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1. ABSTRACT

Herpes simplex virus-type 1 is among the most
prevalent and successful humans pathogens.  Although
infection is largely uncomplicated in the immunocompetent
human host, HSV-1 infection can cause blinding corneal
disease, and individuals with defects in innate or adaptive
immunity are susceptible to herpes simplex encephalitis.
Chemokines regulate leukocyte trafficking to inflamed
tissues and play a crucial role in orchestrating the immune
response to HSV-1 infection. In this review we will focus
on the pathways that induce chemokine expression during
HSV-1 infection and the implications of chemokine
signaling on control of viral replication.
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2. INTRODUCTION

Herpes simplex virus-type 1 (HSV-1) is a
neurotropic member of the alpha herpesvirus family with
worldwide seroprevalence rates ranging from between 50-
90%. (1-3). Primary infection with HSV-1 typically occurs
in childhood or adolescence following inoculation of
mucosal epithelial surfaces and is usually mild or
asymptomatic in the immunocompetent host. Initial
infection of epithelial cells results in a lytic replicative
cycle during which the virus infects sensory neurons
proximal to the site of primary infection. Virions are then
transported via retrograde axonal transport to neuronal cell
bodies in the trigeminal ganglia resulting in the
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establishment of a lifelong latent infection (4,5).
Subsequent reactivation of latent HSV-1 leads to renewed
lytic infection at epithelial surfaces fed by infected sensory
nerve fibers with infectious virus released either through
asympomatic viral shedding or the formation of fluid filled
vesicles.

Although HSV-1 infection is of low consequence
in  healthy adults, infection of neonates or
immunocompromised individuals may lead to fatal
encephalitis, emphasizing the importance of an appropriate
immune response. Chemotactic cytokines or chemokines
play an important role in the development of
immunological resistance to HSV-1 replication acting as a
bridge between innate and adaptive immunological
recognition of the pathogen and subsequent leukocyte
mobilization. This review will focus first on chemokine
biology and signaling pathways, and then more specifically
on the induction and role of chemokines in the coordination
and development of innate and adaptive immune responses
to HSV-1.

3. CHEMOKINE SIGNALING

Chemokines are a group of highly structurally,
conserved cytokines notable for their crucial role in
leukocyte trafficking. The chemokine family is classified
into four subfamilies on the basis of the arrangement of
conserved Cys amino acids at the N-terminus, being CXC,
CC, C, or CX3C. The CXC chemokines are further
divided on the basis of the presence or absence of an ELR
motif preceding the first N-terminal cysteine, with ELR+
chemokines being broadly associated with the
chemoattraction of granulocytes and monocytes through
CXCR1/2 signaling while ELR- CXC chemokines induce
chemoattraction of lymphocytes through CXCR3/4/5/6
signal transduction (6-11).

Through their interaction with cognate 7-
transmembrane heterotrimeric G-protein coupled receptors,
chemokines induce the directed movement of leukocyte
subsets across endothelial barriers and through tissue
microenvironments. By controlling leukocyte influx to foci
of infection as well as migration of antigen presenting cells
and lymphocytes to secondary lymphoid tissue,
chemokines initiate and guide host immune responses (7-
10, 12). The directed migration induced by chemokine
signaling requires the establishment of chemokine
concentration gradients. For all except the transmembrane
chemokines CX3CL1 and CXCL16, glycosaminoglycan
(GAG) binding through domains along C-terminal alpha
helices is required for the establishment of concentration
gradients and induction of chemotaxis (13,14). In addition
to a role in presentation of chemokines to responding
leukocytes, GAG binding may also affect the network of
chemokine signaling pathways elicted by receptor ligation

(15).

Ligation of chemokine receptors results in the
activation of signaling cascades following exchange of
GDP for GTP by receptor bound G alpha subunits and
subsequent release of beta-gamma subunits.  Most
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chemokine-induced responses are pertussis toxin sensitive
indicating coupling of the receptor to G alpha i subunits,
though G alpha i signaling is not sufficient to induce
chemotaxis (16). G alpha i subunit release results in the
inhibition of adenylyl cyclase as well as Src kinase
activation, while liberated beta-gamma subunits directly
activate PLC-beta and stimulate PI3K gamma activity, with
additional PLC and PI3K isoforms contributing to
chemokine signaling as well(16,17). Critical downstream
effectors of these pathways include Ras superfamily small
GTPases, Ras, RhoA, Rac, and Rapl which mediate actin
cytoskeleton rearrangement, integrin activation and
microclustering, as well as MAPK pathway activation (18-
21).

Both chemokines and their receptors are capable
of homo and heterodimerization but considerable debate
exists as to the role of oligomerization during in vivo
chemokine signaling. In solution chemokines form dimers
at millimolar concentrations, orders of magnitude greater
than concentrations found in vivo. Monomeric mutants of
several chemokines exhibit near wild type chemoattractant
function in in vitro assays whereas oligomerization
impaired V27F CXCL8 mutant (for example) exhibits near
wild type in vivo chemoattraction (22-24). However, GAG
binding significantly lowers the concentration threshold
required  for  chemokine oligomerization, and
oligomerization is a requirement for the in vivo activity of
CCL5 and CXCLI10 despite near wild type receptor and
GAG affinity of monomeric mutants (25,26). These results
suggest that for some members of the chemokine
oligomerization is essential for signal transduction events
in vivo.

Chemokine and chemokine receptor
oligomerization appear to have a role in differential
induction of signaling pathways depending on the
concentration of chemokines in a given environment.
Chemokine receptor dimerization was first explicitly
demonstrated for CCR2 and shown to be required for
pertussis toxin  insensitive induction  receptor
phosphorylation and JAK/STAT signaling (27, reviewed in
greater detail in reference 16). This exciting discovery was
the first to suggest a mechanism by which chemokines are
capable of inducing both chemoattraction, chemorepulsion,
and synergy (28,29). Rather than signaling as discrete
biochemical units, chemokine receptors integrate
environmental cues and exert distinct biochemical
pathways to induce responses beyond leukocyte arrest and
transendothelial migration affecting biochemical events as
diverse as chemoattraction, T-cell costimulation, and Th
polarization (30,31,32).

4. CHEMOKINE PRODUCTION
INFECTION

DURING HSV-1

Inflammatory chemokine expression during
HSV-1 infection is driven by recognition of viral products
by germline encoded receptors of pathogen associated
molecular patterns (PAMPs) and specific lymphocyte
recognition of viral antigen. Antigen recognition drives
chemokine expression as well as production of interferon
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gamma (IFNg) and tumor necrosis factor-alpha (TNFa)
production that further induce chemokine expression
(33,34). PAMPs induce signal transduction through
ancestral PAMP recognition pathways such as the Toll-like
receptor (TLR) family and double stranded RNA inducible
protein kinase (PKR). Following PAMP recognition, these
pathways either directly induce chemokine production
through nuclear factor kappa b (NF-kB) and mitogen-
activated protein kinase (MAPK) activation or indirectly
through the NF-kB or interferon regulatory factors 3 and 7
driven expression of inflammatory cytokines such as type I
IFNs, TNFa, IL-1 and IL-6 (35-40).

To date only four TLRs have been directly
implicated in host resistance to HSV-1 infection; TLR3,
TLRY, and the TLR2/6 heterodimer which recognize
double stranded RNA, CpG DNA motifs, and lipopeptides
respectively (41,42). Viral or host lipopeptides responsible
for TLR2 agonist activity are currently unknown, and
TLR2- mediated recognition of HSV-1 PAMPs only occurs
in a relatively small number of laboratory and clinical
isolates (43-45). Yet, in TLR2 agonistic isolates, HSV-1
infection was demonstrated to induce TLR2-dependent
upregulation of IL-6, IL-12 and CCL2 expression. TLR2
recognition may be particularly important during HSV-1
encephalitis as microglia strongly express TLR2 and are
abundant producers of CCL2, -3, -4, -5, -8, and -10 (42,46).

TLRO signaling has little impact on the course of
HSV-1 infection in mouse models. Although early
chemokine production during acute HSV-1 infection is
reduced in the absence of TLRY, particularly for the
monocyte and granulocyte chemoattractants, CCL2 and
CXCL1 respectively, neither viral burdens within the
nervous system nor survival are affected (47,48).

IRAK-4 is required for normal NF-kB activation
and type I IFN (IFNalpha/beta) production following TLR
stimulation (49,50) for all TLRs except TLRs 3 and 4 for
which IRAK-4 is required for normal NF-kB activation but
not IFN production (51). IRAK-4 deficient patients do not
exhibit the increased susceptibility to herpes simplex
encephalitis (HSE) demonstrating that TLR2/5/6/7/8/9-
mediated type I IFN production probably has little
impact on the course of primary infection in humans.
However, individuals deficient in UNC-93B, which has
an as yet unknown role in type I IFN production
following TLR3/7/8/9 ligation, are profoundly
susceptible to HSE (52). These results suggested that
TLR3 is the dominant TLR involved in recognition of
HSV-1, and patients with dominant-negative TLR3
mutations were recently found to be highly susceptible
to HSE (41). This study did not address chemokine
production specifically, and it is likely that any
contribution to HSE susceptibility from reduced NF-kB-
driven chemokine production in these patients is minor
in comparison to the contribution from reduced IFN
production, as IRAK-4 is required for optimal NF-kB
activation even following TLR3 stimulation (51).
However, this result does suggest that dSSRNA detection is a
critical step in innate recognition of HSV-1 infection
implicating TLR3 which is expressed in human neurons,
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microglia, and astrocytes (53-55). Pattern recognition
receptors responsible for dSRNA detection, such as TLR3,
PKR, and MDAS may play key roles in cytokine and
chemokine production responsible for immunological
control of HSV-1 reactivation from latency.

S. CHEMOKINES AND LEUKOCYTE
RECRUITMENT AT SITES OF EARLY VIRAL
REPLICATION

Control of HSV-1 during primary infection
requires the expression of type I IFNs, recruitment of
natural killer (NK) cells, and culminates in the induction of
antigen specific responses by T cells which control viral
replication through lysis of infected cells and cytokine
production. Failure at any step in this process results in
uncontrolled viral replication leading to herpes simplex
encephalitis (56-59). Conversely, effective innate control of
viral replication may lower latent viral burden present in
sensory ganglia, and reduce the frequency of subsequent
reactivation.

Early chemokine expression is dominated by
production of ELR+ CXC chemokines CXCL1/2/8, CCL2,
and CXCL10 (48, 60-63). CXCL1/2/8 chemoattracts
PMNs through the receptors CXCR1/2, while CCL2
recruits monocytes through CCR2. Recruited PMNs and
subsequently monocytes augment local chemokine
expression through direct chemokine production including
CXCL10 and CCL5 as well as by production of TNFa
(64,65,66). The early type I IFN-dependent production of
CXCL10 (significant upregulation within <24hrs)
presumably plays a role in chemoattraction of monocytes
and NK cells (9,62,67,68).

6. CHEMOKINES IN THE SENSORY GANGLIA
AND CENTRAL NERVOUS SYSTEM

While PMNs, macrophages, and NK cells
effectively suppress local HSV-1 (57), sensory nerve fibers
feeding the site of inoculation are infected with the virus
which then travels to sensory ganglia via retrograde
transport. The role of chemokines in innate control of
HSV-1 infection in sensory ganglia and the central nervous
system (CNS) mirrors the expression and role of
chemokines in the periphery. In the ocular HSV-1
infection of C57BL/6 mice, expression of CCL2, CCLS,
CXCL9 and CXCL10 is upregulated in the trigeminal
ganglia within 72 hours post infection which is the
earliest time point by which HSV-1 replication is
detectable in this tissue followed shortly thereafter by
upregulation of the potent NK chemoattractant CCL3
(69,70). CCL2 and CXCLI10 are believed to be of
particular importance in the development of innate
immune responses to HSV-1 within the nervous system.
CCL2 deficiency significantly reduces monocyte
recruitment to the CNS during inflammation. Recruited
monocytes/macrophages are the dominant TNFa source

during primary HSV-1 infection of the murine
trigeminal  ganglia, and TNFo  neutralization
significantly reduces global leukocyte recruitment

during HSV-1 infection (71,72).
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Currently, the impact of CXCL10 is less clear.
CXCL10 is a potent chemoattract for monocytes, NK cells,
as well as Thl-polarized CD4+ T-cells and CD8+ T-cells,
and is among the first and most highly expressed
chemokine that has been detected in murine models in
response to HSV-1. Yet, genetic deficiency in the only
known receptor for CXCL10, CXCR3, has had a
paradoxical impact on the course of HSV-1 in our hands.
Our group has observed increased survival in CXCR3-
deficient animals compared to wild type C57BL/6 mice
(70). Viral titers in the brain stem and trigeminal ganglia of
CXCR3 deficient animals are elevated, but only at day 7
post-infection suggestive of an impact on the development
of adaptive immune responses.

Regulation of CXCL10 expression is equally
perplexing. CXCL10 expression is dramatically
upregulated early during the course of HSV-1 by type I and
I IFN- dependent mechanisms. Yet, constitutive
expression of type I IFN at levels sufficient to nearly
completely prevent HSV-1 replication within the trigeminal
ganglia and brain stem in murine models, drives only
modest CXCL10 expression (73).  Still, the potent
chemoattractive potential of CXCL10 towards NK cells
would suggest that this chemokine contributes to NK cell
recruitment along with CCL3 and CCLS5 (9, 67,74).

Some controversy exists in the field over the
degree of importance of NK cell activity in control of HSV-
1 replication as experiments to determine the role of NK
cells have typically been confounded by antibody-mediated
depletion of non-NK cell populations or effects related to
genetic deletion of the common y chain of the IL-2/15
receptor (75). However, depletion of NK cells in mice
using the relatively specific anti-NK1.1 antibody results in
elevated HSV-1 viral titers, and indirect evidence taken
from studies using CCRS deficient animals further suggests
a prominent role for this population.  During corneal
infection with HSV-1, CCRS5 deficient mice exhibit
elevated viral titers in the cornea, trigeminal ganglia and
brain stem (69), CCRS deficient mice exhibit a similarly
increased susceptibility during HSV-2 infection which is
predominantly attributable to reduced NK cell recruitment
(76).

One interesting question that remains with
regards to NK biology during HSV-1 infection is what the
roles of individual NK cell subsets are. In humans and
mice NK cells can be broadly divided into populations with
either high cytotoxic activity or abundant cytokine
expression that are distinguishable on the basis of CD56
and CD16 expression in humans and CD11b, CD27, and
CD127 (IL-7Ralpha) expression in mice. These subsets
differentially express various chemokine receptors
including CXCR1/3/4 and CCR1/4/5/6/7/9 (77,78). Both
subsets express CXCR3, the ligands of which are
abundantly expressed during HSV-1 infection at epithelial
surfaces as well as within sensory ganglia and the CNS (5).
Yet CD56™" NK cells universally express CCR7, while
CD56%™ cells do not (78). This chemokine receptor is
classically associated with lymphoid homing cells and
CD56"" NK cells are enriched in secondary lymphoid
tissues (79).
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However, T cells found in cerebral spinal fluid
during CNS inflammation express high levels of CCR7,
and the CCR7 ligands CCL19 and CCL21 are expressed
proximal at the blood brain barrier during experimental
autoimmune encephalitis suggesting that CCR7 signaling
may also play a role in differential recruitment of specific
NK cell subsets to the CNS under certain circumstances
(80,81). Conversely, the chemokine environment present
in certain mouse strains or human patients may promote the
recruitment of highly cytotoxic NK cells instead.
Cytotoxic CD56%™ NK cells express high levels of CXCR1
and CX3CR1 (82). The ligand for CX3CR1, CX3CLI is
predominantly expressed within the CNS and is required
for NK recruitment to the CNS during experimental
autoimmune encephalitis (69). Selective recruitment of
highly cytotoxic NK cell subsets by this chemokine could
be involved in the paradoxical role of NK cells in control of
Toxoplasma gondii. In a study comparing CCRS deficient
versus wild type mice on C57BL/6 backgrounds, mice
infected with T. gondii exhibit reduced mortality despite
elevated parasite burden following NK cell depletion.
However, whether NK cell-mediated neuroinflammation in
this model is a result of NK cytotoxicity or cytokine
production is still unknown (83).

7. CHEMOKINES AND THE GENERATION OF THE
ADAPTIVE IMMUNE RESPONSE

Although innate immune functions such as type I
IFN and NK cell activity are required to suppress HSV-1
replication and prevent HSE, the generation of both CD4+
and CD8+ virus-specific T cells are ultimately required to
control viral replication within neural tissues, drive HSV-1
into latency, and prevent reactivation (58,59,84-87).

Humans and mice both maintain a number of
specialized dendritic cell populations. However, the role of
specific dendritic cell populations in HSV-1 antigen
presentation is poorly understood. Experiments in mice
suggest antigen presentation is driven by two concurrent
dendritic cell-mediated processes. Conventional dendritic
cells appear to be responsible for trafficking of antigen to
draining lymph nodes as antigen carrying Langherhan’s
cells accumulate during HSV-1 infection (88). Expression
of CXCR3 and CCR1/2/5 agonists at foci of infection act to
recruit to immature conventional dendritic cells which
acquire antigen. Through a cytokine and TLR ligand-
dependent maturation process, these cells downregulate
inflammatory chemokine receptors and upregulate
expression of the lymphoid homing chemokine receptor
CCR7. This process drives antigen-loaded DC
migration to secondary lymphoid tissues to initiate
antigen presentation to naive T cells (89-91). Yet for
CD8+ T cells and possibly CD4+ T cells, it appears the
final process of antigen presentation and co-stimulation
of T-cells occurs through Ilymph node resident
CD8alpha+ dendritic cells possibly through MHC
transfer between convential DCs and lymph node
resident DCs (88-91) (Figure 1).

Little is known about the impact of specialized
dendritic cells of plasmacytoid morphology (pDC) capable
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Figure 1. Chemokine and chemokine receptor expression coordinates the development of the adaptive immune response to HSV-
1. The development of T cell responses to HSV-1 requires the transfer of antigen from sites of viral replication to the draining
lymph nodes, where antigen is subsequently presented to T cells. Dendritic cell (DC) maturation down regulates expression of
inflammatory chemokine receptors including CCRS and CXCR3.
homing chemokine receptors such as CCR7 driving antigen loaded DCs towards CCL19- and CCL21-expressing lymphoid tissue
for presentation of antigen to T cells. Conversely, T cell activation induces the expression of inflammatory chemokine receptors
and downregulation of lymphoid homing receptors, thus promoting effector cell migration to sites of viral replication.

of rapid high level expression of IFNa following TLR9-
dependent recognition of HSV-1 CpG DNA motifs (47,92).
The relatively mild phenotype of TLR9 deficient mice
during primary infection as well as direct studies on IFN
expression during HSV-1 infection suggest that the
majority of type I IFN production during primary HSV-1
infection originates in other cell types including resident
cells as well as macrophages and conventional dendritic
cells (93,47). However, pDCs have been directly implicated
in other facets of control such as activation of NK cells
through IL-18 production (94). PDCs also play a role in
the generation of anti-HSV CD8+ T cells through type I
IFN production following CXCR3/CXCL9- dependent
migration to draining lymph nodes rather than directly
through antigen presentation (95).

8. T-CELL HOMING TO NEURAL TISSUES

The adaptive immune response to HSV-1 is of a
Thl etiology, HSV-1 specific CD4+ T cells are polarized
towards IFNg production and large numbers of virus-
specific CD8+ T cells are generated. These cells act to
suppress viral replication through IFNg production and
possibly cytolytic activity (5,59,91). Thl polarized CD4+
and virus-specific CD8+ T cells upregulate expression of
CCR5 and CXCR3, the ligands highly upregulated at sites
of HSV-1 replication as well in latently infected sensory
ganglia (5,70,97-99). It is our opinion that during infection
the concurrent expression of inflammatory chemokines and
selective expression of their receptors on recently activated
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DC maturation also up-regulates expression of lymphoid

and therefore, predominantly antigen-specific T -cells
contributes to the preferential recruitment of antigen-
specific T cells to foci of infection. (Figure 2, also
102,103).

Deficiency in either CCR5 or CXCR3 results in
elevated viral titers at day 7 post infection suggestive of a
defect in adaptive immunity (69,70). However, no
quantitative measurements of T cell recruitment to neural
tissues in either CCRS or CXCR3 deficient mice exist in
the literature and defective T cell responses in either strain
may not be a result of aberrant recruitment to infected
tissues. CCRS accumulates at immunological synapses
between APCs and T cells, and CXCR3 utilizes some T
cell receptor components for signal transduction (30,32).
Thus, deficiency in either receptor may result in T cell
functional deficits besides impaired recruitment.

9. CHEMOKINES AND HSV-1 LATENCY

Following resolution and initiation of latency, T
cell responses are critical for the control of HSV-1
reactivation. Latently infected trigeminal ganglia
exhibit continued upregulation of mRNA for the
chemokines CCL3/4/5 and CXCL10 and for their
respective chemokine receptors CCRS5 and CXCR3
(98,104,105).  Chemokine expression is believed to
result in the retention of activated CD4+ and CD8+ T
cells in latently infected TG which is observed in both
humans and mice (106-108).
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Figure 2. HSV-1 Specific CD8+ Tcells are preferentially
recruited to sites of viral replication. In H-2kB restricted
C57BL/6 mice HSV-1 specific CD8+ T cells are almost
entirely specific for the HSV-1 glycoprotein B
immunodominant epitope SSIEFARL (100,101). Mice
were infected with HSV-1 McKrae via corneal inoculation.
At day 7 post-infection, leukocytes were taken from the (A)
draining lymph nodes, (B) whole blood, or (C) the
trigeminal ganglia. Cells were purified and analyzed by
flow cytometry for expression CD8, CD45, and staining
with phycoerythrin (PE) labeled H-2kB tetramer containing
SSIEFARL peptide. Shown are representative histograms
of CD45HI and CD8+ gated populations, with PE
fluorescence on the x-axis.

4867

Virus-specific CD8+ T cells suppress reactivation
in ex vivo trigeminal ganglia cultures most likely through
IFNg production, and may also suppress reactivation
through cytokine production at sensory nerve endings as
well (59,84). Furthermore, virus-specific CD8+ T cells are
selectively retained at sensory nerve endings in the skin
following resolution of viral replication during HSV-2
infection (108). Whether this is the case during HSV-1
infection remains to be formally demonstrated. Multiple
subsets of CD8+ T cells have been identified on the basis
of both activity and chemokine receptor expression. Central
versus effector memory CD8+ T cells are defined partly on
the presence or absence of the lymphoid homing
chemokine receptor CCR7, and a subset of uniquely
cytotoxic CXCR1+ CD8+ T cells has been identified by
Luster and colleagues (109-112). However, we are not
aware of any studies investigating differential recruitment
of CD8+ T cell subsets to the CNS, sensory ganglia, or
vesicular lesions during HSV-1 infection.

10. PERSPECTIVE

A number of pathogens are capable of subverting
chemokine responses, and members of the herpesvirus
family are unusually gifted in this regard. HSV-1 ICPO
blocks transcription of IFN stimulated genes, dampening
IFN driven chemokine expression (113). Several gamma
herpesviruses encode viral chemokines and chemokine
receptors (114-116). Members of the alpha herpesvirus
family, of which HSV-1 is a member, also subvert
chemokine  responses. Secreted  virally-encoded
glycoprotein Gs from several alpha herpesviruses are
potent chemokine binding proteins capable of blocking
neutrophil recruitment (117,118). Oddly, HSV-1 gG is an
exception; no chemokine binding capability is observed
despite homology with other gGs assayed by Bryant et al
(117). Alternatively, HSV-1 gG may specifically bind a
chemokine(s) not assayed for in this study or use other
mechanisms to block chemokine signaling.

Chemokines play a dynamic and powerful role in
the development of immune responses that are only
beginning to be explored. Through selective recruitment
and modulation of specific leukocyte subsets, chemokines
initiate and modulate the host immune response. One of
the most important unanswered questions in chemokine
biology is to what degree chemokine redundancy impacts
leukocyte mobilization. The interactions between
chemokines and chemokine receptors are notoriously
promiscuous. Redundancy and compensatory mechanisms
in chemokine signaling probably mask the importance of
individual chemokines and receptors analyzed through
genetically deficient models. Control of viral infections is
associated with production of CXCR3 and CCRS5 agonists
and recruitment of leukocytes bearing these receptors. Yet,
single knockouts of CXCR3 and CCRS5 exhibit a mild
phenotype when compared to ablation of leukocyte subsets
associated with these receptors suggesting functional
redundancy between these two and most likely other
chemokine receptors. Very few studies have assessed the
impact of deficiency of more than one chemokine receptor
during viral infection. Consequently, it remains to be seen
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whether chemokine receptor redundancy is simply a result
of chemokine/chemokine receptor variety and promiscuity.
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