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Summary

Dendritic cells (DCs) act not only as sentinels for
detection of, but also as target cells for viruses, and
this can be important for viral transport and spread.
All subsets of DCs are equipped with a battery of
receptors recognizing virus-associated molecular sig-
natures, and recognition of those launches a
maturation programme that results in substantial
alterations of morphology, motility and the DCs’
interactive properties with the extracellular matrix and
scanning T cells. In addition to being sensed, viruses
are internalized into DCs and, for the major propor-
tion, processed into peptides that are subsequently
presented by major histocompatibility complex (MHC)
molecules. Transmission of virus to T cells can occur
after completion of their replication cycle if the intra-
cellular milieu of the DC permits that. Alternatively,
viruses can remain protected from degradation fol-
lowing entrapment by pattern recognition receptors in
intracellular compartments, also referred to as
virosomes, which translocate towards the DC/T cell
interface. Most likely, transfer of virus to T cells
occurs in these junctions, referred to as infectious
synapses. In addition to promoting DC maturation,
many viruses are able to downmodulate DC develop-
ment and functions in order to evade immune recog-
nition or to induce a generalized immunosuppression.

Introduction

In their interaction with viruses dendritic cells (DCs) can be
looked upon as any other cell type of the body that sup-
ports entry and replication of some (but not all) viruses and
is compromised in function and viability to various extent.
The interaction of viruses with DCs is, however, of particu-
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lar pathogenic relevance because these cells are ‘conduc-
tors’ of the adaptive immunity, which orchestrate
lymphocytes capable of specifically recognizing and han-
dling antigens to do so in the most effective manner. DCs
require recognition of and signals by pathogens, including
viruses, to start this programme also referred to as matu-
ration. This includes major changes in the expression of
their receptor repertoire, acquisition of a migratory pheno-
type, secretion of soluble mediators to attract and surface
accumulation of receptors to interact with T cells to which
they present processed antigens (Steinman et al., 1997;
Banchereau and Steinman, 1998; Steinman, 2003).
Because they have been easier to access [directly from
blood or skin, or generated in vitro by established proto-
cols from precursors (Inaba etal., 1992; Sallusto and
Lanzavecchia, 1994; Romani et al., 1996)] DCs of myeloid
origin, also referred to as conventional DCs (cDCs), have
mainly been used to study viral interactions. In homeo-
static conditions, immature c¢DCs continuously sample
antigens from their environment and are thought to induce
or maintain tolerance as they can anergize or clonally
delete autoreactive T cells (Lutz and Schuler, 2002). They
are equipped with a variety of surface and intracellular
sensors allowing for detection of pathogen-associated
molecular patterns (PAMPs), referred to as pathogen rec-
ognition receptors (PRRs). Some PRRs, such as scaven-
ger (SR) and C-type lectin receptors (CLRs) are
specialized in internalization of pathogens for subsequent
processing and presentation, while others trigger DC
maturation in response to PAMP recognition (see below).
In immature cDCs, mainly residing in peripheral, espe-
cially mucosal tissues, this results in the acquisition of a
migratory phenotype that allows for tissue exit and homing
to T cell-rich areas of the secondary lymphatics. Matura-
tion of cDC is generally associated with a major switch
from endocytotic to antigen processing and presentation
activity as characterized e.g. by downregulation of PRRs,
activation of antigen-processing pathways and lastly dis-
playing and presenting loaded major histocompatibility
complex (MHC) class 1l molecules at their surface
(Banchereau and Steinman, 1998). In addition, lipid anti-
gens are diplayed to T cells by CD1 molecules (Thurnher,
2007). Activation of MHC class I-restricted CD8+ T cells by
cDCs relies on viral replication, or cross-priming after
uptake of cell-bound or cell-free antigens by specific


mailto:s@vim.uni-wuerzburg.de
mailto:s@vim.uni-wuerzburg.de
mailto:s@vim.uni-wuerzburg.de

280 C. Ponhl, J. Shishkova and S. Schneider-Schaulies

receptors including Fcy-receptors, CD91 and scavenger
receptor A (SR-A), which also enables acquisition of anti-
gens from live cells by nibbling [for review see Wilson and
Villadangos (2005)]. T cell scanning is facilitated by exten-
sive morphing of the maturing cDC, which finally reveals
characteristic veils to provide contact planes (Shutt et al.,
2000). As they are the only antigen presenting cell (APC)
subset licensed to activate naive T cells, cDCs both initiate
clonal selection and shape the quality of the ensuing
adaptive response by regulated expression of co-
stimulatory molecules and directed release of cytokines.
Mature DCs do not leave but rather die in lymphoid tissues
thereafter and are not found in the efferent lymph
(Banchereau and Steinman, 1998).

Multiple cDC subtypes are defined, which differ in phe-
notype, localization and immune function (Banchereau
and Steinman, 1998; Shortman and Liu, 2002), and this
has been enlarged by the phenotypic and functional iden-
tification of plasmacytoid DCs (pDCs) (Liu, 2005).
Although their functional distinction in response to PAMP
recognition and antigen capture and uptake is not abso-
lute, cDCs and pDCs may have evolved to preferentially
controlling bacterial and/or viral infections respectively.
Phenotypically, this is indicated by their distinct repertoire
of PRRs and transcription factors. These coin cDCs as
major producers of inflammatory cytokines such as IL-12,
TNF-0, IL-6 and IL-10/f as important for effector cell
activation, and pDCs as early effector cells of the innate
immune system particularly in viral infections, because
they readily produce high amounts of type I IFN (Asselin-
Paturel and Trinchieri, 2005). pDCs are mainly found in
blood from where they most likely directly access second-
ary lymphatic tissues (Liu, 2005). They also mature after
pathogen encounter, but their ability to present antigen is
limited compared with that of cDCs and thus, their physi-
ological role in pathogen defence remains controversial
(see below). Interestingly, pDCs and cDCs share a
common programme for chemokine induction after virus
encounter, which allows for a co-ordinated attraction of
the different immune effectors in response to viral infec-
tion (Piqueras et al., 2006).

Interaction of DCs (of either origin and subset) with
pathogens has been extensively studied with regard to
their activation and subsequent role in initiating and
shaping adaptive immunity. For this, model PAMPs have
often been used such as lipopolysaccharide (LPS), mac-
rophage activating lipopeptide, 2 kD (MALP-2) and CpG
DNA and compared with endogenous signals provided by
inflammatory signals (e.g. TNF-o) or receptors (e.g.
CD40L) and large-scale alterations of gene expression
were determined by microarray analyses. These allowed
for compiling alterations generally associated with patho-
gen encounter, specific for groups of pathogens such as
viruses or even a given virus (e.g. Huang et al., 2001).

This review will rather attempt to follow interaction of
viruses with DCs from a viral angle, from being detected
and taken up, subsequently replicated, processed or
retained, to being transmitted to T cells. Lastly, we will
summarize consequences of viral interaction on DC func-
tions and viability associated with immune evasion or
suppression.

Sensing of PAMPs: TLRs and their relative role in
type | IFN induction

Pathogen recognition receptors are specialized either on
inducing DC maturation [e.g. Toll-like receptors (TLRs)
and helicases such as retinoic acid inducible gene 1 and
melanoma differentiation-associated gene 5 (RIG-I and
Mda-5)] or on internalization of pathogens for processing
and subsequent presentation. Both systems can,
however, functionally cooperate as for example SRs can
modulate access of TLR ligands to their receptors (Hoebe
et al., 2005), and ligation of the CLR DC-SIGN modulates
the signalling activity of TLRs (van Kooyk et al., 2003).
More than 10 mammalian TLRs are known, which are
differentially expressed mainly on professional APC.
Some TLRs are located at the cell surface and sense — in
addition to a variety of bacterial and fungal PAMPs —
envelope proteins of respiratory syncytial virus (RSV),
measles virus (MV), human cytomegalovirus (HCMV) or
mouse mammary tumour virus (MMTV) (Kawai and Akira,
2006a). In contrast, other TLRs (TLR3, TLR7/8 and TLR9)
signal from low-pH endosomal compartments after recog-
nition of nucleic acid PAMPs including viral ssRNAs (in a
species-specific manner), dsDNAs and dsRNAs (Diebold
etal, 2004; Heil etal, 2004; Krug etal, 2004a,b)
(Fig. 1). Myeloid differentiation factor 88 (MyD88) is a
general adaptor molecule for TLR signalling important for
production of pro-inflammatory cytokines (Akira and
Takeda, 2004). TLR3 and TLR4, however, are able to
signal also MyD88-independently by coupling to another
adaptor molecule, referred to as Toll/interleukin-1 recep-
tor (TIR) domain-containing adaptor inducing IFN-3
(TRIF), which, by name, implies particular relevance for
antiviral activity. In addition to sensing viral nucleic acids
by TLR3 or members of the TLR9 family (TLRs 7-9), DCs,
as other cell types have additional intracellular PRRs
detecting dsRNA such as RIG-I, Mda-5 or protein kinase
R (PKR), which trigger signalling cascades leading to
activation of interferon response factor (IRF) transcription
factors (Kawai and Akira, 2006b; Meylan and Tschopp,
2006) (Fig. 1). Depending on the availability of PRRs,
their relative contribution in both DC maturation and anti-
viral defence is DC subset-specific. Thus, recognition of
and activation by nucleic acids occur by members of the
TLR9 family on pDCs, which selectively express these
proteins, while cDCs rather rely on TLR3 or RIG-I-
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Fig. 1. Activation of pro-inflammatory and antiviral responses in cDCs and pDCs and viral interference. cDCs (left) sense viral proteins by
surface TLRs (TLR2 or TLR4) and via their cytoplasmic domains recruit adaptor molecules [MyD88 for both, and in addition, TRIF (TIR
domain containing adaptor inducing IFN-B) for TLR4]. The MyD88-dependent cascade leading to activation of NF-kB involves, among other
components, the IL-1R-associated kinase (IRAK) and is important for the induction of the pro-inflammatory response. In common with TLR-4,
TLR-3 (after recognition of viral dsRNA) located in the endosomal compartment, recruits both MyD88 and TRIF and this leads to activation of
a cascade including interferon response factor (IRF) kinases (IRFK), which promote phosphorylation of IRF-3 as required for its dimerization
and nuclear translocation. Among other genes, IFN-§ transcription is induced, which, after translation, binds to and activates IFN-o/f} receptor
signalling (involving JAK/TYK receptor proximal and the ISGF-3 complex receptor distal). One of the genes activated by this cascade is IRF-7,
whose gene product, together with IRF-3, mediates induction of IFN-c.. In pDCs (right), MyD88 and IRF-7 are constitutively associated with
TLR-7/8 and TLR-9 (recognizing viral ssRNA or DNA respectively) and this allows for direct induction of IFN-o/f. In addition to TLRs,
intracellular sensors such as mda-5 and RIG-I recognize dsRNA (most likely both in cDCs and pDCs) and by that, IRF-3 can be activated.
Many viruses encode for proteins that interfere at various levels with interferon induction or response in cDCs and pDCs (indicated as red

asterisks).

dependent detection (Kato etal, 2005) (Fig.1). In
response to viral encounter, pDCs produce type | IFN at
100- to 1000-fold higher levels than any other cell type
dedicating up to 50% of their transcription to synthesizing
IFN-specific mRNAs (Asselin-Paturel and Trinchieri,
2005). IFN induction in pDCs is unique in its spatiotem-
poral regulation and dependent on MyD88 and IRF-7, but
not IRF-3, which is different from that in ¢cDCs, which
signal both IRF-3- and IRF-7-dependently, but MyD88-
independently (Honda et al., 2005a,b; Tailor et al., 2006).
In vivo, however, TLR3/4-dependent and -independent
pathways can take over in conferring protective viral
immunity if signalling via the TLR9 family members is
ablated, thus questioning the role of pDCs in this context
(Yang et al., 2005). In addition to its antiviral activity, type
I IFN is also a maturation factor of DCs as it induces
upregulation of MHC, co-stimulatory molecules and also
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TLRs and impacts on the cytokine pattern released from
matured DCs and their activity (Tough, 2004; Lopez et al.,
2006). Thus, virally induced type | IFN promotes TRAIL-
mediated cytotoxicity in both ¢cDCs and, very early, in
pDCs (see also Fig. 3) and this could be an important
factor in the contraction phase of the antiviral immune
response (Vidalain et al., 2001; Chaperot et al., 2006). On
the other hand, early exposure to type | IFNs can limit
development and expansion of cDCs and this was sug-
gested to contribute to viral immune evasion (Hahm et al.,
2005) (see also Fig. 3). While type | IFN acts as an adju-
vant in DC maturation and subsequent development of
adaptive immunity, it also has antiviral activity and there-
fore can limit viral spread. It is therefore not surprising that
most viruses encode for gene products that interfere with
the induction and/or the auto- or paracrine activity of IFNs.
These and their individual strategies to block IFN induc-
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T cell

Fig. 2. Viral entry into and transmission from DCs. Viruses (indicated as blue asterisks) can enter DCs using specific receptor/co-receptor
(R/coR) complexes (in green) or, following capture by DC-SIGN, internalization. Entry can be followed by viral replication leading to production
of progeny virus, and some viral proteins or defective ribosomal products (DRiPs) may accumulate in DALIS for subsequent trafficking or
proteasomal processing. Viral release from endolysosomal compartments can be promoted by low pH, and replication will ensue, in case the
intracellar environment in the DC is permissive. The majority of internalized virus will proceed from endolysosomal compartments for
processing (peptides indicated as blue bars) and loading onto MHC class Il molecules in MHC class Il compartments (MIICs and MHC I
molecules in red), which will be transported to the surface and presented to T cells in mature DCs. A fraction of internalized virus can remain
protected from degradation in compartments referred to as ‘virosomes’, which are similar but maybe not identical to MIICs. In common with
the latter, virosomes relocate towards the DC/T cell interface, commonly referred to as immunological synapse (IS). As virus is transmitted at
this interface, this is also called infectious synapse (INS). On the T cell side, IS/INS formation (as indicated by the bold line) requires profound

cytoskeletal rearrangements and receptor clustering.

tion and/or signalling (most of them target stability or
activation of transcription factors such as IRF-3 or
STAT1/2 respectively) (Fig. 1) were mainly analysed in
fibroblasts and are extensively reviewed (Horvath, 2004;
Takaoka and Yanai, 2006). There is no reason to believe
they would act differently in DCs, provided the intracellular
milieu in these cells supports viral replication at least to an
extent that permits their accumulation. Thus, MV or RSV
infection in pDCs block TLR7/9-dependent and
-independent IFN induction (Schlender et al., 2005), and
the ability of the influenza NS1 protein to specifically sup-
press DC maturation, migration and T cell stimulatory
activity of cDC was recently documented (Fernandez-
Sesma et al., 2006). Because, however, viral IFN antago-
nists are often non-structural proteins, their availability
depends on the ability of the virus to complete at least
early steps of its life cycle. As little is known about viral
infection of pDCs, we will further focus on the interaction
of viruses with cDCs only.

Virus interaction with DCs: from uptake to assembly

The role of surface receptors in viral uptake and routing
to subcellular compartments

While interaction of viruses with TLRs is important in
conveying differentiation signals, these do not support

viral uptake. For DCs, ‘cis-infection and ‘trans’-infection
are distinguished, the first describing DC infection, while
the second refers to the ability of DCs to transmit virus,
often independently of cis-infection, to contacting T cells.
Cis-infection of DCs relies on the availability of receptors
allowing for attachment and fusion, the latter either at the
cell surface or, following internalization, mostly after acidi-
fication in late endosomal/lysosomal compartments
(Fig. 2). Cis-infection of immature DCs has best been
studied for HIV-1, which can enter into these cells
because they express the attachment receptor CD4
together with CCR5, which serves as co-receptor of R5
and dual tropic R4/R5 strains (Rinaldo and Piazza, 2004).
Immature DCs also express CXCR4 at low levels, yet
support cis-replication of R5 strains only, unless they are
exposed to IL-10 indicating that the intracellular milieu
essentially contributes to permissivity. In line with this
hypothesis, neither R5 nor R4 strains are able to replicate
efficiently in mature DCs in vitro (Rinaldo and Piazza,
2004). The latter, however, efficiently supports ftrans-
infection of both R4 and R5 tropic strains to T cells
(Granelli-Piperno et al., 1998). Trans-infection relies on
the interaction of HIV-1 with CLRs such as Langerin (on
Langerhans cells, LCs) and DC-SIGN abundantly
expressed on immature DCs, which serves as both adhe-
sion (for ICAM-2 on endothelial cells, ICAM-3 on T cells
and Mac-1 on neutrophils) and carbohydrate PAMP
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receptor (Geijtenbeek and van Kooyk, 2003). DC-SIGN
bears an internalization motif in its cytoplasmic tail and
endocytoses after pathogen binding-driven multimeriza-
tion thereby usually routing bound antigens into compart-
ments specialized for antigen processing and MHC
loading. HIV-1 was the first virus found to bind to
DC-SIGN at the cell surface with high affinity (Geijtenbeek
et al., 2000; 2002).

After binding to the cell surface, HIV can follow different
routes. Sorting of virus can take place simultaneously into
the cytoplasm and proceed to cis-infection or into an
endolysosomal compartment after capturing by DC-SIGN
from where (i) it can proceed to degradation and antigen
presentation (for the majority of particles); and (ii) it can
escape after acidification into the cytoplasm or (iii) where
it is maintained in an infectious form (Fackler and Peterlin,
2000; Moris et al., 2004; Kramer et al., 2005) (Fig. 2). In
macrophages, this ‘storage compartment’, also referred to
as virosome, shares some, but not all markers with late
endosomes, and in DCs with tetraspanin-rich MHC class
Il loading compartments (MIICs) (Garcia et al., 2005).
Subsequent frans-infection of T cells involves fusion of the
tubulizing compartment with the cell membrane in
response to as yet undefined signals elicited by DC/T cell
interaction (Fig. 2). Its role in HIV-1 uptake and transmis-
sion has been underlined by the finding that ablation of
DC-SIGN on immature DCs impaired transport of HIV-1 to
and formation of an infectious synapse at the DC/T cell
interface (Arrighi et al., 2004) (see below). The relative
role of DC-SIGN-mediated trans-infection may, however,
vary dependent on the DC maturation state (Granelli-
Piperno et al., 1998); moreover, long-term carriage of
HIV-1 in DCs is via low level of infection rather than
captured virus (Turville et al., 2004). Thus, viral transfer
can be dependent or independent of DC cis-infection or
DC-SIGN. Other viruses were also found to interact with
DC-SIGN, and this can, probably by concentrating viral
receptors at the site of entry, enhance cis-infection of DCs
and mediate trans-infection of target cells as shown for
Dengue virus, HCMV, hepatitis C virus, Ebola virus, SARS
corona virus and MV (Alvarez et al., 2002; Halary et al.,
2002; Tassaneetrithep et al., 2003; Lozach et al., 2004;
de Witte et al., 2006).

Intracellular permissivity of DC to viral infection, viral
assembly and propagation

Subsequent to entry, the intracellular milieu is an impor-
tant viral permissivity determinant in DCs. Their ability to
support viral replication is virus-dependent, if not even
strain-dependent, often changes with maturation and can
be modulated in response to external stimulation. In
general, immature DCs are more permissive for almost
any virus that has been studied than those already
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matured (Rinaldo and Piazza, 2004; Pollara et al., 2005).
Immature DCs are, for instance, fully permissive to infec-
tion with herpesviruses such as herpes simplex virus
(HSV) and endothelial cell-adapted (E-strains), but not
with fibroblast-adapted HCMV, while in mature DCs, pro-
duction of viral proteins and particles as well as cyto-
pathic changes are greatly restricted (Bosnjak efal,
2005). For HIV-1, a post-entry block of replication in
mature DCs has been linked to restrictions of viral tran-
scription occurring prior and post integration (Bakri et al.,
2001; Turville et al., 2004). Mostly, however, viruses may
encounter immature DCs and thus, the intracellular
milieu of the infected DC changes in response to viral
infection, inflammatory signals and, lastly, endogenous
ligands such as CD40. The ability to modulate induction
or activity of type | IFNs is certainly one of these deter-
minants and has been referred to above (Fernandez-
Sesma et al., 2006). Viral IL-10, as encoded by HCMV, is
known to inhibit DC maturation, and thus, the virus can
sustain its preferred DC maturation stage. However, at
the same time it promotes DC apoptosis, which in turn
limits viral replication (Raftery etal., 2004). Sorting of
viral proteins as required for the formation of infectious
particles would also be an attractive means of regulating
viral infection in DCs. Maturing DCs and macrophages
can accumulate newly synthesized proteins in large cyto-
solic structures referred to as DC aggresome-like
induced structures (DALIS) (Lelouard et al., 2002; 2004;
Canadien et al., 2005). There, proteins often represent-
ing ubiqutinated defective ribosomal products (DRiPs)
are stored for subsequent proteasomal degradation and
MHC class | presentation. Recently, targeting of viral pro-
teins into DALIS has been directly documented for influ-
enza virus nucleoprotein (Herter et al., 2005), and this
may regulate not only degradation but also availability of
this protein for replication (Fig. 2).

While some viruses including filoviruses and hantavi-
rus productively replicate in immature DCs to titres not
different from or even exceeding those in standard cell
lines (Raftery et al., 2002; Mahanty et al., 2003), replica-
tion of others such as MV and HIV-1 is restricted, cell
differentiation- and sometimes even virus strain-
dependent (Schneider-Schaulies et al., 2003; Rinaldo
and Piazza, 2004). For both viruses, the efficiency of
viral replication in DCs was found to be greatly enhanced
upon co-culture with activated T cells (Fugier-Vivier
et al.,, 1997; Frank and Pope, 2002). In MV-infected DCs,
CD40 ligation was found to provide this stimulatory
signal (Servet-Delprat et al., 2000a; 2003). Cis-infection
of DCs may also be augmented in response to T cell
contact, but the effect of cellular interaction on viral
transmission may predominate in the explosive HIV-1
replication in DC/T cell conjugates. As indicated above,
HIV-1 can access intracellular compartments in DCs and
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Fig. 3. Viral interference with cDC maturation and function. Important steps in the life/maturation cycle of a cDC are schematically depicted
including generation from precursors and stimulation-dependent maturation from a tissue resident immature to a migratory semi-mature
(interacting with extracellular matrix components) to a fully mature DC in the lymph node. Viruses can interfere at virtually any stage of this

programme and only some of them or strategies employed are shown.

macrophages that redistribute or tubulize back towards
the surface, which may give rise to an infectious synapse
(Turville et al., 2004; Garcia et al., 2005). The latter, so
far been characterized for transfer of retroviruses
between T cells and in DC/T cell conjugates, is associ-
ated with cytoskeletal reorganizations and receptor clus-
tering in both donor and acceptor cells, which favour
fusion with and entry into the target cells (Arrighi et al.,
2004; Piguet and Sattentau, 2004; Fackler and Krauss-
lich, 2006). Suggesting that this occurs by efficient frans-
infection, accumulation of CD4, CCR5 and CXCR4
molecules at the site of contact has been found essential
for HIV-1 transmission in conjugates (McDonald et al.,
2003; Jolly and Sattentau, 2004). Unlike that of immuno-
logical synapses, formation of infectious synapses is not
triggered by T cell receptor-mediated antigen recognition
(Piguet and Sattentau, 2004). At present it is unknown to
what extent infectious synapses formed in DC/T cell con-
jugates may differ from stable immunological synapses
formed after antigen recognition. Importantly, the latter
has been associated with surface-orientated tubulation of
MHC class Il containing intracellular compartments
towards the interface (Boes etal, 2003; Boes and
Ploegh, 2004). Though transmission via infectious syn-
apses was described only for retroviruses as yet, it is
likely that this is an important, if not the predominant,
mode of transfer from DC to T cells for other viruses as
well (Fig. 2).

Interference of viral interaction with DC function and
maturation

Most studies addressing the interaction of viruses with
DCs have focused on their ability to modulate immune
responses. Much has been learned about to what extent
individual viruses promote DC maturation and thereby
prime, activate and shape immunity and this has not only
increased our knowledge of immune activation in general
but also provided the basis for exploiting their ability to
serve as adjuvants for preventive and therapeutical
interventions. Interferences with DC development, viabil-
ity, maturation and function are, however, considered as
important strategies for viral immune evasion and/or
immunosuppression (some of which are summarized in
Fig. 3). At a first level, viruses could modulate the fre-
quency of DC subsets. This has been seen after experi-
mental infection of mice with MV and lymphocytic
choriomeningitis virus (LCMV), where interference with
DC development and expansion in vivo and in vitro has
been linked to type I IFN production (Hahm et al., 2005).
Though frequencies of both pDC and cDC were found to
be decreased in blood with AIDS progression (Pac-
anowski etal, 2001), those in secondary lymphoid
tissues of experimentally simian immunodeficiency virus
(SIV)-infected animals were comparable to healthy
animals (Teleshova et al., 2006), suggesting that active
DC depletion or aberrant trafficking in the periphery may
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contribute. DC depletion could also result from apoptosis
or cytolysis as induced by many viruses such as filovi-
ruses, Vaccinia virus, HSV and MV in vitro (Engelmayer
et al., 1999; Servet-Delprat et al., 2000b; Mahanty et al.,
2003; Muller et al., 2004). Secondly, trafficking of DCs
could be affected by viral encounter. There is evidence
that infection of immature DCs impairs chemokine recep-
tor switching as required for tissue exit and recruitment
into lymphatics. Thus, HSV- or HCMV-infection interferes
with upregulation of CCR7 and, consequently DC mobili-
zation in response to CCL19, which is constitutively pro-
duced at the luminal sites of high endothelial venules and
in the T cell-rich areas of secondary lymphoid tissues by
mature interdigitating DCs or stromal cells (Caux et al.,
2002; Moutaftsi et al., 2004; Prechtel et al., 2005). In addi-
tion, IL-10, as produced for instance upon infection with
HCMV (Raftery et al., 2004), can uncouple signalling via
chemokine receptors and this would be expected to
greatly interfere with DC trafficking (D’Amico et al., 2000).

While alterations of DC trafficking may just be induced
by some viruses, loss of T cell stimulatory activity is a
feature shared by DCs infected with most viruses inves-
tigated, and the mechanisms and targets of this interfer-
ence vary between viruses. Adequate expression levels of
MHC complexes loaded with correctly processed pep-
tides are important especially for priming of naive T cells,
and inefficient induction or even downmodulation of MHC
molecules and/or interference with antigen processing
occurs in HSV-, HCMV- or MV-infected DCs (Servet-
Delprat etal., 2000a; Raftery etal, 2004; Novak and
Peng, 2005). Secondly, accumulation of co-stimulatory
molecules that engage CD28 and amplify T cell receptor
signalling are also targeted by these viruses. Whether or
to what extent virus infection of DCs interferes with orga-
nization of functional immunological synapses as required
for successful T cell activation is unknown as yet. Most
recently, the importance of surface-bound chemokines for
capturing and priming T cells for synapse formation has
been documented (Friedman etal, 2006). Thus, the
ability of viruses to suppress induction of CCR7 expres-
sion may, in addition to trafficking and chemoattraction,
also directly affect the ability of infected DCs to promote
successful interaction with T cells. Virus-infected DCs
can, however, also directly convey inhibitory signals to T
cells, one of which may be brought about by upregulation
of inhibitory members of the B7 family, which ligate inhibi-
tory receptors such as PD-1 on T cells (Barber et al,
2006). Another example of active inhibition by cellular
proteins is shedding of CD83 by HCMV- or HSV-infected
mature DCs, which was found to inhibit expansion of
allogenic T cells. Receptor(s) involved remain elusive, but
apparently, soluble CD83 acts on both DCs and T cells
and prevents efficient formation of DC/T cell conjugates
(Lechmann et al., 2001; Kotzor et al., 2004; Senechal
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et al.,, 2004). Lastly, viral proteins expressed by infected
DCs can directly silence T cells, and among those, the
ability of the MV glycoprotein complex to block S phase
entry of T cells by interference with signalling cascades
activated in response to CD3/CD28 ligation has been
studied in more detail on a molecular level [for a recent
review see that by Schneider-Schaulies and Dittmer
(2006)]. In addition to silencing T cells, infected DCs may
trigger differentiation and expansion of effector T cells that
could support establishment of chronic rather than resolv-
ing viral infections. There is, for instance evidence that
secretion of IL-12 from cDCs is suppressed or that of
IL-10 is induced after viral infection (Servet-Delprat et al.,
2000a; Moutaftsi et al., 2002) and this may promote pref-
erential humoral rather than cellular immunity. Activation
of effector T cells can also be efficiently prevented by
regulatory T cells, the induction and expansion of which
can be triggered upon interaction with immature or par-
tially matured DCs, a phenotype (MHC"", CD86"") sus-
tained upon infection with some viruses (see above)
(Mills, 2004; Robertson and Hasenkrug, 2006; Schneider-
Schaulies and Dittmer, 2006).

Conclusions and outlook

After all, what is so special about the interaction of viruses
with DCs? As any other cell type of the body, DCs could
just be regarded as hosts more or less permissive for
viruses, which provide the metabolic environment for
amplification of viral genetic material and subsequent
transmission and spread. There are, however, facets of
this particular interaction that make it a double-edged
sword for viruses. The fact that many of them target these
cells (as for instance reflected by the variety of entry
modes into DCs) suggests that this can be very favour-
able — DCs are perfect ferries that take off as soon as the
passenger enters. Especially lymphotropic viruses are
transported safely to the desired destination, the second-
ary lymphatics, from where there are many ways for effi-
cient spread. By scanning their receptor repertoire,
viruses can choose DC subsets ideally suited for their
individual purpose and they can, by actively modifying the
maturation programme, determine for instance the effi-
ciency of migration or if they would or would rather not like
to attract T cells for further propagation. The potential to
interfere with DC functions thereby avoiding recognition
by the immune system is being exploited by many viruses,
and this is certainly a highly efficient mode of immune
evasion or, at a more general level, immunosuppression,
which is of particular pathogenic importance for HIV-1 and
MV in humans. The other side of the coin is, however, that
DCs refuse to just serve the virus, but are perfect adju-
vants in the induction of immunity — so uptake by these
cells is at the expense of being sensed, degraded, pre-
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sented, and lastly, eliminated by effector cells orches-
trated by these sentinels. The interplay between viruses
and DCs is apparently delicate and needs fine-tuning to
allow for the survival of both the passenger and the host.
Manipulation of this interaction is a highly attractive strat-
egy followed by many laboratories worldwide in order to
exploit the ability of the best APC we have to induce
protection or immune responses to auto- or tumour anti-
gens (often by loading them with recombinant viral
vectors). A deeper understanding of these fascinating
cells in terms of for instance plasticity and function of
subsets and how they are modified by viruses on a cellu-
lar (e.g. mechanisms of priming of differential T cell
subsets) and particularly cell biological level (how does
virus infection modify DC morphing and adhesion, and
how efficiently are immunological synapses formed, how
do they look like, how stable are they and how are they
lastly resolved) will pave the way for major breakthroughs
in their rationale preventive and therapeutic applications.
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