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Summary

 

Herpes simplex virus (HSV) represents a smart pathogen, which displays both
lytic and latent modes of interaction with its natural human host. In order to
be optimally equipped for immune evasion and to reply to any attacks of the
host during reactivation, HSV has developed a multitude of cleverly devised
defence strategies. Dendritic cells (DC) as antigen-presenting cells located at
the border zones of the body and the environment have been shown to play a
crucial role as one of the first cells interacting with HSV beside epithelial cells,
on one hand, and as important controllers of the viral spreading on the other
hand. Here, we provide a research update about the interaction of HSV with
DC and summarize the latest proceedings in this field.
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Introduction

 

The term ‘herpes’ is derived from the Greek word 

 

herpein

 

,
which means creeping, and stands for the characteristic
creeping of the eruptions caused by the virus. Herpes sim-
plex virus (HSV) belongs to the Alphaherpesviridae and is a
member of the double-stranded DNA virus family (Fig. 1).
The most striking feature of HSV is its capability to establish
latency after primary infection. Thereby HSV becomes able
to persist unperceived in the host in order to periodically
reactivate and cause outbreaks of HSV infections during the
whole lifetime. During its evolution, HSV has developed a
multitude of strategies to hide for immune evasion and
counterattacks against the host cell during the reactivation
phases. These mechanisms comprise (i) viral escape, which
can be achieved for instance by the reduction of the viral
gene expression during the latency phase, (ii) viral resistance
such as the sequential induction of pro- and anti-apoptotic
effects on its defender cells and (iii) viral counterattacks to
which the inhibition of the maturation of dendritic cells
(DC) by HSV belongs.

HSV infection affects more than one-third of the popula-
tion worldwide and is responsible for a wide array of human
diseases, ranging from mild localized HSV infections to dis-
seminated forms known as 

 

Eczema herpeticatum

 

 in patients
with atopic eczema or severe life-threatening variants which
occur preferentially in individuals with immunodeficiencies
or under immunosuppression. The seroprevalence of HSV-1
and HSV-2 varies, but increases with age and reaches about

88% of individuals at the age of 40 years for HSV-1, while
seroprevalence of HSV-2 averages about 12–15% [1]. HSV
enters the human body through lesional skin or mucous
membranes, to reach epithelial cells which represent the pri-
mary targets of HSV. Infection with HSV induces innate
defence mechanisms, which are aimed at limiting virus
propagation and initial spreading from cell to cell, followed
by the activation of acquired antigen-specific immune
responses, which are aimed at clearing the infection effec-
tively. As contributors to the clinical picture of the disease,
HSV-infected cells undergo apoptosis and release liquid
material into the intradermal space, which causes the typical
vesicles going along with HSV. On the other hand, infected
cells build multi-nucleated clusters with other cells and form
the so-called giant cells which are characteristic for HSV and
used as a diagnostic tool. The primary HSV infection is usu-
ally mild or occurs subclinically, and in most of the cases
takes place in early childhood. The reactivation of HSV by
triggers such as stress, UV-light, trauma or any kind of
immunosuppression at later time-points induces the trans-
port of the virus by the neurone back to the peripheral epi-
thelium. Within the peripheral epithelial tissue more HSV
replication occurs, which is the basis for the next outbreaks
of mild to severe HSV infections.

 

What happens when HSV meets DC?

 

DC populations throughout the body, which are often found
at the interface to the environment such as the skin, the air-
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ways and the gut, have a wide range of features in common
which are associated with their function in antigen presen-
tation. As sentinels of the immune system, DC travel from
the blood to the peripheral tissue to capture foreign antigens.
Thereafter, they migrate to the draining lymphoid organs to
prime naive CD4

 

+

 

 T cells into Th1 or Th2 effector cells and
induce a subgroup of central memory T cells. In the immune
system, two main subsets of DC can be found: myeloid DC
(mDC) and plasmacytoid DC (pDC) [2,3]. The longest-
known member of the myeloid DC system are the classical
Langerhans cells (LC), which are characterized by their pri-
mary marker, the tennis-racket-shaped Birbeck granules in
combination to their surface expression of CD1a. LC reside
in different peripheral tissues such as the basal and supra-
basal layers of the epidermis, and the mucosal tissue and are
present even in normal, uninflamed skin.

It has been shown by different research groups that HSV-
1 infection of immature DC 

 

in vitro

 

 results in morphological
changes and the down-regulation of the expression of co-
stimulatory molecules such as CD80, CD86, CD40 the DC-
marker CD1a, the adhesion molecule CD54 (ICAM-1) [4]
and major histocompatibility class (MHC) I molecules
(Fig. 2). This leads to the inhibition of MHC class I-depen-
dent antigen presentation of infected DC and interferes with
the recognition of DC by CD8

 

+

 

 T cells. The inhibition of
MHC I is achieved by the formation of HSV gene product
infected cell protein (ICP)47 with TAP to ICP47–TAP com-
plex, which blocks the translocation of the MHC class I pep-
tide complex to the cell surface 

 

in vivo

 

 [1,5–7]. Further, HSV
infected DC secrete lower levels of interleukin (IL)-12 in
consequence of stimulation with lipopolysaccharides (LPS)

 

in vitro

 

. IL-12 is required for the polarization of naive T cells
into Th1 helper cells, which are characterized by a high inter-

feron (IFN)-

 

γ

 

 secretion. Further, IL-12 is produced during
the maturation of DC. Together with a weaker stimulatory
capacity toward T cells [8], the lower IL-12 production
might mirror the lower maturation stage of HSV-infected
DC and a lower capacity to induce sufficient amounts of
IFN-producing Th1 T cells. In accordance with these obser-
vations, infection of mature DC with HSV reduces, similar to
immature DC, the stimulatory capacity of these cells toward
T cells and diminishes the expression of the maturation
marker CD83 on the surface of these cells 

 

in vitro

 

 [9]. CD83
is a 45 kDa glycoprotein and member of the Ig-family, which
is up-regulated during maturation of DC and involved in
immune responses of DC [10]. Recently, a soluble form of
CD83 has been described, which blocks DC-mediated T cell
stimulation [11]. It is important to note that the HSV-
dependent loss of CD83 surface expression does not result
from a reduced mRNA synthesis but from a degradation of
CD83 in the lysosomal compartments [10,12] and might
underlie the lower T cell stimulation of HSV-infected DC.

It has been demonstrated repeatedly that defence strate-
gies of the host against HSV consist of DC-mediated T
helper cell responses and antibody production. To down-
regulate CD4 T cell responses, HSV is able to interrupt MHC
II antigen processing of several cells by the reduction of the
expression of the invariant chain and the interaction of the
viral envelope glycoprotein B (gB) with HLA-DR and HLA-
DM polypeptides [13].

Furthermore, it has been shown that CD4

 

+

 

 helper T cells
are required for the priming of cytotoxic T lymphocytes
(CTL). In this regard, studies have shown that ‘licensing’ of
DC by CD4

 

+

 

 T cells is essential not only for the initial expan-
sion of HSV-specific CTL, but also for the generation of mem-
ory CTL and immunity to HSV [14]. In terms of HSV
infections, CD4

 

+

 

 T cell dependence of the primary phase of T
cell expansion has been observed [15]. This means that
initiation of CD8

 

+

 

 T cell-mediated responses to cutaneous
HSV-1 infections is critically dependent on the presence of
antigen-presenting DC which present virus-derived antigens
[16].

As another effective defence strategy, HSV induces apop-
tosis of attacking DC. As a characteristic feature, the induc-
tion of apoptosis by HSV represents a biphasic mechanism
with an early phase, in which rather anti-apoptotic mecha-
nisms are induced by HSV, and a late phase in which HSV-
mediated pro-apoptotic mechanisms predominate (Fig. 2).
It has been shown that HSV glycoprotein D induces NF-

 

κ

 

B
activation and thereby protection against Fas-induced apo-
ptosis by the reduction of caspase-8 activity and up-regula-
tion of intracellular anti-apoptotic molecules in the early,
anti-apoptotic phase [17]. The inhibition of apoptosis in the
early phase of HSV infection is aimed at ensuring the survival
of HSV-infected cells for a sufficient viral replication. In com-
bination with a delayed activation of T cells by HSV-infected
DC, these sequential mechanisms might enable HSV to rep-
licate for a longer time before effective defence strategies of

 

Fig. 1.

 

Structural characteristics of herpes simplex virus (HSV). Struc-

tural characteristics of HSV are summarized in this schematic figure. 

HSV belongs to the Alphaherpesviridae and is a member of the double-

stranded DNA virus family. HSV consists of an envelope with different 

glycoproteins (gG) and spikes (gD, gB). The tegument contacts both the 

envelope and the capsid.
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the host are induced [18]. In the second phase, HSV induces
apoptosis of immature DC by the induction of the caspase-8
mechanism, an up-regulation of tumour necrosis factor
(TNF)-

 

α

 

, TNF-related apoptosis ligand (TRAIL) and p53 in
combination with a down-regulation of the cellular FLICE-
inhibitory protein (c-FLIP). Together, this leads to the effec-
tive incapacitation and elimination of DC by HSV.

It is well known that DC take up antigens and migrate to
the peripheral lymph nodes to present the processed antigens
to T cells and induce sufficient T cell responses. As another
escape mechanism of HSV, the down-regulation of the
chemokine receptors CCR7 and CXCR4 on mature DC and
a subsequently lower migration to the respective chemokine
ligands CCL19/macrophage-inflammatory protein (MIP)-
3

 

β

 

 and CXCL12/stem cell derived factor (SDF-1)

 

α

 

 has been
observed. It is therefore supposed that HSV influences mature
DC in their capability to migrate to the peripheral lymph
nodes and impairs the DC-mediated induction of inhibitory,
antiviral immune responses in this way [19] (Fig. 2).

 

In which way does HSV interact with and enter DC?

 

The viral envelope of HSV contains 11 different membrane
glycoproteins, of which four (i.e. gD, gH, gL and gB) are

essential for the viral entry of HSV [20–23]. As the first step
the HSV virion envelope/glycoprotein C (gC) and/or gB
binds to surface glycosaminoglycans such as heparin sul-
phate. The interaction of virion gD with one of its receptors
triggers the penetration of the virus, which occurs through
fusion of the viral envelope with the cell membrane and
requires glycoproteins gB, gD, gH and gL [24] (Table 1).

In general, three classes of different surface molecules can
serve as gD receptors for HSV entry into cells: a member of
the TNF receptor family, two members of the immunoglob-
ulin (Ig) superfamily and specific sites in heparin sulphate
generated by the action of certain isoforms of 3-sulphotrans-
ferase. The members of the Ig superfamily are nectin-1 (also
known as Prr1 or HveC) and nectin-2 (also known as Prr2 or
Hveb). Nectins contain three extracellular Ig-like domains, a
transmembrane membrane domain and a cytoplasmic tail.
Further, nectins form dimers and mediate cell adhesion
through interaction with other nectins. Nectin-1 allows
entry of HSV-1 and HSV-2, while for nectin-2 the entry is
restricted to specific types of HSV such as HSV-2. Nectin-1
co-localizes with E-cadherin at adherent junctions of epithe-
lial cells. This nectin-1/E-cadherin system increases viral
entry and spreading of HSV from cell to cell [25]. Nectin-1 is
expressed only weakly on DC, while nectin-2 and herpes

 

Fig. 2.

 

Interaction of herpes simplex virus 

(HSV) with dendritic cells (DC). Infection with 

HSV of the skin goes along with the ballooning 

degeneration of epithelial cells which lose intra-

cellular adhesion, leading to intra-epidermal ves-

icles. Infection of skin DC with HSV induces a 

primary anti-apoptotic phase with rapid viral 

replication and a second pro-apoptotic phase of 

DC. Further, HSV infection down-regulates the 

surface expression of co-stimulatory molecules 

and MHC molecules on DC and slows down the 

maturation and migration of DC to the periph-

eral lymphnodes, which together results in a 

lower stimulation of T cells by DC.
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virus entry mediator (HVEM) are expressed at higher levels
on immature DC. Upon maturation, nectin-2 expression is
further up-regulated while nectin-1 and HVEM expression
remain unaffected.

HVEM belongs to the TNF family and activates NF-

 

κ

 

B
and AP-1 via TNF receptor-mediated mechanisms [26].
HVEM represents the cell receptor for gD and plays a role in
mediating death receptor-associated apoptosis. Enhanced
soluble levels of HVEM could be detected in the sera of
patients with allergic diseases [18].

HSV-infection occurs in a sequentially ordered cascade in
which 

 

α

 

-proteins (immediate-early genes), to which ICP0,
ICP4, ICP22 and ICP27 belong, induce the synthesis of 

 

β

 

-
proteins (early) and 

 

γ

 

-proteins (late). The early genes give
rise to viral proteins required for the replication of the viral
genome, while late genes encode the structural components
of the virion. After lytic infection HSV avails the host’s syn-
thesis machinery to sustain its own reproduction.

 

What role do pattern recognition receptors (PRRs) 
play on DC?

 

Recently, a new group of pattern recognition receptors,
which belong to the innate immune system, have been
described. Toll-like receptors (TLR) represent phylogenically
conserved transmembrane proteins and over the last years,
several TLR family members and their respective agonists
have been identified [27]. TLR bind microbial proteins at the
cellular surface or endosomes and activate cytoplasmic sig-
nal transduction pathways, which are regulated by adaptor
proteins. TLR3 bind double-stranded RNA synthesized by
viruses, TLR7 and TLR8 are required for the recognition of
viral single stranded RNA and TLR9 can be activated by
unmethylated cytosine guanine oligodeoxynucleotide motifs
common to both bacterial and viral DNA, and are highly
present in double-stranded genomes of 

 

HSV

 

 [28,29]. In
addition, a strain of HSV is able to activate TLR2 and cause
herpes encephalitis in mice [10]. So far it is known that stim-
ulation of plasmacytoid dendritic cells (pDC) with inacti-
vated HSV after HSV recognition via TLR9 requires the
expression of the adapter molecule MyD88 and induces the
production of IFN-

 

α

 

. As one of the most important mech-
anisms, IFN-

 

α

 

 production of pDC is triggered by outside–in

signal transduction pathways via TLR7 and TLR9 [30]. With
regard to the downstream signalling events which follow
TLR9 activation on pDC, it has been elucidated that IFN-

 

α

 

production is dependent on the enhanced expression of
interferon regulatory factor-7 (IRF-7) and NF-

 

κ

 

B activation.
The interferon regulatory factors are direct regulators of
IFN-

 

α

 

 and IFN-

 

β

 

 production, which under HSV infection
undergo phosphorylation and nuclear translocation. IRF-7
alone is able to activate both IFN-

 

α

 

 and IFN-

 

β

 

 genes, while
IRF-3 activates mainly the IFN-

 

β

 

 gene. Further, LPS medi-
ates up-regulation of TLR4 expression and increases the
capacity of these cells to produce IFN-

 

α

 

 via an enhanced
IRF-7 level [31]. As well as the TLR9-dependent pathways to
induce IFN-production by pDC, recent research papers
describe additional, TLR9-independent ways of HSV-
induced IFN production by pDC which need to be eluci-
dated in more detail in the future [32]. The induction of type
I IFN production by mDC plays a pivotal role for DC to
bypass the HSV-mediated inhibition of antigen presentation.
Together with IL-12 production, IFN-production induces
indirect bystander activation and maturation of even DC in
the uninfected cell fraction, implying that not one DC sub-
type but distinct DC-subset prime HSV-specific cytotoxic T-
lymphocytes [33]. Further, the direct contact of the HSV
envelope with DC induces direct maturation of DC via NF-

 

κ

 

B and p38 mitogen-activated protein kinase (MAPK)
dependent pathways [34].

It has been shown recently that HSV glycoprotein D is also
able to bind to mannose receptor (CD206), which is
expressed by macrophages but also by subtypes of DC, and
induce the production of IFN

 

α

 

/

 

β

 

 by DC. This second mech-
anism of IFN-induction seems to represent an alternative
way of TLR-independent IFN-

 

α

 

 production by DC and
might link innate and adaptive immune responses to HSV.

Considering the production of type II IFN, it has been
shown in a mouse model that HSV infection reduces the
production of type II IFN (i.e. IFN-

 

γ

 

) by pDC and thereby
lowers T cell proliferation in a paracrine way [35].

 

Conclusions

 

HSV represents a flexible and clever pathogen, which has
developed a high number of immune evasion strategies to

 

Table 1.

 

Summary of the most relevant interactions of herpes simplex virus (HSV) with dendritic cells (DC). The most important effects of HSV on 

DC are summarized.

HSV and DC interaction

 

In vitro In vivo

 

Reference

Down-regulation of co-stimulatory molecules and MHC molecules x [4]

Formation of ICP47-TAP complex which blocks the MHC I translocation x [1,5–7]

Reduction of the expression of the invariant chain x [13]

Reduced production of interleukin-12 after lipopolysaccharide stimulation x [8]

Loss of CD83 surface expression x [10,12]

Anti-apoptotic mechanisms x [17]

Pro-apoptotic mechanisms x [18]

Down-regulation of chemokine receptors and lower migration x [19]
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defend itself effectively against the attacks of the host cells.
HSV takes advantage of the crucial position of DC in antigen
presentation and T cell stimulation processes. The know-
ledge about the sophisticated interplay of HSV with DC
enables us to introduce effective prevention strategies such as
the development of effective HSV vaccines or new methods
using the wide variety of HSV functions as promising targets
for immunization strategies.
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