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Chapter

How Human Herpesviruses
Subvert Dendritic Cell Biology and
Function

Linda Popella and Alexander Steinkasserer

Abstract

In the last decades, a multitude of distinct herpesvirus-mediated immune eva-
sion mechanisms targeting dendritic cell (DC) biology were uncovered. Within this
chapter, we summarize the current knowledge how herpesviruses, especially the
a-herpesviruses HSV-1, HSV-2, varicella-zoster virus (VZV), and the B-herpesvirus
HCMYV, shape and exploit the function of myeloid DCs in order to hamper the
induction of potent antiviral immune responses. In particular, the main topics
covering herpesvirus-mediated immune evasion will involve: (i) the modulation of
immature DC (iDC) phenotype, (ii) modulation of iDC apoptosis, (iii) the inhibi-
tion of DC maturation, (iv) degradation of the immune-modulatory molecule CD83
in mature DCs (mDCs), (v) interference with the negative regulator of 2 integrin
activity, cytohesin-1 interaction partner (CYTIP), (vi) resulting in modulation of
adhesion and migration of mDCs, (vii) autophagic degradation of lamins to support
productive HSV-1 replication in iDCs, (viii) the release of uninfectious L-particles
with immune-modulatory potential from HSV-1-infected mDCs, and (ix) the
implications of DC subversion regarding T lymphocyte activation.

Keywords: dendritic cells, HSV-1, HSV-2, VZV, HCMV, CD83, CYTIP, adhesion,
migration, lamins, autophagy, H-particles, L-particles, T lymphocyte activation

1. Introduction

Herpesviridae constitute an extremely successful virus family, evident from the
considerable prevalence among the world’s population [1]. During co-evolution
of herpesviruses with its human host, not only the host’s immune system was
compelled to mount efficient antiviral defense mechanisms but also the virus has
evolved a multitude of sophisticated strategies to dampen those immune responses
[2-6]. Thus, herpesviral infections of men represent a tug of war, in which the
host’s antiviral responses are faced with the virus-mediated immune evasion
mechanisms. The probably most intriguing strategy of herpesviral immune subver-
sion is the establishment of latency in immune-privileged niches in the host, leading
to lifelong persistent infections accompanied by episodes of viral reactivation [7, 8].
An additional cornerstone contributing to the success of human herpesviruses is
the potent infection of a plethora of distinct cell types iz vitro and in vivo, including
the manipulation of vital functions of nonimmune as well as immune cells, many of
them targeting dendritic cell (DCs) as described below [3, 5, 9-12].
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DCs are specialized leukocytes that are highly efficient to antigen specifically
activate T lymphocytes, and thus link the innate with the adaptive arm of our
immune system [13-16]. In the past four decades, several groups identified DCs as
being a rather heterogeneous cell population comprising distinct subsets [17-21].
Those subsets greatly differ in their expression of distinct surface markers, func-
tion, anatomical localization as well as migratory capability [22-24]. In general, two
distinct DC classes can be defined: myeloid conventional/classical (cDC1—CD141*
and cDC2—CD1c") and plasmacytoid DCs (pDCs) [25-27]. pDCs play a crucial role
during viral infections, since they secrete high amounts of type I interferons upon
toll-like receptor (TLR) activation [28-30]. The conventional/classical DCs are
specialized in antigen presentation and comprise distinct DC subsets with spatial
differences, i.e., blood or lymphoid as well as nonlymphoid tissues. Noteworthy,

a third main group among the DC lineage, which arises from monocytes, is called
monocyte-derived DCs and reflects inflammatory DCs [31]. Within this chapter, we
will mainly focus on monocyte-derived DCs or conventional DCs and their inter-
play with distinct human herpesviruses.

Another important feature among DCs is that these cells exist in two distinct
activation states. In essence, immature DCs (iDCs) reside and patrol in the vast
majority of tissues under steady-state conditions, seeking for (nonhost) antigens
[32]. Upon antigen uptake and antigen recognition via, e.g., engagement of patho-
gen recognition receptors, or the perception of “danger” signals, including inflam-
matory cytokines released from adjacent infected cells, DCs undergo maturation
[33]. While sessile iDCs possess a strong phagocytic but low antigen-presenting
capacity, mature DCs (mDCs) turn into efficient migrating and antigen-presenting
cells (APCs) [32]. DC activation is characterized by an elevated production of type
I'and III interferons (IFNs) as well as pro-inflammatory cytokines, such as IL-6,
TNF-a, or IL-12 [34-37]. Moreover, mDCs are equipped with high surface levels of
MHC class I and II molecules [38, 39], and abundantly expose the co-stimulatory
molecules CD80, CD86, and CD40, which are important for proper T lymphocyte
activation [32]. In this regard, the interaction of DC-expressed CD40 with CD40
ligand (CD40L) expressed on T lymphocytes will result in DC-derived IL-12
production, which is an important Thl cytokine [28].

In addition, the glycoprotein CD83 is massively expressed on the surface of
mDCs, thus serving as reliable marker of mature DCs. More importantly, CD83 is
crucial for T lymphocyte development as well as activation, based on its inherent
potent immune-modulatory properties [40-44]. Beyond that, migration of mDCs
toward T lymphocyte-rich areas in lymphoid organs is facilitated by a switch in the
chemokine receptor repertoire during DC activation. In particular, the C—C che-
mokine receptor 7 (CCR?) is one of the driving forces that chemotactically guides
mDCs toward lymphoid-expressed C—C motif chemokine 19 (CCL19) and CCL21.
Once arrived in the lymph node, mDCs present their peripheral-acquired antigens
to T lymphocytes, which harbor the cognate antigen receptor, to subsequently
prime an adaptive immune response [45-50].

Given the pivotal role of DCs during the induction of an adaptive immune
response, it is not surprising that herpesviruses efficiently infect DCs and hijack vital
DC-inherent functions, such as migration and antigen presentation, to hamper the
antiviral host defense. Many of the in vitro HSV infection studies, that have been
performed, involve the analysis of murine bone marrow-derived DCs (BMDCs).
Additionally, human blood monocyte-derived DCs serve as a second widely used in
vitro model system for the elucidation of herpesviral-mediated modulations of DC
biology and function. This is due to the development of appropriate settings for the
generation of monocyte-derived DCs in large numbers, for their subsequent highly
efficient infection with specific human herpesviruses [51-56]. Concerning iz vitro
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Figure 1.

Schematic summary of HSV- and HCMV-mediated immune evasion strategies targeting DCs. The upper
panel depicts immune evasion mechanisms observed for HSV-1- as well as HSV-2-infected iDCs (left panel)
and mDCs (vight panel). The lower panel illustrates those observed for HCMV-infected iDCs (left panel) and
mDCs (right panel). Abbreviations: iDC: immature dendpritic cell, mDC: mature dendritic cell, H-particles:
heavy (infectious) particles, L-particles: light (noninfectious) particles, NE: nuclear egress, IL-6: interleukin-6;
TNFa: tumor necrosis factor a, IFN: interferon, CCR1/CCR5/CCR7: C=C chemokine receptor type 1/

type 5/type 7, cmvIL-10: cytomegalovirus-encoded interleukin-10, hIL-10: human cellular IL-10, CCL19:
CC-chemokine ligand 19, CXCL12: C-X-C motif chemokine ligand 12, CXCR4: C-X-C motif chemokine
receptor 4, CYTIP: cytohesin-1 interacting protein. (Graphics modified from SMART: Servier Medical Art).

HCMYV infection studies of DCs, the infection efficiency varies depending on the
viral strain used. This is due to the absence versus presence of the genetic locus com-
prising UL128-UL131, which is crucial for endothelial cell- and leukotropism [57-59].

Within this chapter, we summarize how herpesviruses, especially the
a-herpesviruses HSV-1, HSV-2, VZV, and the B-herpesvirus HCMYV, shape and
exploit the function of classical DCs (summarized in Figure 1).

2. Interaction of herpesviruses and immature DCs
2.1 Impediment of iDC biology by herpesviruses

Well-studied examples of functional paralysis of DCs are the herpesviral
interference with the expression levels of important surface molecules on iDCs,
viability of iDCs, and DC maturation when infecting myeloid iDCs. Regarding the
first, complete infection with a clinical isolate of the a-herpesvirus HSV-1 (MC1)
asynchronously inhibits the surface expression of CD1a, CD40, CD54 (intercellular
adhesion molecule 1, ICAM-1), CD80, and CD86 on iDCs. Apart from this, CD11c,
MHC class I and class II surface exposure is unaltered upon HSV-1 MC1 infection
of iDCs, indicative of a selective targeting of distinct surface molecules on iDCs
[60]. Inconsistent with this, a recombinant disabled infectious single-cycle (DISC)-
HSV-1 strain, deleted for glycoprotein H (gH) and thus rendering viral progeny
noninfectious, does, however, reduce MHC class I but induce CD86, MHC class II
as well as CD1a surface expression on directly infected iDCs, when using a low MOI
[61, 62]. Importantly, CD80 and CD83 are unaffected on directly infected iDCs,
whereas these molecules are strongly induced on uninfected bystander cells that
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additionally show an increase in MHC class I and class II, CD54, and CD86 levels
[62]. Moreover, supernatants of HSV-1-infected iDCs are sufficient to trigger partial
phenotypic maturation of iDCs, mirrored by an increase in MHC class Il and CD86
surface levels [63]. Given the latter two observations, directly HSV-1-infected iDCs
might secrete soluble factors that shape the phenotype (and function) of uninfected
bystander cells, such as DCs [63].

Apart from HSV-1, HSV-2 reduces CD40, CD80, CD86, and CD83 and slightly
hampers MHC class II surface expression on macaque as well as human iDCs [64].
Noteworthy, one study, conducted with murine BMDCs, revealed a serotype-
dependent and age-specific regulation of MHC class I and II as well as co-stimula-
tory molecule expression upon an HSV-1 versus HSV-2 infection of iDCs [65].

Additionally, the p-herpesvirus HCMV significantly alters the surface protein
repertoire on iDCs. In particular, HCMV-infected iDCs show reduced CD1a,

CD11c, CD13, CD33, CD40, CD54, CD58, CD80, CD83, and MHC class I expression
levels, whereas CD86 or MHC class II surface expression is only slightly decreased
by HCMV [66, 67]. Beyond this, an HCMV infection of iDCs also dampens their
migratory capacity toward CCL3 and CCL5 due to the UL18-dependent internaliza-
tion of the chemokine receptors CCR1 and CCRS5, without affecting CCR7 [68, 69].

Interestingly, and in sharp contrast to the abovementioned herpesviruses, the
a-herpesvirus VZV does not disturb the surface expression of important immune
molecules on iDCs, such as CD1a, CD40, CD86, MHC class I, and MHC class II [70].

Beyond targeting surface molecule expression on iDCs, a herpesviral infec-
tion additionally impacts the expression and release of cytokines and interferons
via replication-dependent vs. -independent pathways [71, 72]. Regarding HSV-1,
directly infected murine iDCs produce increased amounts of IL-12, which is depen-
dent on viral replication [72-74]. By contrast, IL-12 levels are barely detectable or
decrease upon an HSV-1 infection of human iDCs [62, 63, 72]. Moreover, IL-12
production is negatively influenced in the presence of an additional inflammatory
stimulus, e.g., LPS or CD40, upon an HSV-1 infection of both murine and human
origin [62, 63, 65, 73]. This reduction in IL-12 secretion during DC activation might
partially explain the reduced T lymphocyte stimulatory capacity upon infection,
since IL-12 is an important cytokine for Thl responses and highly induced upon DC
activation [63, 75]. Moreover, CD40 downregulation on HSV-1-infected iDCs might
be involved in the impairment in IL-12 secretion during DC activation [60, 62, 76].
Furthermore, TNFa production by HSV-1-infected iDCs increases strain specifi-
cally, which is further dependent on viral replication [77], while IL-6 production is
also elevated [72, 73].

Apart from directly infected iDCs, uninfected bystander iDCs, as well as iDCs
treated with the supernatant derived from infected cultures, exhibit elevated levels
of IL-12, but not IL-6, with or without the presence of the additional inflammatory
stimulus LPS, and upregulate CD86 as well as MHC class II expression [62, 63, 74].
Regarding this bystander effect, type I IFNs, which are secreted by infected cells for
paracrine perception, are one of the most important mediators [71, 78]. Notably,
recombinant IFN-a is sufficient to induce partial maturation and IL-12 secretion
by iDCs [78]. Type I interferons (IFN a/p) are cytokines with potent antiviral
properties, which are predominantly secreted by pDCs early upon infection,
but also by cDCs, and other cell types, during a second wave of innate antiviral
response [79-82]. Concerning the latter, type I IFN production upon an HSV-1
infection of iDCs is independent from TLR9 signaling and viral replication, but
dependent on viral entry, involving recognition of distinct viral glycoproteins, and
very likely includes the sensing of virion-associated DNA [78, 81, 83]. Regarding
the aforementioned findings, another study shows that HSV-1 strain KOS isolate-
dependently triggers TLR2 activation, while only a minority of these substrains
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as well as clinical isolates are capable of doing so [74]. In particular, this TLR2
induction upon an HSV-1 infection results in highly elevated levels of IL-6 as well as
IL-12, independent of viral replication. Moreover, UV-inactivated HSV-1 isolates,
possessing TLR2-activating property, induce IL-6 and IL-12 production via single
and sequential TLR2- as well as TLR9-dependent mechanisms in iDCs. By con-
trast, replication-competent HSV-1, capable of inducing TLR?2 signaling, induces
IL-6 and IL-12 expression via MyD88 signaling either through TLR2- or TLR9-
dependent mechanisms in iDCs. Moreover, HSV-1 subspecies that do not activate
the TLR2 pathway are mostly recognized via TLR9-dependent mechanisms in iDCs.
Among others, HSV-1 is recognized via specific mechanisms in iDCs involving two
distinct membrane-bound TLRs, i.e., TLR2 and TLR9, whose involvement vary
among different HSV-1 isolates and the presence versus absence of viral replication
[74]. Also, other pathogen recognition receptors (PRRs), such as DNA sensors,
contribute to the recognition of HSV-1, not only in iDCs, and corporately act to
induce a potent antiviral response [4, 81, 84, 85].

Notably, the cytosolic DNA sensor DDX41 and its downstream mediator
stimulator of interferon genes (STING) play an important role in mediating a type
I TFN response upon HSV-1 infection of iDCs [85]. By contrast, elevated levels of
pro-inflammatory cytokines and type I IFNs upon HSV-1 infection of iDCs are not
triggered via RIG-I-like receptor (RLR)/mitochondrial antiviral signaling protein
(MAVS)-dependent mechanisms, which sense pathogen-derived RNA species [71].
These combined observations reveal that iDCs undergo IFN signaling-dependent as
well as -independent changes upon an HSV-1 infection [71].

To counteract the antiviral response of iDCs upon viral recognition, HSV-1-
encoded virion host shutoff (vhs, UL41) dampens the production of type I IFN as
well as TLR-independent release of pro-inflammatory cytokines (TNFa, IL-6, and
IL-12) immediately upon infection of human as well as murine iDCs [71, 72, 86]. In
particular, HSV-1 vhs inhibits the early replication-independent activation of NF«kB,
which is an essential transcription factor for IFN expression and consequent IFN
signaling, leading to the induction of interferon-stimulated genes (ISGs) [71, 72].
Moreover, ICP27 additionally counteracts NFkB as well as interferon regulatory
factor 3 (IRF3) activation to hamper early antiviral immune responses, as at least
shown in macrophages [77]. Apart from this, a multitude of distinct viral proteins
target specific steps during HSV-1 recognition, such as ICPO; however, most of
these data are based on studies using cell types others than DCs [5, 87].

Also, HSV-2 shapes the production of cytokines and IFNs upon infection of iDCs.
In particular, HSV-2 strongly and replication-dependently induces the production of
IL-6 and TNFa by murine and human iDCs, while the latter also increases indepen-
dent of viral replication [88-90]. The elevated secretion of TNFa has been con-
nected to support a co-infection with HIV-1 and might act in trans, very likely via
promoting the expression of HIV-1 co-receptor CCR5 on bystander cells [88]. Apart
from this, IFNf and IFNy are specifically upregulated during the incubation of iDCs
with UV-inactivated HSV-2, but not with replication-competent HSV-2, showing
higher cytokine levels in the human system [88, 90]. Contrasting elevated amounts
of IL-12 upon HSV-1 exposure of murine iDCs, HSV-2 does not influence the
secretion of this cytokine in the absence of any additional stimulus [90]. However,
LPS-induced IL-12 production by murine iDCs is also hampered upon exposure to
HSV-2 or UV-inactivated HSV-2 virions, reminiscent of HSV-1 [65].

Among the p-Herpesvirinae, also HCMV modulates cytokine expression of
iDCs upon infection. During early responses, HCMV triggers the production
of the pro-inflammatory cytokines IL-6 and TNFa, chemokines, such as CCL5,
CXCL10, and CXCL11, as well as the TLR3-independent production of type I IFN
by infected iDCs [67, 91-93]. Consistent with the HSV-mediated suppression of
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IL-12 production in the presence of LPS or CD40L by iDCs, also HCMV hampers
the induction of IL-12 during DC activation [67, 92]. In addition, HCMV encodes

a multitude of chemokines/cytokines and chemokine/cytokine receptors itself,
thereby hijacking the host’s immune responses [94, 95]. One of the best-character-
ized viral encoded chemokines, which has been implicated in the modulation of DC
biology, is cmvIL-10 that shares functional analogy with its human IL-10 homolog
[96]. Notably, HCMV-infected iDCs show a decreased production of cellular IL-10,
which is an important anti-inflammatory immune dampening cytokine [91, 97].
Noteworthy, the expression of cmvIL-10 increases during the course of infection
and, apart from influencing DC maturation (see also Section 2.3), it inhibits the
expression of IL-6, IL-12, and TNFa, when iDCs are exposed to cmvIL-10-contain-
ing supernatants, derived from HCMV AD169-infected fibroblasts [98].

2.2 Herpesviruses modulate cell survival of iDCs

Another functional impairment of iDC biology is the enhanced apoptosis
observed in HSV-1-, HSV-2-, and HCMV-infected iDCs [60, 63, 65, 90, 99, 100].
Concerning HSV-1, upon an initial anti-apoptotic phase, which is most likely
important for viral replication, infected iDCs show a subsequent early increase in
apoptosis concomitant with higher caspase-3 activity, which is dependent on viral
gene expression [60, 63, 99, 101]. Mechanistically, HSV-1 triggers a strong decline in
the cellular FLICE-inhibitory protein (c-FLIP) expression, a pro-survival protein,
in a cell type-independent manner, which strongly correlates with reduced cell
survival of iDCs [102]. However, differential regulation of apoptosis in iDCs versus
epithelial cells, whereas in the latter, viral ICP27 plays a dominant role to prevent
premature cell death [103, 104], is further associated with lower levels of anti-
apoptotic latency-associated transcript (LAT) sequences in iDCs [102, 105]. Since
LATs are able to block caspase-8-triggered apoptosis and can partially compensate
for c-FLIP downmodulation, lower LAT abundancies in iDCs are insufficient to
counterbalance HSV-1-induced apoptosis in iDCs [106, 107]. Given the temporal
and cell type-dependent regulation of apoptosis, HSV-1 adopts its anti-apoptotic
factors to ensure efficient viral replication in, e.g., epithelial cells, by inhibiting
apoptosis, and simultaneously avoid DC-mediated antigen presentation, by pro-
moting premature cell death of these cells.

Consistent with HSV-1, also HSV-2 strongly induces apoptosis of infected and
bystander iDCs, while it is not fully clear whether viral gene expression plays an essen-
tial role during this process [64, 65, 90, 99]. In particular, HSV-2 mediates an increase
in caspase-3 activity, transient induction in caspase-8 protein levels, and decrease in
c-FLIP expression, which is accelerated in comparison to HSV-1 [90, 99, 102]. While
HSV-1 and HSV-2 seem to dampen the presentation of viral antigens by infected
iDCs via induction of premature cell death, uninfected bystander DCs are capable of
cross-presenting engulfed antigens derived from apoptotic cells and to stimulate CD8"
T lymphocytes (further discussed in Section 4).

Apart from HSVs, also the B-herpesvirus HCMV induces iDC apoptosis and/or
necrosis early upon infection, which triggers maturation of uninfected bystander
iDCs [100]. Regarding HCM V-associated apoptosis in iDCs, a viral-encoded IL-10
homolog (cmvIL-10) mediates the downregulation of c-FLIP expression upon LPS
stimulation of iDCs [108]. However, cmvIL-10-triggered apoptosis is absent in
unstimulated iDC cultures [109].

In sharp contrast, VZV-infected iDCs do not undergo apoptosis, suggesting that
VZV benefits from viable directly infected iDCs for virus dissemination and persis-
tence [70, 110]. In this regard, VZV selectively downregulates Fas on the surface of
infected iDCs and mDCs, very likely to inhibit apoptosis of these cells [111].
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2.3 Perturbation of DC maturation during herpesviral infections

Apart from directly influencing the phenotype and viability of iDCs, her-
pesviruses additionally evolved mechanisms to suppress DC maturation upon
recognition of the virus, since this step is associated with the switch into an
antigen-presenting phenotype, for efficient priming of adaptive (antiviral) immune
responses. Regarding this, HSV-1 blocks the expression of important molecules,
such as CD80, CD83, CD86, MHC class II, CCR7, and CXCR4, in directly infected
DCs in the absence or presence of additional stimuli, i.e., LPS or pro-inflammatory
cytokines [62, 73, 86, 112, 113]. Thus, HSV-1-infected iDCs are hampered in their
maturation capacity and therefore unable to efficiently stimulate T lymphocytes
[62, 113]. Two HSV-1-encoded proteins are known so far to be involved in the
inhibition of DC maturation, i.e., the viral encoded virulence factor ICP34.5 and
vhs [72, 73, 86, 113, 114].

Regarding the first, ICP34.5 is essential and sufficient to partially perturb
LPS-induced DC maturation via blocking IFN-o/ secretion iz vitro as well as in vivo
[113]. Noteworthy, the N-terminal domain of ICP34.5 interacts with and suppresses
TANK-binding kinase 1 (TBK1) to block IRF3 phosphorylation and ultimately IFN
and IFN-stimulated gene induction [114, 115]. Apart from this, ICP34.5 additionally
targets the IxB kinase complex to potently abrogate NFkB activation in DCs upon
TLR4 stimulation. Particularly, ICP34.5 recruits protein phosphatase 1 (PP1) to
dephosphorylate IkB kinase in order to tightly control NF«B activation during an
HSV-1 infection of DCs [73]. Notably, inhibiting DC activation by HSV-1ICP34.5
sufficiently promotes viral replication in a murine corneal infection model [113].
Furthermore, due to its attenuated replication efficiency and its incapability to
inhibit DC maturation, an engineered HSV-1 ICP34.5 mutant induces protective
immunity in a DC-dependent way upon lethal challenge in mice and thus consti-
tutes a promising vaccination candidate [114].

In contrast to the ICP34.5-mediated inhibition of TLR-dependent DC activation,
the tegument-associated viral protein vhs suppresses TLR-independent pathways
that induce DC maturation upon viral recognition [72, 86]. Concerning its involve-
ment in suppressing DC maturation, vhs exerts its inhibitory function by targeting
replication-dependent and -independent cellular responses, the latter involving
the blockade of NF«B activation [71, 72]. Vhs is a ribonuclease that degrades viral
as well as cellular mRNAs upon infection and is thus implicated in interfering
with a variety of distinct pathways [116, 117]. Since tegument proteins are directly
released into the infected cell, vhs might immediately suppress DC activation prior
to ICP34.5. Also, HSV-1 vhs mutant strains might possess a promising potential for
vaccine development, as these strains are highly attenuated in vivo [118-121].

HSV-1 is only one example among Herpesviridae that potently blocks activation
of DCs upon infection, since also its family member HSV-2 aims to inhibit DC
maturation [90, 112]. Similar to HSV-1, HSV-2 suppresses the activation of DCs in
directly infected cells, but not in their uninfected counterparts [90]. However, the
precise underlying mechanisms are yet undefined.

Also, VZV has evolved strategies to avoid the activation-driven upregulation of
functionally important surface molecules on DCs upon infection [70]. In essence,
VZV interferes with the NFxB signaling pathway that strongly regulates the expres-
sion levels of maturation-associated proteins in DCs. While the upstream recep-
tors for NFkB signal perception remain unaffected, both NFkB subunits p50 and
p65 are trapped in the cytoplasm of VZV-infected DCs to avoid signaling via this
pathway. Moreover, the E3 ubiquitin ligase domain of ORF61 seems to inhibit IxBa
degradation in DCs, as demonstrated in a TNFa-stimulated NF«B reporter assay in
HEK293FT cells [122].
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Notably, also the f-herpesvirus HCMV potently blocks maturation of DCs upon
an inflammatory stimulus [66, 67]. Particularly, the viral encoded IL-10 homolog
(cmvIL-10; UL111a) does not only induce apoptosis of iDCs or the surface exposure
of DC-SIGN to promote HCMYV infection but also negatively affects DC matura-
tion via IL-10 receptor perception [98, 108, 123]. Upon cmvIL-10 stimulation
of iDCs, the IL-10 signaling pathway is induced, reflected by significant activa-
tion of STAT3, an intrinsic key factor implicated in the control of DC maturation
[108, 124]. Thus, cmvIL-10 functionally resembles the human IL-10 homolog and
thus dampens DC-induced antiviral immune responses.

Given the distinct regulation of surface proteins, implicated in immune activa-
tion, as well as the inhibition of DC activation, it seems reasonable to assume that
different herpesviral species evolved specific and independent strategies to hijack
DC biology and function to support efficient replication and favor the establish-
ment of latency.

2.4 HSV-1 manipulates autophagy in a cell type-dependent manner

Macroautophagy (henceforth autophagy) is a conserved cellular machinery that
delivers intracellular constituents, such as proteins or whole cellular organelles,
to lysosomal digestion, both under homeostatic or stress-related conditions. In
essence, autophagy induction, upon, e.g., starvation or stress-related stimuli,
provides a source of amino acids from degraded proteins for de novo protein bio-
synthesis. Furthermore, autophagy is also important for antigen presentation, since
it represents an additional route to process cytoplasmic and nuclear antigens, e.g.,
during viral infections, for MHC class II-mediated presentation. Moreover, autoph-
agy is also involved in cross-presentation of exogenous antigens via MHC class I
molecules [125-127]. Thus, autophagic degradation plays an important role during
antiviral defense mechanisms in infected cells. Apart from classical autophagy, a
process called xenophagy is characterized by the specific autophagic sequestration
of foreign pathogen-derived contents, such as whole viral particles, to limit viral
replication [128-130]. However, this chapter focuses on classical autophagy as well
as its modulation during herpesviral infections of DCs.

Mechanistically, mammalian autophagy involves the coordinated interplay of
different autophagy-related proteins (ATG) [131, 132]. During initiation of the
phagophore, i.e., the initial autophagosome membrane, a complex containing
UNC-51-like kinase 1 (ULK1), focal adhesion kinase family interacting protein
of 200 kDa (FIP200), ATG13, and ATG101 is formed. Subsequently, phagophore
nucleation involves the activation of the PI3KC3 complex I, which among others
includes Beclin 1 or class III phosphatidylinositol 3-kinase (PI3K), and a ubiquitin-
like conjugation system consisting of different ATG proteins. The expansion of
the autophagophore is among others characterized by lipidation of microtubule-
associated protein light chain 3 (LC3)-I. In particular, the attachment of phos-
phatidyl-ethanolamine (PE) to LC3B-I generates LC3B-II, which is inserted into
the nascent autophagosomal membrane. Thus, the LC3B-I to LC3B-II conversion
indicates autophagy induction, based on the increased presence of mature autopha-
gosomes. The final steps are the fusion of mature autophagosomes with lysosomes,
and the subsequent degradation of the resulting autophagolysosomes including
their cargo, by, e.g., hydrolysis [125, 133].

It is well established that autophagy is triggered in various cell types upon a
herpesviral infection [134]. As a viral countermeasure, HSV-1 evolved strategies to
manipulate autophagy, however, in a cell type- and infection stage-dependent way.
As such, HSV-1 induces autophagy very early upon infection [135], whereas the
viral encoded protein ICP34.5, classified as leaky late gene product, subsequently
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suppresses autophagy via targeting Beclin 1 or dephosphorylating elF2a, while
US11, a late gene, inhibits protein kinase R (PKR) to block elF2a phosphorylation,
in, e.g., fibroblasts or neurons [136-140]. In this regard, PKR and elF2a are two
key factors, in, e.g., fibroblasts, that participate during the induction of autophagy
upon an HSV-1 infection [141, 142].

Apart from this, the interplay between HSV-1 and autophagy in myeloid
antigen-presenting cells, such as DCs, underlies a different regulation. Very inter-
estingly, induction of autophagy in HSV-1-infected murine DCs follows a PKR/
elF2a-independent mechanism, which is not counteracted by ICP34.5. Particularly,
in infected murine BMDCs HSV-1, genomic DNA is sensed via a STING-dependent
pathway, but independent of viral replication and leads to the transient induction
of autophagy [143]. Beyond this, in the context of an HSV-1 infection of murine
BMDOCs or a related cell line, i.e., DC2.4, ICP34.5 does not block autophagy induc-
tion, but rather blocks the maturation of autophagosomes, and in turn autophagic
flux. This ICP34.5-dependent mechanism suppresses the autophagy-dependent
processing of viral antigens for presentation via the MHC class I as well as class
II pathway [144, 145]. More precisely, HSV-1 ICP34.5-encoded Beclin 1-binding
domain is responsible for the aberrant autophagosome maturation and thus subver-
sion of CD4" T cell stimulation in murine DCs [145].

2.5 HSV-1 exploits cellular autophagy in infected human monocyte-derived
iDCs

Noteworthy, one interesting example of how herpesviruses hijack cellular
autophagy to promote viral replication, i.e., nuclear egress, comes from the inter-
play of HSV-1 with human monocyte-derived DCs [146]. In general, after genera-
tion of nuclear progeny capsids, these viral structures have to cross the nuclear
membrane [147]. However, during nuclear egress, the nuclear lamina, which isa
dense meshwork inside the nucleus, represents the main barrier for nucleocapsids to
get access to the inner nuclear membrane. Lamins and other membrane-associated
proteins are the main constituents of the nuclear lamina. Lamins are a group of
type V intermediate filament proteins and are grouped into types A, B, and C.
While lamin B connects the nuclear lamina with the inner nuclear membrane,
lamin A/C—products of alternative splicing—supports the stiffness of the nuclear
envelope [148]. In proliferating cells, such as fibroblasts, the nuclear lamina
undergoes reversible disassembly during mitosis or during the nuclear export of
large messenger ribonucleoprotein (mRNP) complexes. Mechanistically, lamina
disassembly is initiated by site-specific phosphorylation of lamin A/C [149-151].
During co-evolution, HSV-1 has evolved a nuclear egress complex (NEC), including
viral protein kinases as well as cellular effectors, such as Pinl, to mediate a similar
phosphorylation-triggered destabilization of the nuclear lamina and budding of the
capsid at the nuclear envelope, a process reminiscent of the nuclear export of large
mRNPs [150, 152]. This process is triggered in permissive proliferating cells, such as
HFF or Vero cells, in which an HSV-1 infection results in the release of considerable
amounts of HSV-1 virions [153].

In sharp contrast, human monocyte-derived mDCs only barely release infectious
progeny virus into the supernatant [154], despite the efficient release of significant
amounts of noninfectious light (L-) particles void of the capsid [155], further dis-
cussed in Section 3.3. By contrast, iDCs promote complete replication of HSV-1, with
the final release of infectious heavy- (H-) particles into the supernatant. Notably,
the nuclear egress of HSV-1 capsids in iDCs is facilitated by autophagy-dependent
lamin degradation [146] and is thus fundamentally different from other cell types,
such as fibroblasts. Furthermore, the loss of lamin protein expression is dependent
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on viral replication, but independent from viral-encoded vhs in infected iDCs. By
contrast, autophagic degradation in mDCs is hampered based on an intrinsic inhibi-
tion. In essence, elevated kinesin family member 1 B (KIF1B) and KIF2A expression
levels block the fusion of autophagosomes with lysosomes, which is an essential step
during autophagic degradation, and thus inhibit the nuclear egress of viral capsids
due to stable lamin expression. Apart from this, HSV-1 ICP34.5 is not involved in
the differential regulation of autophagic turnover in human monocyte-derived
iDCs versus mDCs and does not interfere with lamin degradation [146].

3. Herpesviruses and mature DCs

Upon DC activation, these vital immune cells undergo a phenotypic and func-
tional switch, and thus become equipped with several functionally important mol-
ecules. Among others, molecules for (i) antigen presentation, i.e., MHC class I and
IT molecules, (ii) co-stimulation as well as modulation of T cell stimulation, e.g.,
CD40, CD80, CD83, CD86, or (iii) adhesion and migration, e.g., CCR7, CXCR4, and
cytohesin-1 interaction partner (CYTIP), are highly expressed by mDCs [14, 44,
156]. However, herpesviruses aim to avoid potent induction of adaptive antiviral
immune responses and thus aim to alter the expression of several of these proteins.

In essence, HSV interfere with CD83, CCR7, CXCR4, and CYTIP protein expres-
sion in mDCs [112, 157-159]. By contrast, CD40, CD80, CD86, and MHC class I
as well as class II expression is mostly unaltered upon an HSV infection of mDCs
[112, 154, 157]. Noteworthy, HSV-1-mediated MHC class I as well as class II evasion,
however, occurs in distinct cell types others than APCs; however, this will not be
further discussed within this chapter [160-163].

Regarding VZV, infected mDCs show decreased levels of CD80, CD83, CD86,
and MHC class I surface expression, whereas the abundance of MHC class II surface
molecules is not affected [164]. Among the B-Herpesvirinae, HCMV strongly
hampers CD40, CD83, and MHC class I surface expression on mDCs, while only
slightly affecting, if at all, CD80, CD86, or MHC class II expression, or leaving
other important molecules, such as CCR7, unaffected [12, 66, 165, 166].

In the following sections, we will highlight the functional consequences of a
herpesviral infection of mDC regarding the CD83 protein expression, mDC adhe-
sion as well as migration.

3.1 Modulation of CD83 expression in mDCs

Intensive research has proven the vital role of the glycoprotein CD83 during the
development of the mammalian immune system as well as during the priming and
controlling of immune responses. In this regard, several iz vitro and in vivo studies
revealed the immune-modulatory potential of the two known CD83 isoforms, i.e.,
the membrane-bound and soluble CD83 (sCD83). Particularly, the membrane-
bound form of CD83 is pivotal for the thymic CD4" T lymphocyte selection, via
stabilizing MHC class II surface expression on thymic epithelial cells, and essential
to suppress overshooting immune responses during the development or resolu-
tion of autoimmune disorders [42, 167-169]. Apart from this, sCD83 possesses an
interesting therapeutic potential in order to prevent/resolve autoimmune disorders
and to inhibit transplant rejection, which is mediated via the induction of regula-
tory mechanisms including indoleamine 2,3-dioxygenase (IDO)-induced regulatory
T lymphocytes [170-173]. Considering this, it is not surprising that herpesviruses
target CD83 to combat the induction of an antiviral immune response.
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One well-known example regarding the modulation of CD83 protein expres-
sion in infected mDCs is mediated by the a-herpesvirus HSV-1. Upon infection of
mDCs, HSV-1 inhibits both the expression of cell membrane-bound and intracel-
lular CD83 protein [157, 174]. In particular, the HSV-1 encoded immediate-early
expressed infected cell protein 0 (ICPO) triggers the proteasome-dependent, but
ubiquitin-independent degradation of CD83 in mDCs. The same is true using a
HEK293T co-transfection model. Thus, ICPO cell type-independently mediates
CD83 degradation without the need of any additional viral factor [174].

Notably, an HSV-1 infection does not only hamper CD83 expression on directly
infected mDCs but also on their uninfected bystander counterparts. This bystander
effect is due to the release of uninfectious light (L-) particles which are void of the
capsid and thus the viral genome (discussed further in Section 3.3), but contain
viral proteins, including ICPO, to modulate the function of adjacent uninfected
cells [155, 175]. Noteworthy, apart from the degradation of CD83 in HSV-1-infected
mDCs, the infection does not provoke the release of sCD83 molecules, excluding the
involvement of CD83 shedding [157]. However, the precise molecular mechanism,
how HSV-1ICPO triggers CD83 degradation, is still under investigation.

The obvious importance of CD83 during the induction of an antiviral immune
response becomes even more evident from the fact that also other a-herpesviruses,
i.e., HSV-2 and varicella-zoster virus (VZV) mediate a strong reduction of CD83
protein expression in infected mDCs [112, 164]. Regarding VZV, CD83 is trapped
inside discrete cytoplasmic compartments and fails to get transported to the cell
surface in infected mDCs [164]. Thus, VZV shapes the surface molecule repertoire
of infected mDCs to efficiently spread inside the host and to avoid proper T cell
activation [164, 176]. Also, HSV-2 strongly inhibits CD83 surface expression upon
infection of mDCs via a proteasome-dependent degradation of CD83, reminiscent
of its family member HSV-1 [112]. The nature of VZV- and HSV-2-triggered CD83
modulation is currently unclear and requires further investigations.

Strikingly, apart from CD83 degradation upon human a-herpesvirus infections
of mDCs, also the f-herpesvirus human cytomegalovirus (HCMV) significantly
hampers CD83 protein expression by mDCs [165, 166]. In this respect, the HCMV-
mediated reduction of CD83 expression by mDCs is dependent on the major imme-
diate early protein 2 (IE2)-triggered proteasomal degradation and closely resembles
the HSV-1 ICPO-dependent degradation of CD83 [157, 165, 174]. Contrasting find-
ings were reported regarding the sCD83 levels upon an HCMYV infection of mDCs.
While there is evidence for increased levels of sCD83 in the supernatants of HCMV
Bob-U/Bob-B-infected mDC cultures [166], concomitant with an impaired T
lymphocyte-stimulatory capacity of these mDCs [166], mDC infection with HCMV
TB40E does not increase the release of sCD83 into the supernatant [165].

Since different herpesviral members have independently evolved mechanisms to
suppress CD83 expression by mDCs, it is reasonable to assume that CD83 possess a
vital role in controlling (persistent) viral infections based on its inherent modula-
tory role during T lymphocyte activation.

3.2 Herpesviruses differentially modulate the migratory capacity of mDCs

During the initiation of an adaptive antiviral immune response, APCs, such
as DCs, must present their acquired antigens to cognate T lymphocytes. To do
so, DCs undergo a maturation process and are chemotactically guided toward
T lymphocyte-rich areas inside lymph nodes. As a prerequisite for directed migra-
tion, mDCs loosen their adhesive forces and express specific chemokine recep-
tors, i.e., CCR7 and CXCR4, which perceive the lymphoid-expressed chemokines
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CCL19/CCL21 and CXCL12, respectively [32, 45, 46, 177]. These chemotactic cues,
among migration-promoting signals, trigger intracellular signal transduction
pathways for cell polarization [178].

Importantly, leukocytes, and especially mDCs, possess a fundamentally differ-
ent regulation of their three-dimensional migration mode compared to other cell
types. In general, while their two-dimensional migration is dependent on adhesive
contacts mediated by integrins, their three-dimensional migration follows the
“amoeboid” adhesion-independent paradigm [179-183]. Thus, mDCs can switch
between their dependence on integrin-mediated adhesive contacts with specific
integrin ligands versus the rapid migration along chemokine gradients without
the need of preformed integrin ligand tracks. Considering this, integrin-mediated
adhesive contacts require a very tight regulation to avoid aberrant adhesion, and
thus immobilization, of mDCs in two- as well as three-dimensional environments
[182, 184, 185].

Noteworthy, DCs are vital for efficient priming of adaptive anti-HSV-1 immune
responses [186, 187]. Thus, HSV-1 evolved sophisticated strategies to hamper
the migration of directly infected DCs toward draining lymph nodes, in order to
hamper antigen presentation by these cells and delay the immune response. In
particular, HSV-1 can efficiently infect DCs not only iz vitro but also in vivo which is
mirrored by the presence of HSV-1-infected DCs in primary skin lesions. However,
these infected DCs do not migrate to the draining lymph nodes. By contrast,
uninfected bystander skin-derived DCs acquire viral antigens and transport them to
lymph node resident cells [188-192].

Based on several in vitro studies using human monocyte-derived mDCs, HSV-
mediated mechanisms have been discovered that aim to suppress mDC migration.
Concerning this, HSV-1- or HSV-2-infected mDCs reveal a rapid and very strong
inhibition of their migratory capacity toward CCL19 and CXCL12 chemokine
gradients, in transwell assays as well as in three-dimensional collagen matrices
[112, 158, 159]. One important countermeasure of HSV-1 and also HSV-2 to hamper
mDC migration is the downregulation of CCR7 surface expression [112, 158].
Considering that CCR7 orchestrates cell migration along CCL19 chemokine gradi-
ents, essential for directed migration toward T lymphocyte-rich zones in draining
lymph nodes, downmodulation of this receptor constitutes an important strategy to
subvert chemokine-mediated DC migration to draining lymph nodes [47, 48]. Apart
from this, HSV-1 additionally hampers CXCR4 protein expression levels on mDCs,
to inhibit the perception of CXCL12, a chemokine also expressed in lymphoid
organs or the bone marrow [193].

However, since the inhibition of chemokine receptor expression is timely
delayed in respect to the inhibited migration of HSV-infected mDCs, an additional
mechanism has been suggested. Indeed, HSV-1 and HSV-2 additionally induce the
adhesion of infected mDCs via amplifying the activity of p2 integrins, especially
lymphocyte function-associated antigen 1 (LFA-1), despite unaffected expression
levels of the respective integrin subunits [112, 159]. Compared to other integrin
families, p2 integrins are the predominant integrin family expressed on leukocytes
and thus possess an exceptional role in regulating mDC adhesion [194-196].
Furthermore, integrin activity and thus the ligand binding status rely on bi-
directional regulatory mechanisms, i.e., inside-out and outside-in signaling events
[197, 198].

In this section, we will focus on the regulation of 2 integrin activity via inside-
out signaling in mDCs. This includes the direct intracellular binding of either of two
specific proteins, i.e., talin or cytohesin-1, to the CD18 chain, which is common to all
P2 integrins [196, 199-201]. In contrast to talin, cytohesin-1 specifically regulates 2
integrin activity and, upon CD18 binding, promotes the conformational switch into
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its ligand-binding high-affinity state, thus mediating cell adhesion [196, 202, 203].
To avoid an overshoot in B2 integrin activity, the CYTIP abrogates the cytohesin-
1-mediated B2 integrin activation by regulating its intracellular localization [204].
This becomes evident from an siRNA-mediated approach in which CYTIP expres-
sion was ablated in mDCs, which causes the induction of adhesion and inhibition
of migration [156, 159]. Considering this inverse regulation of $2 integrin activity
by cytohesin-1 and CYTIP, HSV-1 and HSV-2 have evolved an elaborate strategy
to potently enhance (2 integrin activity via mediating the rapid proteasome- and
ubiquitin-dependent degradation of CYTIP. Functionally, this leads to increased
adhesion with subsequently inhibited DC migration and thus very likely to an
impaired antiviral T lymphocyte stimulation [112, 159].

Interestingly, and in contrast to the observations for HSV-infected mDCs, VZV,
another member among a-Herpesvirinae, does not interfere with mDC migration,
but hijacks mDCs to successfully disseminate inside the host and to hide from
immune recognition. By using mDCs as trojan horses, VZV facilitates its access into
lymphoid organs for subsequent infection of T lymphocytes, which are strongly
modulated and finally used as ferries for further viral spread, which ultimately
facilitates the establishment of latency [70, 176, 205-207].

Beyond this, also the p-herpesvirus HCMV differentially shapes the migration
capacity of mDCs. In this respect, HCMV-infected mDCs are inhibited in their
CCL19- but not CXCL12-dependent migratory capacity, despite unaltered surface
expression of CCR7 but transient induction of CXCR4 surface expression levels
[12]. Hence, apart from solely inhibiting the upregulation of CCR7 expression
during maturation, as observed for infected iDCs [67], HCMV reduces mDC migra-
tion via a distinct mechanism, beyond CCR7-targeting. Accordingly, also HCMV
triggers an increased mDC adhesion via the induction of 2 integrin activity, which
is mechanistically mediated by the proteasomal degradation of CYTIP, reminiscent
of the scenario observed for HSV-infected mDCs [12, 112].

Regarding the upregulation of CXCR4 surface expression, it is known that
HCMV encodes a variety of chemokines and chemokine receptor homologs [9, 95],
while four of them differentially modulate CXCR4 signaling, i.e., pUS27, pUS28,
pUL33, and pUL78. It is likely that HCMV-encoded CXCR4 chemokine receptor
homologs regulate CXCR4 expression as well as its signaling axis in a cell type-
dependent manner [12, 208, 209]. Since the cognate chemokine CXCL12 is not only
expressed in the lymph node but also abundantly produced by osteoblasts in the
bone marrow [193], HCMV appears to shape migration of infected mDCs to an eco-
logical niche, the bone marrow, which is highly populated with potential target cells
for the establishment of latency [210]. Furthermore, since HCMV can reactivate
during differentiation/maturation into mDCs [211], HCMV-positive monocytes as
well as mDCs might constitute important vehicles for viral dissemination in vivo
[66, 212].

Given the differential regulation of mDC migration by distinct herpesviruses, it
highlights the importance to hijack this vital function during infection in order to
establish latency or to delay the antiviral immune response.

3.3 Abortive replication of HSV-1in mDCs accompanied by the generation
of noninfectious light (L-) particles

As mentioned earlier, HSV-1-infected iDCs release considerable amounts of
infectious progeny virus into the culture supernatants [60, 146], whereas HSV-1-
infected mDCs do not promote productive replication of HSV-1 [146, 154]. Apart
from the successful initiation of the viral tripartite gene expression cascade both
in iDCs and mDCs [112, 213], these apparent contrary findings—concerning the
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replication outcome—can be explained by the inhibition of HSV-1 nuclear egress
in mDCs only [146]. This is based on the scarce autophagic degradation of nuclear
lamins in mDCs, which facilitates the nuclear egress of HSV-1 and thus the genera-
tion of infectious virions in iDCs.

However, and noteworthy, HSV-1-infected mDCs release significant amounts
of light (L-) particles which are void of the capsid and thus noninfectious [155].
Beyond this, L-particles contain virion-associated tegument constituents and the
glycoprotein-scattered envelope. Furthermore, these virion-like structures are
suggested to share similar maturation steps and might hijack the same cellular
entry receptors for attachment and fusion as their infectious counterparts do
[175, 214-216]. It has indeed been shown that L-particles can efficiently deliver their
viral content toward bystander target cells. Thus, L-particles might foster HSV-1
infectivity, via, e.g., shaping surrounding cells to increase their permissiveness,
complementing functional defective virions, or modulating the cellular micro-envi-
ronment for immune evasion [175, 214, 217, 218]. Regarding the latter, L-particles
derived from HSV-1-infected BHK21 cells as well as mDCs are able to decrease
CD83 surface expression on mDCs and therefore modulate uninfected adjacent cells
during an infection in benefit of the virus. Based on the fact that a whole variety of
viral proteins is incorporated into L-particles, such as ICP0O which is sufficient to
mediate CD83 downregulation in mDCs, these viral structures transmit important
viral components to uninfected bystander cells and modulate their functions [155].

Beyond this, the generation of noninfectious particles is not unique to HSV-1
but also observed for other herpesviruses, such as HSV-2, HCMV (“dense bod-
ies”), or VZV, and also for other distinct viruses, such as hepatitis B virus (“sub-
viral particles”), when infecting different host cell types [214, 219-223]. Thus,
herpesvirus-derived noninfectious particles possess one or more important func-
tions to modulate antiviral immune responses and thereby foster viral replication
and spread.

4. Conclusions and implications of herpesviral-mediated modulations
of DC biology for T lymphocyte activation

The entire spectrum of herpesviral-mediated modulations of DC biology and
function aims to delay/hamper the proper activation of T lymphocytes, which
would otherwise generate a potent antiviral immune response to eliminate the
virus and avoid the establishment of latency. In general, the virally induced inhibi-
tion of iDC maturation, suppression of surface expression of co-stimulatory or
antigen-presentation molecules on mDCs, interference with cytokine release, or
the inhibition of DC migration constitute efficient immune evasion strategies
[224, 225]. On the other hand, the host counteracts these strategies and mounts an
adaptive antiviral immune response, mirrored by the generation of antigen-specific
CD4" and CD8" T lymphocytes as well as the production of antibodies [3, 225-227].
Regarding HSV and HCMV infections, DC-dependent cross-presentation of viral
antigens represents, among others, a crucial way to induce cytotoxic T lymphocyte
(CTL) responses [228-231]. Moreover, there is strong evidence that bystander
migratory submucosal and lymph node-resident DCs sequentially (cross-)present
HSV-derived antigens in the lymph node. By contrast, directly infected DCs
are most likely not involved in the activation of CD4" and CD8" T lymphocytes
[188, 189, 191, 231-234].

In summary, it is obvious that herpesviruses, including HSV-1, HSV-2, HCMYV,
and VZV manipulate the function of infected DCs, which are the most potent APCs,
for immune evasion and subversion of antiviral immune responses [3, 176, 186].

14



How Human Herpesviruses Subvert Dendritic Cell Biology and Function
DOI: http://dx.doi.org/10.5772/intechopen.93237

Acknowledgements

This work was supported by the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG), grant number STE 432/11-1, awarded to AS.
Conflict of interest

The authors declare no conflict of interest.

Author details
Linda Popella* and Alexander Steinkasserer*
Department of Immune Modulation, Universitdtsklinikum Erlangen, Erlangen,

Germany

*Address all correspondence to: linda.popella@uk-erlangen.de
and alexander.steinkasserer @uk-erlangen.de

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

15



Innate Immunity in Health and Disease

References

[1] Schleiss MR. Persistent and
recurring viral infections: The human
herpesviruses. Current Problems in
Pediatric and Adolescent Health Care.
2009;39(1):7-23

[2] Griffin BD, Verweij MC, Wiertz EJ.
Herpesviruses and immunity: The art
of evasion. Veterinary Microbiology.
2010;143(1):89-100

[3] Smith C, Khanna R. Immune
regulation of human herpesviruses

and its implications for human
transplantation. American Journal of
Transplantation: Official Journal of the
American Society of Transplantation
and the American Society of Transplant
Surgeons. 2013;13(Suppl 3):9-23; quiz

[4] Su C, Zhan G, Zheng C. Evasion
of host antiviral innate immunity by
HSV-1, an update. Virology Journal.
2016;13(1):38

[5] Tognarelli EI, Palomino TF,
Corrales N, Bueno SM, Kalergis AM,

Gonzalez PA. Herpes simplex virus

evasion of early host antiviral responses.

Frontiers in Cellular and Infection
Microbiology. 2019;9:127

[6] Gewurz BE, Vyas JM, Ploegh HL.
Herpesvirus evasion of T-cell
immunity. In: Arvin A, Campadelli-
Fiume G, Mocarski E, editors. Human
Herpesviruses: Biology, Therapy, and
Immunoprophylaxis. Cambridge:
Cambridge University Press; 2007

[71 Whitley R], Roizman B.
Herpes simplex virus infections.
Lancet (London, England).
2001;357(9267):1513-1518

[8] Sinclair ], Sissons P. Latency and

reactivation of human cytomegalovirus.

The Journal of General Virology.
2006;87(Pt 7):1763-1779

16

[9] Alcami A, Koszinowski UH. Viral
mechanisms of immune evasion. Trends
in Microbiology. 2000;8(9):410-418

[10] Tortorella D, Gewurz BE,
Furman MH, Schust D], Ploegh HL.
Viral subversion of the immune system.

Annual Review of Immunology.
2000;18(1):861-926

[11] Kobelt D, Lechmann M,
Steinkasserer A. The interaction
between dendritic cells and herpes
simplex virus-1. In: Steinkasserer A,
editor. Dendritic Cells and Virus
Infection. Berlin, Heidelberg: Springer
Berlin Heidelberg; 2003. pp. 145-161

[12] Grosche L, Kummer M,
Steinkasserer A. What goes around,
comes around - HSV-1 replication

in monocyte-derived dendritic cells.
Frontiers in Microbiology. 2017;8:2149

[13] Banchereau J, Briere F, Caux C,
Davoust J, Lebecque S, Liu Y], et al.
Immunobiology of dendritic cells.

Annual Review of Immunology.
2000;18:767-811

[14] Banchereau J, Steinman RM.
Dendritic cells and the

control of immunity. Nature.
1998;392(6673):245-252

[15] Steinman RM. The dendritic cell
system and its role in immunogenicity.
Annual Review of Immunology.

1991;9:271-296

[16] Lanzavecchia A, Sallusto F. The
instructive role of dendritic cells on
T cell responses: Lineages, plasticity
and kinetics. Current Opinion in
Immunology. 2001;13(3):291-298

[17] Haniffa M, Collin M, Ginhoux F.
Ontogeny and functional specialization
of dendritic cells in human and mouse.
Advances in Immunology. 2013;120:1-49



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

[18] Shortman K, Liu YJ. Mouse
and human dendritic cell subtypes.

Nature Reviews. Immunology.
2002;2(3):151-161

[19] Ueno H, Schmitt N, Klechevsky E,
Pedroza-Gonzalez A, Matsui T,
Zurawski G, et al. Harnessing

human dendritic cell subsets for

medicine. Immunological Reviews.
2010;234(1):199-212

[20] Villadangos JA, Schnorrer P.
Intrinsic and cooperative antigen-
presenting functions of dendritic-cell
subsets in vivo. Nature Reviews.

Immunology. 2007;7(7):543-555

[21] Ziegler-Heitbrock L, Ancuta P,
Crowe S, Dalod M, Grau V, Hart DN,
et al. Nomenclature of monocytes
and dendritic cells in blood. Blood.
2010;116(16):e74-e80

[22] Hart DN. Dendritic cells: Unique
leukocyte populations which control
the primary immune response. Blood.

1997;90(9):3245-3287

[23] Lipscomb MF, Masten BJ. Dendritic
cells: Immune regulators in health

and disease. Physiological Reviews.
2002;82(1):97-130

[24] Worbs T, Hammerschmidt SI,
Forster R. Dendritic cell migration in
health and disease. Nature Reviews.
Immunology. 2017;17(1):30-48

[25] Collin M, Bigley V. Human dendritic

cell subsets: An update. Immunology.
2018;154(1):3-20

[26] McKenna K, Beignon AS,
Bhardwaj N. Plasmacytoid dendritic
cells: Linking innate and adaptive
immunity. Journal of Virology.

2005;79(1):17-27
[27] Merad M, Sathe P, Helft J, Miller J,

Mortha A. The dendritic cell lineage:
Ontogeny and function of dendritic cells

17

and their subsets in the steady state and
the inflamed setting. Annual Review of
Immunology. 2013;31:563-604

[28] Cella M, Jarrossay D,

Facchetti F, Alebardi O, Nakajima H,
Lanzavecchia A, et al. Plasmacytoid
monocytes migrate to inflamed lymph
nodes and produce large amounts of
type I interferon. Nature Medicine.

1999;5(8):919-923

[29] Colonna M, Trinchieri G,
Liu Y]J. Plasmacytoid dendritic cells

in immunity. Nature Immunology.
2004;5(12):1219-1226

[30] Palucka K, Banchereau J. Cancer
immunotherapy via dendritic

cells. Nature Reviews. Cancer.
2012;12(4):265-277

[31] Sichien D, Lambrecht BN,
Guilliams M, Scott CL. Development
of conventional dendritic cells: From
common bone marrow progenitors
to multiple subsets in peripheral
tissues. Mucosal Immunology.
2017;10(4):831-844

[32] Villadangos JA, Heath WR. Life
cycle, migration and antigen presenting
functions of spleen and lymph node
dendritic cells: Limitations of the

Langerhans cells paradigm. Seminars in
Immunology. 2005;17(4):262-272

[33] Steinman RM. Dendritic cells:
Understanding immunogenicity.
European Journal of Immunology.

2007;37(51):S53-S60

[34] Blanco P, Palucka AK, Pascual V,
Banchereau J. Dendritic cells and
cytokines in human inflammatory
and autoimmune diseases. Cytokine

& Growth Factor Reviews.
2008;19(1):41-52

[35] Dudek AM, Martin S, Garg AD,
Agostinis P. Immature, semi-mature,
and fully mature dendritic cells:



Innate Immunity in Health and Disease

Toward a DC-cancer cells Interface
that augments anticancer immunity.
Frontiers in Immunology. 2013;4:438

[36] Kaka AS, Foster AE, Weiss HL,
Rooney CM, Leen AM. Using
dendritic cell maturation and IL-12
producing capacity as markers of
function: A cautionary tale. Journal of
Immunotherapy (Hagerstown, Md.:

1997).2008;31(4):359-369

[37] Kany S, Vollrath JT, Relja B.
Cytokines in inflammatory disease.

International Journal of Molecular
Sciences. 2019;20(23):6008

[38] Inaba K, Turley S, Iyoda T,
Yamaide F, Shimoyama S, e Sousa CR,
et al. The formation of immunogenic
major histocompatibility complex
class II-peptide ligands in lysosomal
compartments of dendritic cells is
regulated by inflammatory stimuli.
The Journal of Experimental Medicine.

2000;191(6):927-936

[39] Ackerman AL, Cresswell P.
Regulation of MHC class I transport

in human dendritic cells and the
dendritic-like cell line KG-1. Journal of
Immunology (Baltimore, Md.: 1950).
2003;170(8):4178-4188

[40] Berchtold S, Jones T, Miihl-

Zurbes P, Sheer D, Schuler G,
Steinkasserer A. The human dendritic
cell marker CD83 maps to chromosome
6p23. Annals of Human Genetics.

1999;63(2):181-183

[41] Lechmann M, Berchtold S,
Steinkasserer A, Hauber J. CD83 on
dendritic cells: More than just a marker

for maturation. Trends in Immunology.
2002;23(6):273-275

[42] Prechtel AT, Steinkasserer A. CD83:

An update on functions and prospects
of the maturation marker of dendritic

cells. Archives of Dermatological
Research. 2007;299(2):59-69

18

[43] Zhou LJ, Schwarting R, Smith HM,
Tedder TF. A novel cell-surface molecule
expressed by human interdigitating
reticulum cells, Langerhans cells,

and activated lymphocytes is a new
member of the Ig superfamily. Journal
of Immunology (Baltimore, Md.: 1950).
1992;149(2):735-742

[44] Zhou L], Tedder TF. Human

blood dendritic cells selectively

express CD83, a member of the
immunoglobulin superfamily. Journal
of Immunology (Baltimore, Md.: 1950).
1995;154(8):3821-3835

[45] Christensen JE, Thomsen AR.
Co-ordinating innate and adaptive
immunity to viral infection: Mobility
is the key. APMIS (Acta Pathologica,
Microbiologica et Immunologica
Scandinavica). 2009;117(5-6):338-355

[46] Sozzani S, Allavena P, D’Amico G,
Luini W, Bianchi G, Kataura M,

et al. Differential regulation of
chemokine receptors during dendritic
cell maturation: A model for their
trafficking properties. Journal of
Immunology (Baltimore, Md.: 1950).
1998;161(3):1083-1086

[47] Forster R, Schubel A, Breitfeld D,
Kremmer E, Renner-Miiller I, Wolf E,
et al. CCR7 coordinates the primary
immune response by establishing
functional microenvironments in
secondary lymphoid organs. Cell.
1999;99(1):23-33

[48] Ohl L, Mohaupt M, Czeloth N,
Hintzen G, Kiafard Z, Zwirner J,

et al. CCR7 governs skin dendritic cell
migration under inflammatory and

steady-state conditions. Immunity.
2004;21(2):279-288

[49] Randolph GJ, Angeli V, Swartz MA.
Dendritic-cell trafficking to lymph
nodes through lymphatic vessels.

Nature Reviews. Immunology.
2005;5(8):617-628



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

[50] Weber M, Hauschild R, Schwarz J,
Moussion C, de Vries I, Legler DF,

et al. Interstitial dendritic cell guidance
by haptotactic chemokine gradients.

Science. 2013;339(6117):328-332

[51] Bender A, Sapp M, Schuler G,
Steinman RM, Bhardwaj N. Improved
methods for the generation of
dendritic cells from nonproliferating
progenitors in human blood.

Journal of Immunological Methods.
1996;196(2):121-135

[52] Caux C, Vanbervliet B,

Massacrier C, Dezutter-Dambuyant C,
de Saint-Vis B, Jacquet C, et al. CD34+
hematopoietic progenitors from human
cord blood differentiate along two
independent dendritic cell pathways

in response to GM-CSF+TNF alpha.
The Journal of Experimental Medicine.
1996;184(2):695-706

[53] Chapuis F, Rosenzwajg M,

Yagello M, Ekman M, Biberfeld P,
Gluckman JC. Differentiation of human
dendritic cells from monocytes in vitro.
European Journal of Immunology.
1997;27(2):431-441

[54] Freudenthal PS, Steinman RM.

The distinct surface of human blood
dendritic cells, as observed after an
improved isolation method. Proceedings
of the National Academy of Sciences

of the United States of America.
1990;87(19):7698-7702

[55] Lutz MB, Strobl H, Schuler G,
Romani N. GM-CSF monocyte-derived
cells and langerhans cells as part of

the dendritic cell family. Frontiers in
Immunology. 2017;8(1388)

[56] Sallusto F, Lanzavecchia A.
Efficient presentation of soluble
antigen by cultured human dendritic
cells is maintained by granulocyte/
macrophage colony-stimulating factor
plus interleukin 4 and downregulated
by tumor necrosis factor alpha. The

19

Journal of Experimental Medicine.
1994;179(4):1109-1118

[57] Gerna G, Percivalle E, Lilleri D,
Lozza L, Fornara C, Hahn G, et al.
Dendritic-cell infection by human
cytomegalovirus is restricted to strains
carrying functional UL131-128 genes
and mediates efficient viral antigen
presentation to CD8+ T cells. The
Journal of General Virology. 2005;86
(Pt 2):275-284

[58] Gerna G, Percivalle E, Sarasini A,
Baldanti F, Campanini G, Revello MG.
Rescue of human cytomegalovirus
strain AD169 tropism for both
leukocytes and human endothelial
cells. The Journal of General Virology.
2003;84 (Pt 6):1431-1436

[59] Gerna G, Revello MG, Baldanti F,
Percivalle E, Lilleri D. The pentameric
complex of human cytomegalovirus:
Cell tropism, virus dissemination,
immune response and vaccine
development. The Journal of General
Virology. 2017;98(9):2215-2234

[60] Mikloska Z, Bosnjak L,
Cunningham AL. Immature monocyte-
derived dendritic cells are productively
infected with herpes simplex

virus type 1. Journal of Virology.
2001;75(13):5958-5964

[61] Forrester A, Farrell H, Wilkinson G,
Kaye ], Davis-Poynter N, Minson T.
Construction and properties of

a mutant of herpes simplex virus

type 1 with glycoprotein H coding
sequences deleted. Journal of Virology.
1992;66(1):341-348

[62] Salio M, Cella M, Suter M,
Lanzavecchia A. Inhibition of dendritic
cell maturation by herpes simplex virus.
European Journal of Immunology.

1999;29(10):3245-3253

[63] Pollara G, Speidel K, Samady L,
Rajpopat M, McGrath Y, Ledermann J,



Innate Immunity in Health and Disease

et al. Herpes simplex virus infection
of dendritic cells: Balance among
activation, inhibition, and immunity.
The Journal of Infectious Diseases.
2003;187(2):165-178

[64] Peretti S, Shaw A, Blanchard J,
Bohm R, Morrow G, Lifson JD,

et al. Immunomodulatory effects
of HSV-2 infection on immature
macaque dendritic cells modify

innate and adaptive responses. Blood.
2005;106(4):1305-1313

[65] Jones CA, Fernandez M, Herc K,
Bosnjak L, Miranda-Saksena M,
Boadle RA, et al. Herpes simplex virus
type 2 induces rapid cell death and
functional impairment of murine
dendritic cells in vitro. Journal of
Virology. 2003;77(20):11139-11149

[66] Beck K, Meyer-Konig U,
Weidmann M, Nern C, Hufert FT.
Human cytomegalovirus impairs
dendritic cell function: A novel
mechanism of human cytomegalovirus
immune escape. European Journal of
Immunology. 2003;33(6):1528-1538

[67] Moutaftsi M, Mehl AM,
Borysiewicz LK, Tabi Z. Human
cytomegalovirus inhibits maturation
and impairs function of monocyte-
derived dendritic cells. Blood.
2002;99(8):2913-2921

[68] Varani S, Frascaroli G, Homman-
Loudiyi M, Feld S, Landini MP,
Soderberg-Naucler C. Human
cytomegalovirus inhibits the migration
of immature dendritic cells by down-
regulating cell-surface CCR1 and
CCRS. Journal of Leukocyte Biology.
2005;77(2):219-228

[69] Wagner CS, Walther-Jallow L,
Buentke E, Ljunggren H-G, Achour A,
Chambers BJ. Human cytomegalovirus-
derived protein UL18 alters the
phenotype and function of monocyte-
derived dendritic cells. Journal of
Leukocyte Biology. 2008;83(1):56-63

20

[70] Abendroth A, Morrow G,
Cunningham AL, Slobedman B.
Varicella-zoster virus infection of
human dendritic cells and transmission
to T cells: Implications for virus
dissemination in the host. Journal of
Virology. 2001;75(13):6183-6192

[71] Cotter CR, Kim WK, Nguyen ML,
Yount JS, Lépez CB, Blaho JA, et al. The
virion host shutoff protein of herpes
simplex virus 1 blocks the replication-
independent activation of NF-kB in
dendritic cells in the absence of type I

interferon signaling. Journal of Virology.
2011;85(23):12662-12672

[72] Cotter CR, Nguyen ML, Yount JS,
Lépez CB, Blaho JA, Moran TM. The
virion host shut-off (vhs) protein blocks
a TLR-independent pathway of herpes
simplex virus type 1 recognition in
human and mouse dendritic cells. PLoS
One. 2010;5(2):e8684

[73]JinH,YanZ,MaY, Cao Y, He B. A
herpesvirus virulence factor inhibits
dendritic cell maturation through protein
phosphatase 1 and IkB kinase. Journal of

Virology. 2011;85(7):3397-3407

[74] Sato A, Linehan MM, Iwasaki A.
Dual recognition of herpes simplex
viruses by TLR2 and TLR9 in
dendritic cells. Proceedings of the
National Academy of Sciences

of the United States of America.
2006;103(46):17343-17348

[75] Cella M, Scheidegger D, Palmer-
Lehmann K, Lane P, Lanzavecchia A,
Alber G. Ligation of CD40 on dendritic
cells triggers production of high levels
of interleukin-12 and enhances T cell
stimulatory capacity: T-T help via APC
activation. The Journal of Experimental
Medicine. 1996;184(2):747-752

[76] Snijders A, Kalinski P, Hilkens CM,
Kapsenberg ML. High-level IL-12
production by human dendritic cells

requires two signals. International
Immunology. 1998;10(11):1593-1598



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

[77] Melchjorsen ], Siren J, Julkunen I,
Paludan SR, Matikainen S. Induction of
cytokine expression by herpes simplex
virus in human monocyte-derived
macrophages and dendritic cells is
dependent on virus replication and

is counteracted by ICP27 targeting
NF-kappaB and IRF-3. The Journal

of General Virology. 2006;87 (Pt
5):1099-1108

[78] Pollara G, Jones M, Handley ME,
Rajpopat M, Kwan A, Coffin RS,

et al. Herpes simplex virus type-
1-induced activation of myeloid
dendritic cells: The roles of virus cell
interaction and paracrine type I IFN

secretion. The Journal of Immunology.
2004;173(6):4108-4119

[79] Garcia-Sastre A, Biron CA. Type
1 interferons and the virus-host

relationship: A lesson in detente.
Science. 2006;312(5775):879-882

[80] Taniguchi T, Takaoka A. The
interferon-alpha/beta system in
antiviral responses: A multimodal
machinery of gene regulation by the
IRF family of transcription factors.

Current Opinion in Immunology.
2002;14(1):111-116

[81] Rasmussen SB, Sgrensen LN,
Malmgaard L, Ank N, Baines JD,

Chen Z]J, et al. Type I interferon
production during herpes simplex

virus infection is controlled by cell-
type-specific viral recognition through
toll-like receptor 9, the mitochondrial
antiviral signaling protein pathway, and
novel recognition systems. Journal of
Virology. 2007;81(24):13315-13324

[82] Tailor P, Tamura T, Ozato K. IRF
family proteins and type I interferon
induction in dendritic cells. Cell
Research. 2006;16(2):134-140

[83] Reske A, Pollara G,
Krummenacher C, Katz DR,

Chain BM. Glycoprotein-dependent
and TLR2-independent innate

21

immune recognition of herpes simplex
virus-1 by dendritic cells. Journal of
Immunology (Baltimore, Md.: 1950).
2008;180(11):7525-7536

[84] Ishikawa H, Ma Z, Barber GN.
STING regulates intracellular
DNA-mediated, type I interferon-
dependent innate immunity. Nature.
2009;461(7265):788-792

[85] Zhang Z, Yuan B, Bao M,

Lu N, Kim T, Liu Y-J. The helicase
DDX41 senses intracellular DNA
mediated by the adaptor STING in
dendritic cells. Nature Immunology.
2011;12(10):959-965

[86] Samady L, Costigliola E,
MacCormac L, McGrath Y, Cleverley S,
Lilley CE, et al. Deletion of the

virion host shutoff protein (vhs)

from herpes simplex virus (HSV)
relieves the viral block to dendritic

cell activation: Potential of vhs- HSV
vectors for dendritic cell-mediated
immunotherapy. Journal of Virology.
2003;77(6):3768-3776

[87] Suazo PA, Tognarelli EI,

Kalergis AM, Gonzalez PA. Herpes
simplex virus 2 infection: Molecular
association with HIV and novel
microbicides to prevent disease.
Medical Microbiology and Immunology.
2015;204(2):161-176

[88] Marsden V, Donaghy H,

Bertram KM, Harman AN, Nasr N,
Keoshkerian E, et al. Herpes simplex
virus type 2-infected dendritic cells
produce TNF-a, which enhances
CCRS5 expression and stimulates HIV
production from adjacent infected

cells. The Journal of Immunology.
2015;194(9):4438-4445

[89] Martinelli E, Tharinger H, Frank I,
Arthos ], Piatak M Jr, Lifson JD,

et al. HSV-2 infection of dendritic

cells amplifies a highly susceptible
HIV-1 cell target. PLoS Pathogens.
2011;7(6):€1002109



Innate Immunity in Health and Disease

[90] Stefanidou M, Ramos I, Mas
Casullo V, Trépanier JB, Rosenbaum S,
Fernandez-Sesma A, et al. Herpes
simplex virus 2 (HSV-2) prevents
dendritic cell maturation, induces
apoptosis, and triggers release of
proinflammatory cytokines: Potential
links to HSV-HIV synergy. Journal of
Virology. 2013;87(3):1443-1453

[91] Grigoleit U, Riegler S, Einsele H,
Laib Sampaio K, Jahn G, Hebart H,

et al. Human cytomegalovirus induces

a direct inhibitory effect on antigen
presentation by monocyte-derived
immature dendpritic cells. British Journal
of Haematology. 2002;119(1):189-198

[92] Karimi MH, Shariat A, Yaghobi R,
Mokhtariazad T, Moazzeni SM. Role of
cytomegalovirus on the maturation and
function of monocyte derived dendritic
cells of liver transplant patients.

World Journal of Transplantation.
2016;6(2):336-346

[93] Mezger M, Bonin M, Kessler T,
Gebhardt F, Einsele H, Loeffler J.
Toll-like receptor 3 has no critical
role during early immune response of
human monocyte-derived dendritic
cells after infection with the human
cytomegalovirus strain TB40E. Viral
Immunology. 2009;22(6):343-351

[94] McSharry BP, Avdic S,

Slobedman B. Human cytomegalovirus
encoded homologs of cytokines,
chemokines and their receptors:

Roles in immunomodulation. Viruses.
2012;4(11):2448-2470

[95] Murphy PM. Viral exploitation
and subversion of the immune system

through chemokine mimicry. Nature
Immunology. 2001;2(2):116-122

[96] Kotenko SV, Saccani S, Izotova LS,
Mirochnitchenko OV, Pestka S. Human
cytomegalovirus harbors its own unique
IL-10 homolog (cmvIL-10). Proceedings
of the National Academy of Sciences.
2000;97(4):1695-1700

22

[97] Moore KW, de Waal MR,

Coffman RL, O’Garra A. Interleukin-10
and the interleukin-10 receptor.

Annual Review of Immunology.

2001;19(1):683-765

[98] Chang WL, Baumgarth N, Yu D,
Barry PA. Human cytomegalovirus-
encoded interleukin-10 homolog
inhibits maturation of dendritic cells

and alters their functionality. Journal of
Virology. 2004;78(16):8720-8731

[99] Bosnjak L, Miranda-Saksena M,
Koelle DM, Boadle RA, Jones CA,
Cunningham AL. Herpes simplex virus
infection of human dendritic cells
induces apoptosis and allows cross-
presentation via uninfected dendritic

cells. The Journal of Immunology.
2005;174(4):2220-2227

[100] Raftery MJ, Schwab M,

Eibert SM, Samstag Y, Walczak H,
Schonrich G. Targeting the function
of mature dendritic cells by human
cytomegalovirus: A multilayered
viral defense strategy. Immunity.
2001;15(6):997-1009

[101] Novak N, Peng W. Dancing with
the enemy: The interplay of herpes
simplex virus with dendritic cells.
Clinical and Experimental Immunology.
2005;142(3):405-410

[102] Kather A, Raftery MJ, Devi-

Rao G, Lippmann J, Giese T, Sandri-
Goldin RM, et al. Herpes simplex virus
type 1 (HSV-1)-induced apoptosis in
human dendritic cells as a result of
downregulation of cellular FLICE-
inhibitory protein and reduced
expression of HSV-1 antiapoptotic
latency-associated transcript

sequences. Journal of Virology.
2010;84(2):1034-1046

[103] Aubert M, O’Toole J, Blaho JA.
Induction and prevention of apoptosis
in human HEp-2 cells by herpes simplex
virus type 1. Journal of Virology.

1999;73(12):10359-10370



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

[104] Sanfilippo CM, Chirimuuta FN,
Blaho JA. Herpes simplex virus type

1 immediate-early gene expression is
required for the induction of apoptosis
in human epithelial HEp-2 cells. Journal
of Virology. 2004;78(1):224-239

[105] Miiller DB, Raftery MJ, Kather A,
Giese T, Schonrich G. Frontline:
Induction of apoptosis and modulation
of c-FLIPL and p53 in immature
dendritic cells infected with herpes

simplex virus. European Journal of
Immunology. 2004;34(4):941-951

[106] Henderson G, Peng W, Jin L,
Perng GC, Nesburn AB, Wechsler SL,
et al. Regulation of caspase 8- and
caspase 9-induced apoptosis by the
herpes simplex virus type 1 latency-

associated transcript. Journal of
Neurovirology. 2002;8(Suppl 2):103-111

[107] Jin L, Peng W, Perng GC,

Brick DJ, Nesburn AB, Jones C, et al.
Identification of herpes simplex virus
type 1 latency-associated transcript
sequences that both inhibit apoptosis
and enhance the spontaneous
reactivation phenotype. Journal of
Virology. 2003;77(11):6556-6561

[108] Raftery MJ, Wieland D,
Gronewald S, Kraus AA, Giese T,
Schonrich G. Shaping phenotype,
function, and survival of dendritic
cells by cytomegalovirus-encoded
IL-10. The Journal of Immunology.
2004;173(5):3383-3391

[109] Chang WLW, Baumgarth N,
Eberhardt MK, Lee CYD, Baron CA,
Gregg JP, et al. Exposure of myeloid
dendritic cells to exogenous or
endogenous IL-10 during maturation
determines their longevity.

The Journal of Immunology.
2007;178(12):7794-7804

[110] Gerada C, Campbell TM,

Kennedy JJ, McSharry BP, Steain M,
Slobedman B, et al. Manipulation of the
innate immune response by varicella

23

zoster virus. Frontiers in Immunology.
2020;11:1

[111] Hu H, Cohen JI. Varicella-zoster
virus open reading frame 47 (ORF47)
protein is critical for virus replication in
dendritic cells and for spread to other
cells. Virology. 2005;337(2):304-311

[112] Grosche L, Miihl-Zirbes P,
Ciblis B, Krawczyk A, Kuhnt C,
Kamm L, et al. Herpes simplex virus
type-2 paralyzes the function of
monocyte-derived dendritic cells.
Viruses. 2020;12(1):112

[113] Jin H, Ma Y, Prabhakar BS, Feng Z,
Valyi-Nagy T, Yan Z, et al. The y134.5
protein of herpes simplex virus 1 is
required to interfere with dendritic

cell maturation during productive

infection. Journal of Virology.
2009;83(10):4984-4994

[114] Ma Y, Chen M, Jin H,
Prabhakar BS, Valyi-Nagy T, He B.
An engineered herpesvirus activates
dendritic cells and induces protective

immunity. Scientific Reports.
2017;7(1):41461

[115] Verpooten D, Ma Y, Hou S, Yan Z,
He B. Control of TANK-binding kinase
1-mediated signaling by the y134.5
protein of herpes simplex virus 1.

The Journal of Biological Chemistry.
2009;284(2):1097-1105

[116] Smiley JR. Herpes simplex
virus virion host shutoff protein:
Immune evasion mediated by a
viral RNase? Journal of Virology.
2004;78(3):1063-1068

[117] Suazo PA, Ibanez FJ, Retamal-
Diaz AR, Paz-Fiblas MV, Bueno SM,
Kalergis AM, et al. Evasion of early
antiviral responses by herpes simplex
viruses. Mediators of Inflammation.

2015;2015:593757

[118] Geiss BJ, Smith TJ, Leib DA,
Morrison LA. Disruption of virion



Innate Immunity in Health and Disease

host shutoff activity improves the
immunogenicity and protective
capacity of a replication-incompetent
herpes simplex virus type 1

vaccine strain. Journal of Virology.
2000;74(23):11137-11144

[119] Keadle TL, Morrison LA, Morris JL,
Pepose ]S, Stuart PM. Therapeutic
immunization with a virion host shutoff-
defective, replication-incompetent
herpes simplex virus type 1 strain limits

recurrent herpetic ocular infection.
Journal of Virology. 2002;76(8):3615-3625

[120] Strelow LI, Leib DA. Role of the
virion host shutoff (vhs) of herpes
simplex virus type 1 in latency and
pathogenesis. Journal of Virology.

1995;69(11):6779-6786

[121] Walker J, Leib DA. Protection from
primary infection and establishment

of latency by vaccination with a herpes
simplex virus type 1 recombinant
deficient in the virion host shutoff (vhs)
function. Vaccine. 1998;16(1):1-5

[122] Sloan E, Henriquez R,
Kinchington PR, Slobedman B,
Abendroth A. Varicella-zoster virus
inhibition of the NF-xB pathway during
infection of human dendritic cells:

Role for open reading frame 61 as a
modulator of NF-kB activity. Journal of
Virology. 2012;86(2):1193-1202

[123] Avdic S, McSharry BP,

Slobedman B. Modulation of dendritic
cell functions by viral IL-10 encoded by
human cytomegalovirus. Frontiers in
Microbiology. 2014;5:337

[124] Melillo JA, Song L, Bhagat G,
Blazquez AB, Plumlee CR, Lee C,

et al. Dendritic cell (DC)-specific
targeting reveals Stat3 as a negative
regulator of DC function. Journal of
Immunology (Baltimore, Md.: 1950).
2010;184(5):2638-2645

[125] Dikic I, Elazar Z. Mechanism and
medical implications of mammalian

24

autophagy. Nature Reviews. Molecular
Cell Biology. 2018;19(6):349-364

[126] English L, Chemali M, Duron J,
Rondeau C, Laplante A, Gingras D, et al.
Autophagy enhances the presentation
of endogenous viral antigens on

MHC class I molecules during HSV-1
infection. Nature Immunology.
2009;10(5):480-487

[127] Dengjel ], Schoor O, Fischer R,
Reich M, Kraus M, Muller M,

et al. Autophagy promotes MHC

class IT presentation of peptides

from intracellular source proteins.
Proceedings of the National Academy
of Sciences of the United States of
America. 2005;102(22):7922-7927

[128] Gatica D, Lahiri V, Klionsky D]J.
Cargo recognition and degradation by
selective autophagy. Nature Cell Biology.
2018;20(3):233-242

[129] Sharma V, Verma S, Seranova E,
Sarkar S, Kumar D. Selective autophagy
and xenophagy in infection and disease.
Frontiers in Cell and Development
Biology. 2018;6:147

[130] Klionsky DJ, Cuervo AM, Dunn
WA Jr, Levine B, van der Klei I,
Seglen PO. How shall I eat thee?
Autophagy. 2007;3(5):413-416

[131] Bento CF, Renna M, Ghislat G,
Puri C, Ashkenazi A, Vicinanza M, et al.
Mammalian autophagy: How does it
work? Annual Review of Biochemistry.

2016;85:685-713

[132] Wesselborg S, Stork B. Autophagy
signal transduction by ATG proteins:
From hierarchies to networks. Cellular
and Molecular Life Sciences: CMLS.
2015;72(24):4721-4757

[133] Ghislat G, Lawrence T. Autophagy
in dendritic cells. Cellular & Molecular
Immunology. 2018;15(11):944-952

[134] Miszczak D, Cymerys J. A game
of survival: Herpesvirus strategies



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

of autophagy manipulation. Postgpy
Higieny i Medycyny Doswiadczalnej
(Online). 2014;68:1406-1414

[135] McFarlane S, Aitken J,

Sutherland JS, Nicholl MJ, Preston VG,
Preston CM. Early induction of
autophagy in human fibroblasts after
infection with human cytomegalovirus
or herpes simplex virus 1. Journal of
Virology. 2011;85(9):4212-4221

[136] Orvedahl A, Alexander D,
Talloczy Z, Sun Q, Wei Y, Zhang W,
et al. HSV-1ICP34.5 confers
neurovirulence by targeting the Beclin
1 autophagy protein. Cell Host &
Microbe. 2007;1(1):23-35

[137] Lussignol M, Queval C, Bernet-
Camard MF, Cotte-Laffitte J, Beau I,
Codogno P, et al. The herpes simplex
virus 1 Us11 protein inhibits autophagy
through its interaction with the protein
kinase PKR. Journal of Virology.
2013;87(2):859-871

[138] Cavignac Y, Esclatine A.
Herpesviruses and autophagy: Catch me
if you can! Viruses. 2010;2(1):314-333

[139] Dong X, Levine B. Autophagy and
viruses: Adversaries or allies? Journal of
Innate Immunity. 2013;5(5):480-493

[140] O’Connell D, Liang C. Autophagy
interaction with herpes simplex

virus type-1 infection. Autophagy.
2016;12(3):451-459

[141] Siddiqui MA, Malathi K. RNase L
induces autophagy via c-Jun N-terminal
kinase and double-stranded RNA-
dependent protein kinase signaling
pathways. The Journal of Biological
Chemistry. 2012;287(52):43651-43664

[142] Talloczy Z, Jiang W, Virgin HW,
Leib DA, Scheuner D, Kaufman R]J, et al.
Regulation of starvation- and virus-
induced autophagy by the elF2alpha
kinase signaling pathway. Proceedings
of the National Academy of Sciences

25

of the United States of America.
2002;99(1):190-195

[143] Rasmussen SB, Horan KA,

Holm CK, Stranks AJ, Mettenleiter TC,
Simon AK, et al. Activation of
autophagy by alpha-herpesviruses in
myeloid cells is mediated by cytoplasmic
viral DNA through a mechanism
dependent on stimulator of IFN genes.

Journal of Immunology (Baltimore,
Md.: 1950). 2011;187(10):5268-5276

[144] Budida R, Stankov MV, Dohner K,
Buch A, Panayotova-Dimitrova D,
Tappe KA, et al. Herpes simplex virus
1 interferes with autophagy of murine
dendritic cells and impairs their ability
to stimulate CD8+ T lymphocytes.
European Journal of Immunology.
2017;47(10):1819-1834

[145] Gobeil PAM, Leib DA. Herpes
simplex virus y34.5 interferes with
autophagosome maturation and antigen

presentation in dendritic cells. MBio.
2012;3(5):e00267-e00212

[146] Turan A, Grosche L, Krawczyk A,
Miihl-Zirbes P, Drassner C, Diithorn A,
et al. Autophagic degradation of lamins
facilitates the nuclear egress of herpes
simplex virus type 1. The Journal of Cell
Biology. 2019;218(2):508-523

[147] Rechenchoski DZ, Faccin-
Galhardi LC, Linhares REC, Nozawa C.
Herpesvirus: An underestimated

virus. Folia Microbiologica.
2017;62(2):151-156

[148] Bigalke JM, Heldwein EE.
Nuclear exodus: Herpesviruses lead

the way. Annual Review of Virology.
2016;3(1):387-409

[149] Heald R, McKeon F. Mutations of
phosphorylation sites in lamin A that

prevent nuclear lamina disassembly in
mitosis. Cell. 1990;61(4):579-589

[150] Montpetit B, Weis K. Cell biology.
An alternative route for nuclear mRNP



Innate Immunity in Health and Disease

export by membrane budding. Science.
2012;336(6083):809-810

[151] Kochin V, Shimi T, Torvaldson E,
Adam SA, Goldman A, Pack C-G,

et al. Interphase phosphorylation

of lamin A. Journal of Cell Science.
2014;127(12):2683-2696

[152] Milbradt J, Hutterer C, Bahsi H,
Wagner S, Sonntag E, Horn AHC, et al.
The prolyl isomerase Pinl promotes the
herpesvirus-induced phosphorylation-
dependent disassembly of the nuclear
lamina required for nucleocytoplasmic
egress. PLoS Pathogens.
2016;12(8):e1005825

[153] Everett RD, Boutell C, Orr A.
Phenotype of a herpes simplex
virus type 1 mutant that fails to
express immediate-early regulatory
protein ICPO. Journal of Virology.
2004;78(4):1763-1774

[154] Kruse M, Rosorius O, Kratzer F,
Stelz G, Kuhnt C, Schuler G, et al.
Mature dendritic cells infected

with herpes simplex virus type 1
exhibit inhibited T-cell stimulatory
capacity. Journal of Virology.
2000;74(15):7127-7136

[155] Heilingloh CS, Kummer M,
Miihl-Zirbes P, Drassner C,

Daniel C, Klewer M, et al. L particles
transmit viral proteins from herpes
simplex virus 1-infected mature
dendritic cells to uninfected
bystander cells, inducing CD83
downmodulation. Journal of Virology.
2015;89(21):11046-11055

[156] Hofer S, Pfeil K, Niederegger H,
Ebner S, Nguyen VA, Kremmer E,

et al. Dendritic cells regulate T-cell
deattachment through the integrin-
interacting protein CYTIP. Blood.
2006;107(3):1003-1009

[157] Kummer M, Turza NM, Miuhl-

Zurbes P, Lechmann M, Boutell C,
Coffin RS, et al. Herpes simplex virus

26

type 1 induces CD83 degradation

in mature dendritic cells with
immediate-early kinetics via the cellular
proteasome. Journal of Virology.
2007;81(12):6326-6338

[158] Prechtel AT, Turza NM, Kobelt D],
Eisemann JI, Coffin RS, McGrath Y,

et al. Infection of mature dendritic
cells with herpes simplex virus type

1 dramatically reduces lymphoid
chemokine-mediated migration. The
Journal of General Virology. 2005;86
(Pt 6):1645-1657

[159] Theodoridis AA, Eich C,

Figdor CG, Steinkasserer A. Infection
of dendritic cells with herpes simplex
virus type 1 induces rapid degradation
of CYTIP, thereby modulating
adhesion and migration. Blood.
2011;118(1):107-115

[160] Friith K, Ahn K, Djaballah H,
Sempe P, van Endert PM, Tampe R,
et al. A viral inhibitor of peptide
transporters for antigen presentation.
Nature. 1995;375(6530):415-418

[161] Hill A, Jugovic P, York I, Russ G,
Bennink J, Yewdell ], et al. Herpes
simplex virus turns off the TAP

to evade host immunity. Nature.

1995;375(6530):411-415

[162] Trgovcich ], Johnson D, Roizman B.
Cell surface major histocompatibility
complex class II proteins are regulated
by the products of the gamma(1)34.5
and U(L)41 genes of herpes

simplex virus 1. Journal of Virology.
2002;76(14):6974-6986

[163] Wiertz EJ, Devlin R, Collins HL,
Ressing ME. Herpesvirus interference
with major histocompatibility
complex class II-restricted T-cell

activation. Journal of Virology.
2007;81(9):4389-4396

[164] Morrow G, Slobedman B,
Cunningham AL, Abendroth A.
Varicella-zoster virus productively



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

infects mature dendritic cells and alters
their immune function. Journal of
Virology. 2003;77(8):4950-4959

[165] Heilingloh CS, Grosche L,
Kummer M, Miihl-Ziirbes P,

Kamm L, Scherer M, et al. The major
immediate-early protein IE2 of human
cytomegalovirus is sufficient to induce
proteasomal degradation of CD83 on
mature dendritic cells. Frontiers in
Microbiology. 2017;8:119

[166] Senechal B, Boruchov AM,
Reagan JL, Hart DN, Young JW.
Infection of mature monocyte-
derived dendritic cells with human
cytomegalovirus inhibits stimulation
of T-cell proliferation via the

release of soluble CDS83. Blood.
2004;103(11):4207-4215

[167] von Rohrscheidt ], Petrozziello E,
Nedjic ], Federle C, Krzyzak L,

Ploegh HL, et al. Thymic CD4 T cell
selection requires attenuation of
March8-mediated MHCII turnover in
cortical epithelial cells through CD83.
The Journal of Experimental Medicine.
2016;213(9):1685-1694

[168] Wild AB, Krzyzak L, Peckert K,
Stich L, Kuhnt C, Butterhof A, et al.
CD83 orchestrates immunity toward

self and non-self in dendritic cells. JCI
Insight. 2019;4(20):€126246

[169] Zinser E, Naumann R, Wild AB,
Michalski J, Deinzer A, Stich L, et al.
Endogenous expression of the human
CD83 attenuates EAE symptoms

in humanized transgenic mice and
increases the activity of regulatory

T cells. Frontiers in Immunology.
2019;10:1442

[170] Bock F, Rossner S, Onderka J,
Lechmann M, Pallotta MT, Fallarino F,
et al. Topical application of soluble
CD83 induces IDO-mediated immune
modulation, increases Foxp3+

T cells, and prolongs allogeneic
corneal graft survival. Journal of

27

Immunology (Baltimore, Md.: 1950).
2013;191(4):1965-1975

[171] Ge W, Arp ], Lian D,

Liu W, Baroja ML, Jiang J, et al.
Immunosuppression involving
soluble CD83 induces tolerogenic
dendritic cells that prevent cardiac

allograft rejection. Transplantation.
2010;90(11):1145-1156

[172] Li Z, Ju X, Silveira PA, Abadir E,
Hsu W-H, Hart DNJ, et al. CD83:
Activation marker for antigen
presenting cells and its therapeutic

potential. Frontiers in Immunology.
2019;(10):1312

[173] Royzman D, Andreev D, Stich L,
Rauh M, Bauerle T, Ellmann S, et al.
Soluble CD83 triggers resolution of
arthritis and sustained inflammation
control in IDO dependent manner.
Frontiers in Immunology. 2019;10:633

[174] Heilingloh CS, Miihl-Ziirbes P,
Steinkasserer A, Kummer M. Herpes
simplex virus type 1 ICPO induces
CD83 degradation in mature dendritic
cells independent of its E3 ubiquitin
ligase function. The Journal of General
Virology. 2014;95(Pt 6):1366-1375

[175] Heilingloh CS, Krawczyk A. Role of
L-particles during herpes simplex virus
infection. Frontiers in Microbiology.
2017;8:2565

[176] Schonrich G, Raftery MJ. Dendritic
cells as Achilles’ heel and Trojan horse
during varicella zoster virus infection.
Frontiers in Microbiology. 2015;6:417

[177] Randolph GJ, Ochando ], Partida-
Sanchez S. Migration of dendritic
cell subsets and their precursors.

Annual Review of Immunology.
2008;26:293-316

[178] Devreotes P, Horwitz AR. Signaling
networks that regulate cell migration.
Cold Spring Harbor Perspectives in
Biology. 2015;7(8):a005959



Innate Immunity in Health and Disease

[179] Limmermann T, Bader BL,
Monkley SJ, Worbs T, Wedlich-
Soldner R, Hirsch K, et al. Rapid
leukocyte migration by integrin-
independent flowing and squeezing.
Nature. 2008;453(7191):51-55

[180] Limmermann T, Sixt M.
Mechanical modes of ‘amoeboid’ cell
migration. Current Opinion in Cell
Biology. 2009;21(5):636-644

[181] Schmidt S, Friedl P. Interstitial
cell migration: Integrin-dependent and

alternative adhesion mechanisms. Cell
and Tissue Research. 2010;339(1):83-92

[182] Cougoule C, Lastrucci C, Guiet R,
Mascarau R, Meunier E, Lugo-
Villarino G, et al. Podosomes, but not
the maturation status, determine the
protease-dependent 3D migration in
human dendritic cells. Frontiers in
Immunology. 2018;9:846

[183] Roediger B, Ng LG, Smith AL, de
St Groth BF, Weninger W. Visualizing
dendritic cell migration within the
skin. Histochemistry and Cell Biology.
2008;130(6):1131-1146

[184] Friedl P, Weigelin B. Interstitial
leukocyte migration and immune
function. Nature Immunology.

2008;9(9):960-969

[185] Renkawitz J, Sixt M. Mechanisms
of force generation and force
transmission during interstitial
leukocyte migration. EMBO Reports.
2010;11(10):744-750

[186] Bedoui S, Greyer M. The role of
dendritic cells in immunity against

primary herpes simplex virus infections.

Frontiers in Microbiology. 2014;5:533

[187] Kassim SH, Rajasagi NK,

Zhao X, Chervenak R, Jennings SR.
In vivo ablation of CD11c-positive
dendritic cells increases susceptibility
to herpes simplex virus type 1
infection and diminishes NK and

28

T-cell responses. Journal of Virology.
2006;80(8):3985-3993

[188] Allan RS, Waithman J, Bedoui S,
Jones CM, Villadangos JA, Zhan Y,

et al. Migratory dendritic cells
transfer antigen to a lymph node-
resident dendritic cell population for

efficient CTL priming. Immunity.
2006;25(1):153-162

[189] Bedoui S, Whitney PG,
Waithman J, Eidsmo L, Wakim L,
Caminschi I, et al. Cross-presentation
of viral and self antigens by skin-
derived CD103+ dendritic cells. Nature
Immunology. 2009;10(5):488-495

[190] Eidsmo L, Allan R, Caminschi I,
van Rooijen N, Heath WR, Carbone FR.
Differential migration of epidermal
and dermal dendritic cells during skin

infection. The Journal of Immunology.
2009;182(5):3165-3172

[191] Hor Jyh L, Whitney Paul G, Zaid A,
Brooks Andrew G, Heath William R,
Mueller SN. Spatiotemporally distinct
interactions with dendritic cell subsets
facilitates CD4+ and CD8+ T cell
activation to localized viral infection.
Immunity. 2015;43(3):554-565

[192] Lee HK, Zamora M, Linehan MM,
lijima N, Gonzalez D, Haberman A,

et al. Differential roles of migratory
and resident DCs in T cell priming after
mucosal or skin HSV-1 infection. The
Journal of Experimental Medicine.

2009;206(2):359-370

[193] Ponten F, Jirstrom K, Uhlen M.
The Human Protein Atlas - A tool for
pathology. The Journal of Pathology.
2008;216(4):387-393

[194] Hyun YM, Lefort CT, Kim M.
Leukocyte integrins and their ligand

interactions. Immunologic Research.
2009;45(2-3):195-208

[195] Harris ES, MclIntyre TM,
Prescott SM, Zimmerman GA.



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

The leukocyte integrins. The
Journal of Biological Chemistry.
2000;275(31):23409-23412

[196] Quast T, Tappertzhofen B,
Schild C, Grell ], Czeloth N, Forster R,
et al. Cytohesin-1 controls the
activation of RhoA and modulates
integrin-dependent adhesion and

migration of dendritic cells. Blood.
2009;113(23):5801-5810

[197] van Kooyk Y, Figdor CG.
Avidity regulation of integrins: The
driving force in leukocyte adhesion.
Current Opinion in Cell Biology.
2000;12(5):542-547

[198] Hynes RO. Integrins: Bidirectional,
allosteric signaling machines. Cell.
2002;110(6):673-687

[199] Shattil §J, Kim C, Ginsberg MH.
The final steps of integrin activation: The
end game. Nature Reviews. Molecular
Cell Biology. 2010;11(4):288-300

[200] Kolanus W. Guanine nucleotide
exchange factors of the cytohesin
family and their roles in signal
transduction. Immunological Reviews.
2007;218:102-113

[201] Wegener KL, Partridge AW,
Han J, Pickford AR, Liddington RC,
Ginsberg MH, et al. Structural basis

of integrin activation by Talin. Cell.
2007;128(1):171-182

[202] Kolanus W, Nagel W, Schiller B,
Zeitlmann L, Godar S, Stockinger H,
et al. aLP2 integrin/LFA-1 binding

to ICAM-1 induced by cytohesin-1, a
cytoplasmic regulatory molecule. Cell.
1996;86(2):233-242

[203] Weber KSC, Weber C,
Ostermann G, Dierks H, Nagel W,
Kolanus W. Cytohesin-1 is a dynamic
regulator of distinct LFA-1 functions
in leukocyte arrest and transmigration

triggered by chemokines. Current
Biology. 2001;11(24):1969-1974

29

[204] Boehm T, Hofer S, Winklehner P,
Kellersch B, Geiger C, Trockenbacher A,
et al. Attenuation of cell adhesion in
lymphocytes is regulated by CYTIP, a
protein which mediates signal complex
sequestration. The EMBO Journal.
2003;22(5):1014-1024

[205] Gonzalez-Motos V, Jiirgens C,
Ritter B, Kropp KA, Durdn V, Larsen O,
et al. Varicella zoster virus glycoprotein
C increases chemokine-mediated

leukocyte migration. PLoS Pathogens.
2017;13(5):e1006346

[206] Ku C-C, Padilla JA, Grose C,
Butcher EC, Arvin AM. Tropism

of varicella-zoster virus for human
tonsillar CD4+ T lymphocytes that
express activation, memory, and skin

homing markers. Journal of Virology.
2002;76(22):11425-11433

[207] Ku C-C, Zerboni L, Ito H,

Graham BS, Wallace M, Arvin AM.
Varicella-zoster virus transfer to skin by T
cells and modulation of viral replication
by epidermal cell interferon-a. The
Journal of Experimental Medicine.
2004;200(7):917-925

[208] Lecointe D, Dugas N, Leclerc P,
Hery C, Delfraissy JF, Tardieu M.
Human cytomegalovirus infection
reduces surface CCR5 expression

in human microglial cells,

astrocytes and monocyte-derived
macrophages. Microbes and Infection.
2002;4(14):1401-1408

[209] Warner JA, Zwezdaryk K], Day B,
Sullivan DE, Pridjian G, Morris CA.
Human cytomegalovirus infection
inhibits CXCL12-mediated migration
and invasion of human extravillous
cytotrophoblasts. Virology Journal.
2012;9:255

[210] Sinclair J, Poole E. Human
cytomegalovirus latency and
reactivation in and beyond the
myeloid lineage. Future Virology.

2014;9(6):557-563



Innate Immunity in Health and Disease

[211] Reeves MB, MacAry PA, Lehner PJ,
Sissons ]G, Sinclair JH. Latency,
chromatin remodeling, and reactivation
of human cytomegalovirus in the
dendritic cells of healthy carriers.
Proceedings of the National Academy
of Sciences of the United States of
America. 2005;102(11):4140-4145

[212] Reeves MB, Sinclair JH.
Circulating dendritic cells isolated
from healthy seropositive donors
are sites of human cytomegalovirus

reactivation in vivo. Journal of Virology.
2013;87(19):10660-10667

[213] Goldwich A, Prechtel AT, Miihl-
Ziirbes P, Pangratz NM, Stossel H,
Romani N, et al. Herpes simplex
virus type I (HSV-1) replicates in
mature dendritic cells but can only
be transferred in a cell-cell contact-

dependent manner. Journal of
Leukocyte Biology. 2011;89(6):973-979

[214] McLauchlan J, Addison C,

Craigie MC, Rixon FJ. Noninfectious
L-particles supply functions which can
facilitate infection by HSV-1. Virology.
1992;190(2):682-688

[215] Szilagyi JF, Cunningham C.
Identification and characterization of

a novel non-infectious herpes simplex
virus-related particle. The Journal of
General Virology. 1991;72(Pt 3):661-668

[216] Russell T, Bleasdale B,
Hollinshead M, Elliott G. Qualitative
differences in capsidless L-particles
released as a by-product of bovine
herpesvirus 1 and herpes simplex

virus 1 infections. Journal of Virology.
2018;92(22):e01259-18

[217] Dargan DJ, Subak-Sharpe JH. The
effect of herpes simplex virus type 1
L-particles on virus entry, replication,

and the infectivity of naked herpesvirus
DNA. Virology. 1997;239(2):378-388

[218] Subak-Sharpe JH, Dargan DJ. Hsv
molecular biology: General aspects of

30

herpes simplex virus molecular biology.
Virus Genes. 1998;16(3):239-251

[219] Buckingham EM, Jarosinski KW,
Jackson W, Carpenter JE, Grose C.
Exocytosis of varicella-zoster virus
virions involves a convergence

of endosomal and autophagy
pathways. Journal of Virology.
2016;90(19):8673-8685

[220] Jiang B, Himmelsbach K, Ren H,
Boller K, Hildt E. Subviral hepatitis B
virus filaments, like infectious viral
particles, are released via multivesicular
bodies. Journal of Virology.
2015;90(7):3330-3341

[221] Meckes DG Jr, Raab-Traub N.
Microvesicles and viral infection.
Journal of Virology. 2011;85(24):
12844-12854

[222] Mohammad AA, Costa H,
Landazuri N, Lui WO, Hultenby K,
Rahbar A, et al. Human cytomegalovirus
microRNAs are carried by virions and
dense bodies and are delivered to target
cells. The Journal of General Virology.
2017;98(5):1058-1072

[223] Sauer C, Klobuch S, Herr W,
Thomas S, Plachter B. Subviral dense
bodies of human cytomegalovirus
stimulate maturation and activation
of monocyte-derived immature

dendritic cells. Journal of Virology.
2013;87(20):11287-11291

[224] Huch JH, Cunningham AL,
Arvin AM, Nasr N, Santegoets SJAM,
Slobedman E, et al. Impact of
varicella-zoster virus on dendritic
cell subsets in human skin during

natural infection. Journal of Virology.
2010;84(8):4060-4072

[225] Kinchington PR, Leger A]JS,
Guedon J-MG, Hendricks RL. Herpes
simplex virus and varicella zoster virus,

the house guests who never leave.
Herpesviridae. 2012;3(1):5



How Human Herpesviruses Subvert Dendritic Cell Biology and Function

DOI: http://dx.doi.org/10.5772/intechopen.93237

[226] Clementi N, Cappelletti F,
Criscuolo E, Castelli M, Mancini N,
Burioni R, et al. Role and potential
therapeutic use of antibodies

against herpetic infections. Clinical
Microbiology and Infection. 2017;23(6):
381-386

[227] Rajasagi NK, Kassim SH,

Kollias CM, Zhao X, Chervenak R,
Jennings SR. CD4+ T cells are required
for the priming of CD8+ T cells
following infection with herpes simplex
virus type 1. Journal of Virology.
2009;83(10):5256-5268

[228] Belz GT, Carbone FR, Heath WR.
Cross-presentation of antigens by
dendritic cells. Critical Reviews in
Immunology. 2002;22(5-6):439-448

[229] Martin H, Mandron M,
Davrinche C. Interplay between
human cytomegalovirus and dendritic
cellsin T cell activation. Medical
Microbiology and Immunology.

2008;197(2):179-184

[230] Nopora K, Bernhard C, Ried C,
Castello A, Murphy K, Marconi P, et al.
MHC class I cross-presentation by
dendritic cells counteracts viral immune

evasion. Frontiers in Immunology.
2012;3:348

[231] Theisen D, Murphy K. The
role of cDC1s in vivo: CD8 T cell

priming through cross-presentation.
F1000Research. 2017;6:98

[232] Silvin A, Yu CI, Lahaye X,
Imperatore F, Brault J-B, Cardinaud S,
et al. Constitutive resistance to

viral infection in human CD141+

dendritic cells. Science Immunology.
2017;2(13):eaai8071

[233] Whitney PG, Makhlouf C,
MacLeod B, Ma JZ, Gressier E,
Greyer M, et al. Effective priming of
herpes simplex virus-specific CD8+ T
cells in vivo does not require infected

dendritic cells. Journal of Virology.
2018;92(3):e01508-e01517

31

[234] Kitano M, Yamazaki C, Takumi A,
Ikeno T, Hemmi H, Takahashi N,

et al. Imaging of the cross-presenting
dendritic cell subsets in the skin-
draining lymph node. Proceedings of
the National Academy of Sciences.
2016;113(4):1044-1049



