes a lifelong latent infection in the dorsal root and cranial nerve ganglia, the
reactivation of which causes herpes zoster (shingles). The cellular immune response is
critical for controlling the primary infection as well as preventing the reactivation. DCs are
important for controlling and mounting cellular immune response against VZV [205]. Both
immature and mature DCs can be infected by VZV [206, 207]. VZV-infected immature DCs
do not undergo apoptosis and can also transfer virus to fibroblasts or autologous T cells
[206]. VZV infection using mature DCs resulted in the downregulated expression of key
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surface markers as well as reduced capacity to stimulate the proliferation of allogeneic T
cells, suggesting the ability of VZV to alter DC functions [207].

Epstein-Barr virus (EBV) is a y-herpes virus that infects 95% of adults in the United States
and is responsible for mononucleosis, Burkitt’s lymphoma, nasopharyngeal carcinoma,
Sézary syndrome, and systemic lupus erythematosus [208, 209]. Following initial infection
of mature B cells, EBV undergoes a latent chronic phase with periodic reactivation and
production of new virus and large quantities of EBV-encoded RNAs (EBER) [210]. Using
immature DCs, researchers demonstrated that EBER could be recognized by TLR3 [211].
Moreover, such activation of TLR3 can cause the DCs to undergo maturation through the
upregulation of CD86 and CD83, produce type | IFNs and proinflammatory cytokines, and
stimulate allogeneic T cells in a mixed lymphocyte reaction [211]. Recently, human pDCs
have been shown to produce IFN-a in response to TLR9 and TLR7 triggering by EBV
nucleic acid and EBER, respectively [212].

Human papillomaviruses (HPVs) are a family of about 120 double-stranded DNA viruses
that have been linked with a wide variety of epithelial cancers in humans. HPV has been
found to be associated with more than 90% of uterine cervical cancers. Of the large number
of asymptomatic women with clinically detectable infection, less than 1% develop the
chronic malignancy [213]. The viral oncoprotein E7 can block the DC-produced IFN-a-
mediated antiviral effects by inhibiting the induction of IFN-a-inducible genes as well as by
inhibiting the activation of the IFN-S promoter [214, 215]. In addition, the expression of E7
can downregulate the activation of both E7- and non-E7-specific CD8* T cells by
manipulating the immunogenic property of DCs into tolerogenic property [216]. Similarly,
HPV E6 can downregulate the expression of IL-18, which is required for the generation of
the CD8* T-cell response [217].The other viral protein (E5) mediated acidification of
endosomes affects antigen processing and presentation in APCs [218]. Both LCs and DCs
have been shown to recognize and target tumor cells expressing HPV E6 and E7 for lysis
[219].

Human adenoviruses (HAdVs) are nonenveloped viruses with a 30- to 40-kb linear double-
stranded DNA genome and belong to the family Adenoviridae. These viruses lead to upper
respiratory infections and are a significant cause of morbidity in immunocompetent
individuals and mortality in those who are immunocompromised. In addition, HAdVs can
also lead to various ocular adenoviral infections [220, 221]. Both mDCs and pDCs can be
infected with HAdV through either the coxsackievirus and adenovirus receptor (CAR) or
independently of CAR by using lactoferrin and DC-SIGN [222, 223]. In addition, DCs upon
infection with HAdV produce early and late viral antigens aswell as altered expression of
surfacemarkers but can still strongly stimulate CD8* T cells [224]. However, infection of
monocytes with HAdV prevents their differentiation into DCs [224].

CONCLUSIONS AND FUTURE DIRECTIONS

The burgeoning effect of chronic viral infections has made us delve deeper into the intricate
host—pathogen relationship, particularly between viruses and DCs. As the professional
antigen presenting cells that serve at the crucial junction between innate and adaptive
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immunity, the role of dendritic cells is very critical. From serving on the first line of defense
to determining the fate of the adaptive immune response, dendritic cells serve as the
conductor of the immune system. Hence, their role in the generation and maintenance of a
successful immune response is pivotal.

Viruses have identified the important link that DCs play and have evolved mechanisms to
evade and exploit the defense tactics of DCs. The growing number of chronic viral
infections worldwide is a serious health crisis. Most of the chronic human viruses, such as
HIV-1, HTLV-1, HBV and HCV, HSV-1, HCMV, V2V, EBV, HPV, and HAdV, have
developed unique strategies to subvert and hijack the functions of DCs to their advantage to
allow them to persist in the host. It is, therefore, imperative that future studies should
address and explain the mechanistic approach of viral mediated infection strategy of DCs as
well as identify the key viral and host proteins/receptors that are involved in subverting the
functions of these cells. To successfully fight chronic viruses, future vaccines must depend
on restoring the functional capacity of DCs to elicit a successful innate and adaptive immune
response. Therefore, a full understanding of the different tactics utilized by viruses to
overcome the host immune response and in particular the dendritic cells is crucial.

GLOSSARY OF TERMS

AMLR allogeneic mixed lymphocyte reaction
APC antigen presenting cell
ATL adult T cell leukemia

BDCA blood dendritic cell antigen
CAR coxsackievirus and adenovirus receptor

c-FLIP cellular FLICE-inhibitory protein

cDCs conventional dendritic cells
CTL cytotoxic T lymphocyte
CCL C-C motif chemokine ligand

CXCL C-X-C motif chemokine ligand
DC dendritic cells
DCIR dendritic cell immunoreceptor

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin
EBER EBV-encoded RNAs
EBV Epstein-Barr virus

GM-CSF  granulocyte macrophage colony stimulating factor
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HAM/TSP HTLV-1 associated myelopathy/tropical spastic paraparesis

HAdV
HBV
HCV
HCMV
HIV
HPV
HSV
HTLV
ICAM

ICP

ILT
LCs
mDCs
MCP
MDDC
MIP
pDCs
PBMC
PIR
TAP
Tax
TLR
TGF-8
TRAIL

VZV

human adenovirus

human hepatitis B virus

human hepatitis C virus

human cytomegalovirus

human immunodeficiency virus

human papillomavirus

herpes simplex virus

human T cell leukemia virus

intercellular adhesion molecule

infected cell protein

interleukin

immunoglobulin like transcripts
Langerhan cells

myeloid DCs

monocyte chemoattractant protein
monocyte derived dendritic cells
macrophage inflammatory protein
plasmacytoid dendritic cells

peripheral blood mononuclear cells

paired immunoglobulinlike type 2 receptor
transporter associated with antigen processing
HTLV-1 transcription transactivating protein
Toll like receptor

transforming growth factor

TNF-a related apoptosis inducing ligand

varicella-zoster virus
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Latency

Viruses can remain hidden from immune
response by infecting less permissive
cells and becoming transcriptionally silent

Mutation Interfering with cytokines

Viruses can undergo mutations due to
their error prone pelymerases, eventually
resulting in antigenic variation and
escape from immune response

Cytokines can help to determine the fate of T
helper cells and recruit other immune cells to
the site of inflammation. Viruses can either
interfere or downregulate the expression of
cytokines to favor their survival

HIV-1

HTLV-1

Hepatitis B & C

HSV-1

HCMV

vzv
Evading cell targeting Preventing cell death
EBV
Viruses can prevent or delay apoptosis of
infected cells to the point where viral
replication is complete and new virions have
been formed

Viruses can interfere with antigen
processing and presentation through
many different mechanisms and escape
targeting by CD8° T cells

HPV

HAdV

FIGURE 1.
Human chronic viruses: The major mechanisms by which different human chronic viruses

evade the host immune response and persist. EBV = Epstein-Barr virus; HAdV = human
adenovirus; HCMV = human cytomegalovirus; HIV-1 = human immunodeficiency virus;
HPV = human papillomavirus; HSV = herpes simplex virus; HTLV = human T-cell
leukemia virus type 1; VZV = varicella-zoster virus.
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FIGURE 2.
Viral-mediated disruption of the immune response through dendritic cells (DCs). Once the

virus has been taken in by DCs, it can use different mechanisms to overcome the host
immune response. Hepatitis C virus (HCV) can blunt the production of the type 1 interferons
(IFNs) and, thus, disrupt the activation of other cells of the innate immune response
(monocytes, natural killer [NK] cells, and natural killer T [NKT] cells). Herpes simplex
virus (HSV) can downregulate the expression of major histocompatibility complex (MHC)
class I and 11 as well as costimulatory molecules required for the activation of T cells.
Respiratory syncytia virus (RSV) can skew the production of cytokines to favor a T helper 2
(Th2) response rather than a T helper 1 response, which is needed for clearing viral infected
cells. Other viruses can either reduce or block the production of different cytokines and
chemokines. Human immunodeficiency virus 1 (HIV-1) can use the DCs themselves to
facilitate infection of the CD4* T cells.
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FIGURE 3.
Hypothesized disease outcome following entry of human T-cell leukemia virus type 1

(HTLV-1).The virus can enter the body through either the mucosa or peripheral blood.
Following mucosal exposure, local resident dendritic cells (DCs) would be expected to pick
up the cells and initially control the infection. However, some infected individuals develop
compromised DC functions, leading to insufficient immune response and eventually to adult
T-cell leukemia (ATL). In the case of peripheral blood exposure, blood DCs would be able to
control the initial threat. However, as chronic infection develops, the DCs are in a state of
constant stimulation leading to a hyperactive immune response and eventually to HTLV-1-
associated myelopathy or tropical spastic paraparesis (HAM/TSP). CTL = cytotoxic T
lymphocyte.
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Conflicting Issues Surrounding HIV-DCs and HCV-DCs
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HIV and DCs

Issues

References

Role of DC-SIGN

Dendritic cells versus macrophages

Expression levels of DC-SIGN

HCV and DCs

Quality of conventional DCs

Studies suggesting that DC-SIGN is important to facilitate the #ans-infection of HIV
Studies demonstrating frans-infection to occur in a DC-SIGN independent manner
Macrophages express more DC-SIGN than DCs in the lymphoid tissues and blood

Monocyte-derived macrophages can transmit virus in DC-SIGN independent manner
like the monocyte-derived dendritic cells

The levels of DC-SIGN expressed by DCs differ between those isolated from tissues
and those obtained in vivo

Issues
Studies demonstrating the functional impairment of conventional DCs

Studies demonstrating the presence of functional conventional dendritic cells during
chronic HCV infection
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[61, 63-66]
[61, 67, 68]
[69, 70]

[60, 61, 71-74]
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