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Chemokines and Chemokine Receptors Critical to Host Resistance
Following Genital Herpes Simplex Virus Type 2 (HSV-2) Infection
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Abstract: HSV-2 is a highly successful human pathogen with a remarkable ability to elude immune detection or counter
the innate and adaptive immune response through the production of viral-encoded proteins. In response to infection, resi-
dent cells secrete soluble factors including chemokines that mobilize and guide leukocytes including T and NK cells, neu-
trophils, and monocytes to sites of infection. While there is built-in redundancy within the system, chemokines signal
through specific membrane-bound receptors that act as antennae detailing a chemical pathway that will provide a means to
locate and eliminate the viral insult. Within the central nervous system (CNS), the temporal and spatial expression of
chemokines relative to leukocyte mobilization in response to HSV-2 infection has not been elucidated. This paper will re-
view some of the chemokine/chemokine receptor candidates that appear critical to the host in viral resistance and clear-
ance from the CNS and peripheral tissue using murine models of genital HSV-2 infection.
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HSV-2 BIOLOGY

HSV-2 is a large (150-200nm) double-stranded, DNA
virus and a member of the subfamily a-Herpesviridae [1, 2].
A mature virus contains a core, an icosahedral capsid, a
tegument in which additional viral proteins reside, and an
outer envelope [1]. An approximately 150,000 base pair lin-
ear DNA is packaged inside the capsid that encodes at least
80 different viral genes [1]. The outer membrane envelope
contains viral glycoproteins (e.g. gB, gC, gD and heterodi-
mer gH/gL) involved in a multistep viral entry into the target
cell [3, 4]. The viral entry begins with interaction of gB and
gC to heparin sulfate proteoglycans present on the surface of
target cells followed by gD binding to other surface recep-
tors including herpes virus entry mediator A and nectin-1a
[2, 4]. The viral envelope subsequently fuses with the target
cell membrane which requires gD, gB and the heterodimer
gH/gL [2]. Following viral entry, local replication com-
mences with a sequential cascade of viral lytic gene tran-
scription/translation and subsequent packaging of unit length
viral DNA into empty viral capsids [5-7]. The capsid then
acquires viral tegument and glycoproteins followed by the
envelopment of the capsid on the underside of the nuclear
membrane [6]. After successful packaging of infectious viri-
ons, the virus is released thru the rupture of the cell mem-
brane where it will enter sensory nerve endings in the basal
aspect of epithelium and via retrograde transport traffic to
sacral ganglia in the CNS [7, 8]. One of the hallmark fea-
tures of HSV-2 is the establishment of latency in a subpopu-
lation of neurons following acute infection of sensory
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ganglia [9, 10]. In normal adults, it can cause recurrent infec-
tion at the original portal of entry as well as adjacent sites
after reactivation [11].

HSV-2 INFECTION OF THE CNS

HSV-2 is one of the most common causes of genital ulcer
disease in humans that can result in fatal encephalitis and
meningitis [8, 10, 12]. Approximately forty to sixty million
individuals are infected with HSV-2 in the United States
only, with nearly six to eight hundred thousand clinical cases
annually [13]. In the immunocompromised patient as well as
newborns, the virus can elicit severe and often fatal CNS
infection [14-16]. Fortunately, even though a relatively large
percentage of the population is seropositive for HSV-2 only
a small percentage is subjected to life-threatening complica-
tions [2]. However, the increasing prevalence of genital her-
pes in young adults and co-incidence of HSV-2 with
HIV/AIDS are indicative of a major public health impact
[17, 18]. To underscore this point, recent evidence suggest
the acquisition of HIV and other microbial pathogens in-
creases significantly in HSV-2-infected individuals [17, 19].
Consequently, the need to identify host factors that contrib-
ute to resistance against HSV-2 infection/reactivation is tan-
tamount toward the development of an effective prophylac-
tic/therapeutic vaccine.

IMMUNE RESPONSE TO GENITAL HSV-2 INFEC-
TION IN A MOUSE MODEL

The development of a mouse model for genital HSV-2
infection has contributed significantly to understanding the
role of both innate and adaptive immune responses to infec-
tion [20, 21]. During initial infection of the genital mucosal
surface, virus replicates primarily in the epithelium where
the pattern recognition receptor (PRR) expressing epithelial
cells or innate immune cells including dendritic cells (DCs)

2008 Bentham Open



34 The Open Immunology Journal, 2008, Volume 1

and natural killer (NK) cells recognize viral-associated struc-
tures (d&sDNA CpG motifs, dsRNA, etc.) and induce the se-
cretion of anti-viral cytokines (type I interferons, IFNs) and
chemokines [10]. PRR includes germ-line encoded Toll-like
receptors (TLRs) which are expressed on epithelial cells,
resident DCs and NK cells [10, 22]. Of the 12 TLRs found in
the mouse, two endosome associated receptors TLR3 and
TLRY are involved in protection against genital HSV-2 in-
fection [23-26]. TLR3 and TLRY recognize viral nucleic
acids i.e. dSRNA and dsDNA (CpG motifs) respectively
[22]. The recognition of ligands by TLR3 induces nuclear
factor-kappa B (NF-kB) and interferon regulatory factor 3
(IRF3) pathways whereas TLR9 induces NF-kB through the
myeloid differentiation factor (MyD88)-dependent pathway
resulting in expression of interferons and pro-inflammatory
cytokines [22]. The activation of DC through TLR9 has been
shown to induce IFN-a in response to HSV-2 infection [27].
However, TLR9 is not required for chemokine expression or
up-regulation in the vaginal tissue following HSV-2 infec-
tion [28]. The absence of chemokine induction by TLRY in
the genital tract was not due to a lack of local expression [24,
29]. These studies implicate a possible role of TLR3 and/or
other pattern recognition receptors for local expression of
chemokines in response to genital HSV-2 infection in mice.

Recent studies have identified a number of chemokine/
cytokine products in the vaginal mucosa following genital
HSV-2 infection [30, 31]. The chemokine expression in the
vagina influences the mobilization and activation of innate
immune cells including polymorphonuclear cells (PMNs),
macrophages, and NK cells which play vital role to limit
initial viral replication and facilitate adaptive immune re-
sponse [7, 10]. In addition to chemokines, the importance of
the innate immune response including NK cells, NKT cells,
and the production of type I IFN (o/f interferon), IL-12, IL-
15 and IL-18 in suppressing HSV-2 replication and virus-
mediated mortality have been demonstrated using neutraliz-
ing antibodies or gene disrupted mice [32-34]. NK cells
monitor HSV-2 infection operating through cytolytic proc-
esses and possibly through the production of IFN-y [31].
DCs are crucial for the development of an adaptive immune
response to virus infection [7, 10]. DCs encounter viral anti-
gens at the site of infection, migrate to the draining lymph
nodes and mature with upregulation of co stimulatory mole-
cules and secretion of cytokines [7]. DCs present viral pep-
tides to T lymphocytes in the context of MHC molecules and
stimulate the generation of virus-specific effector T lympho-
cytes in the lymphoid organs [7, 10] that are critical in sup-
pressing viral replication [35-38]. The role of CD8" T cells
includes the production of anti-viral cytokines including
IFN-y and TNF-a as well as cytolytic activity mediated by
perforin/granzyme and Fas/FasL pathways to limit virus rep-
lication and spread [8, 35, 37-39].

Recent data suggests HSV-2 trafficking to the CNS is
greatly influenced by the innate immune response generated
at the primary site of infection [30]. Specifically, the inabil-
ity of CXCL10 deficient mice (CXCL107") to mobilize NK
cells to vaginal tissue to the same extent as wild type (WT,
C57BL/6) animals is associated with early CNS virus entry.
The outcome includes increased mortality, higher viral loads,
and severe inflammation in the CNS during acute infection
[30]. A schematic representation of genital HSV-2 infection
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in a mouse model and the ensuing immune response is sum-
marized in Fig. (1).

CHEMOKINES IN THE CNS DURING HSV-2 INFEC-
TION

Chemokines are small (8-17-kd molecular mass) secreted
peptides constitutively produced or induced after viral infec-
tion [40, 41]. Currently, approximately 50 chemokines and
20 chemokine receptors have been reported [41]. Based on
the first two paired and conserved cysteine molecules at the
amino-terminal end, chemokines have been classified into
four groups: CXC type chemokines, CC type chemokines,
CX;3C chemokines (one member) and C chemokines (two
members) [40]. Similarly, chemokine receptors are G-protein
coupled, seven-transmembrane receptors classified according
to the chemokine(s) they bind [41]. Many chemokines are
redundant in function and/or promiscuous in binding multi-
ple receptors, but selectivity in tissue expression and target-
ing specific effector cells for recruitment may ultimately
influence the inflammatory response of the host and overall
outcome of the infection. Upon receptor binding, the G-
protein complex dissociates into two subunits Ga and Gy
[42]. The former subunit induces the activation of phos-
phatidylinositol 3-kinase (PI3-kinase) while another subunit
induces phospholipase C, protein kinase C, and Ca®" influx
[42]. In addition, mitogen activated protein (MAP) kinase
and Janus kinase/signal transducers and activators of tran-
scription (JAK/STAT) signaling are also involved in
chemokine-receptor signaling [43].

Apart from their participation in mediating chemotaxis, T
cell differentiation, cell cycle, and angiogenesis [42],
chemokines are also involved in several inflammatory events
including viral infection and autoimmune disease [44]. Their
critical role in genital HSV-2 infection can well be antici-
pated, and studies have provided evidence of chemokine and
pro-inflammatory cytokine production in the CNS following
infection with HSV-2 [30, 31, 45-47]. However, most of the
studies have focused on the mobilization of T and B cells
into the vagina or mobilization of cells between vaginal epi-
thelium and the draining lymph nodes during infection. The
expression of chemokines in the nervous system and the
temporal or spatial relationship they have with lymphocyte
mobilization have not been elucidated.

CXCL1

Keratinocyte-derived chemokine (KC, CXCLI1) is an
ELR (Glu-Leu-Arg) containing CXC type chemokine and a
functional homologue of IL-8 [48, 49]. The epithelial cells of
female genital mucosa are capable of producing CXCL1 in
culture in response to HSV-2 infection [50]. CXCL1 expres-
sion is up-regulated in the vagina and CNS of mice during
acute HSV-2 infection [30]. The chemokine specifically tar-
gets neutrophils through the receptor CXCR2 promoting
chemotaxis and activation of neutrophils [51, 52]. Neutro-
phils are the early and pre-dominant innate immune cells that
infiltrate the genital tract and contribute toward the resolu-
tion of HSV-2 [7, 10, 53, 54]. Currently, the induction of
CXCL1 in HSV-2-infected tissue is unknown but the pres-
ence of NF-kB binding site within the CXCL1 promoter
suggests the potential involvement of PRR and/or pro-
inflammatory molecules in CXCL1 induction [55-59]. An
earlier study found neither I1L-6, IFN-y, nor MAP kinase
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Fig. (1). A schematic representation of acute genital HSV-2 infection and the ensuing immune response in a mouse. Following inoculation,
virus infects the mucosa of the vagina and local replication occurs in the epithelial cells. Recognition of virus by epithelial cells, DCs and NK
cells in the vagina induces secretion of soluble factors including type 1 interferon which in turn induces the secretion of chemoki-
nes/cytokines including CXCL9 and CXCL10. Chemokines recruit PMNs, macrophages, and NK cells to the vagina. T cells are mobilized
later to the site upon induction of the adaptive immune response in the organized lymphoid organs. After successful replication in the vagina,
virus enters sensory nerve endings in the basal aspect of the epithelium and traffics to sacral ganglia in the CNS. Virus undergoes a second
Iytic replication in the sensory ganglion and further travels to the brain. The lytic replication in the CNS induces inflammatory responses
with local production of chemokine/cytokine products including CXCL9, CXCL10, & TNF-co.. The chemokine/cytokine storm mediates the
infiltration of PMNs, macrophages, NK cells and effector T cells to the CNS.

pathways up-regulate CXCL1 production by astrocytes in
culture in response to Theiler’s murine encephalomyelitis
virus (TMEV) infection [49]. However, IL-1o and TNF-o
have been found to up-regulate CXCL1 production by astro-
cytes [49]. TNF-o alone may not be responsible for CXCL1
induction within the CNS since anti-TNF-o antibody admin-
istered in HSV-2 infected mice does not significantly reduce
expression of CXCL1 within the spinal cord or brain stem
[Thapa and Carr, manuscript submitted]. Collectively,
CXCL1 expressed locally within the genitalia is likely in-
volved in the initial immune response through the recruit-
ment of PMNs, a potent, innate immune component to HSV-
2 infection.

CXCL9

Monokine induced by interferon-y (MIG, CXCL9) is a
non-ELR containing CXC-type chemokine that specifically
binds the CXCR3 receptor expressed on activated T cells,
NK cells, monocytes, DCs, and B cells [60-64]. The strong
induction of CXCL9 in the CNS in response to viral patho-
gens including HSV-2, lymphocytic choriomeningitis virus,

murine hepatitis virus and vaccinia virus [30, 65-67] sup-
ports a central role for this chemokine participation in the
CNS immune response.

CXCLY deficient (CXCL9"") mice are sensitive to HSV-2
infection compared to WT animals, but less so than
CXCL10™ mice based on viral titer, inflammation, and mor-
tality. Compared to CXCL10 expression, CXCL9 expression
is delayed in the vagina but rapidly elevated in the draining
lymph nodes (Inguinal/Iliac lymph nodes, I/ILN) following
infection [30]. By comparison, CXCL10 levels gradually
increase post infection but do not reach the same level
achieved by CXCL9 in the draining lymph nodes [30].
Taken together, it would appear the early chemokine re-
sponse is segregated based on tissue expression negating
redundancy. In addition, CXCL9”" mice compensate for the
loss of CXCL9 with CXCL10 levels similar to WT mice.
Even though CXCL9” mice express appreciable levels of
CXCL10, the loss of CXCL9 in the spinal cord results in a
reduction in NK cell and virus-specific CD8" T cell mobili-
zation and cytolytic activity along with an elevation in viral
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titer and expression of select chemokines including CXCLI1,
CCL2, CCL3 and CCLS5 [30]. The expression of these
chemokines in the CNS is consistent with other virus infec-
tions including vesicular stomatitis virus, lymphocytic
choriomeningitis, and mouse hepatitis virus [68-70]. Collec-
tively, the outcome of a deficiency in CXCL9 expression is
to some degree compensated by the expression of CXCL10
which preserves the recruitment capabilities for NK cells.
However, CD8" effector T cells mobilization to the CNS is
attenuated and associated with an elevation of virus replica-
tion and spread. In addition to effector cell trafficking to the
CNS, other factors are likely involved in viral surveillance
(e.g., type I interferons) within the spinal cord and brain re-
quiring further analysis.

CXCL10

Interferon inducible protein-10 (IP-10, CXCL10) is an-
other non-ELR containing CXC type chemokine that specifi-
cally binds the CXCR3 receptor expressed on activated T
cells and facilitates the recruitment of virus-specific T cells
into the CNS promoting a Thl response [60, 62, 71, 72].
Similar to CXCL9, the strong induction of CXCL10 in the
CNS in response to many viral pathogens including HSV-2,
murine hepatitis virus, murine CMV, dengue virus, and HIV
as well as Toxoplasma gondii [30, 73-77] underscores the
importance of this chemokine in the local immune response.

In a recent report, it was found even though both CXCL9
and CXCL10 operate through the same receptor, CXCR3,
CXCL10 deficient (CXCL10” ) mice are more susceptible to
infection compared to CXCL9”" or WT mice based on viral
titer, mortality and clinical presentation following HSV-2
infection (Fig. 2a-c) [30]. The increase in susceptibility may,
in part, be due to a failure to fully compensate for the loss of
CXCL10 with CXCL9 levels. This relationship correlates
with a reduction in NK cell mobilization to the vagina and
early detection of HSV-2 in the spinal cord of CXCL10™"
mice [30].

The uncontrolled expression of chemokines and other
soluble inflammatory factors promotes excessive infiltration
of inflammatory leukocytes into the CNS adversely affecting
the host ultimately resulting in exaggerated immunopathol-
ogy [30, 63]. A case in point, TNF-a is the sole cytokine
found to be elevated in the nervous system of HSV-2-

(a)

(b)
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infected CXCL10™ mice [30]. As TNF-o. is neurotoxic [78],
it is predicted the increase in CNS TNF-a levels in these
mice may be the prlmary contributing factor in the hlgher
mortality rate in comparison to WT or CXCL9” mice. In
fact, a recent study found neutralization of TNF-o in HSV-2-
infected CXCL10”" mice offset the elevated mortality rate of
these mice despite increased CNS viral titers [Thapa and
Carr, manuscript submitted].

CCL2

Monocyte chemoattractant protein-1 (MCP-1, CCL2) is a
C-C type chemokine often found associated with inflamma-
tory CNS disorders, lung infections, and viral infections in-
cluding HSV-2 [30, 79-81]. Using in situ hybridization tech-
niques, CCL2 was found to be induced rapidly in the in-
fected brain of mice in a restricted fashion both by endothe-
lial and parenchymal microglial cells as well as by infiltrat-
ing cells [47]. CCL2 can attract macrophages, monocytes
and T cells that express the CCR2 receptor [82]. The asso-
ciation of CCL2 and CCR2 in neuropathogenesis has also
been demonstrated in other disease models including ex-
perimental autoimmune encephalomyelitis (EAE) [83]. In
addition, resistance of CCR2 deficient mice to EAE [83]
correlates with impairment of macrophage recruitment to the
CNS and provides support for this chemokine/receptor sys-
tem as a critical component in the development of CNS in-
flammatory processes. Previous studies have found CCL2
expression is regulated by NF-kB as NF-kB binding sites are
located 2700 bp upstream of the transcriptional start site for
CCL2 [84, 85]. In addition, TNF-o induces CCL2 transcrip-
tion in vitro as well as in vivo [86-88]. A recent study found
neutralization of TNF-o reduces the expressmn of CCL2 in
the CNS of HSV-2-infected CXCL10™ mice following geni-
tal infection with HSV-2 [Thapa and Carr, manuscript sub-
mitted]. This observation suggests the expression of CCL2 in
CNS of HSV-2-infected mice may be TNF-a regulated most
probably through an NF-kB-dependent pathway.

CCL3

Macrophage inflammatory protein-1o (MIP-1a, CCL3) is
another C-C type chemokine mainly produced by macro-
phages, DCs, neutrophils, astrocytes, and fibroblasts [43, 89,
90]. The chemokine signals primarily through CCRI1 and
CCRS5 expressed by monocytes, T cells, NK cells, neutro-
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Fig. (2). Overt genital lesions in HSV-2-infected CXCL10”" mice. WT (C57BL/6), CXCL9" and CXCL10™ mice were infected with HSV-2
(2,000 PFU/vagina) and assessed for outward signs of inflammation on day 7 post infection. Arrow indicates peri-genital lesions.
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phils and DCs [91, 92]. During HSV-2 infection, CCL3 is
elevated in the infected tissue of mice [30]. The induction of
CCL3 has been ascribed to regulation by NF-kB dependent
pathways rather than interferon regulatory factors since there
is no ISRE element in the CCL3 promoter [41, 93, 94]. In
addition to NF-kB, the presence of a CD28RE element in
close proximity to an AP-1 site suggests additional regula-
tory factors may be activated following virus infection [41].
There is evidence CCL3 drives Thl development through
IFN-y production [95]. To this end, the application of CCL3
cDNA in a DNA vaccine induces antigen-specific Thl type
cell-mediated responses through production of IFN-y and IL-
2 which protects vaccinated animals against HSV-2 infection
[95]. In addition, CCL3 has been shown to possess anti-HIV-
1 activity by binding to co-receptors of the virus [44]. How-
ever, CCL3 has also been linked to immunopathology asso-
ciated with viral and bacterial infections as well as EAE due
to its major role in the recruitment of mononuclear cells [96,
97]. These data suggest a dichotomy in CCL3 function de-
pending on the model under study. As TNF-a has been de-
scribed as one of the inducing factors for CCL3 [58], the
elevated CCL3 levels in CNS of chemokine/receptor defi-
cient mice (CXCL9™", CXCL10”", CCR5”") mice following
genital HSV-2 infection might be TNF-o-mediated [30, 31].

CCLS

Regulated upon activation, normal T cell expressed and
secreted (RANTES, CCLS) signals through four different
receptors CCR1, CCR3, CCR4 and CCR5 which are ex-
pressed by T cells, NK cells, monocytes, basophils and
memory T cells [98-100]. Previous studies suggest NF-kB,
MAP kinase and IRF3 are involved in regulating CCLS5 ex-
pression during viral infection [101-104]. Relative to HSV-2,
expression of CCL5 by macrophage is regulated by both NF-
kB and IRF3 [104]. An NF-kB binding site resides in the
CCLS5 promoter at -30 position relative to the transcriptional
start site [105]. It has also been reported that TNF-a en-
hances CCLS5 expression through an NF-kB- dependent
pathway [106]. In comparing mice vaccinated with con-
structs containing CCL2, CCL3 or CCL5 along with HSV-2
gD DNA, one study reported the CCL5 transgene possessed
greater efficacy compared to CCL2 or CCL3 in response to
HSV-2 infection as measured by reduced morbidity and mor-
tality [100]. CCL5 supported the recruitment of memory
CD4" T cells as well as Thl differentiation [100]. Following
genital HSV-2 infection, CCL5 expression significantly in-
creases in vaginal tissue as well as the spinal cord and brain
stem [30]. The absence of CCL5 has not been addressed in
the genital HSV-2 mouse model. However, the application of
anti-CCL5 antibody to mouse hepatitis virus-infected mice
suggests CCL5 expression promotes inflammation and has
an overall detrimental impact on CNS infection [107].

CXCR3

CXCR3 is a G-protein coupled receptor specific for
CXC-type chemokines CXCL9, CXCL10 and CXCLI11 [62,
108, 109]. CXCR3 is preferentially expressed on activated T
cells, NK cells and macrophages [109, 110]. Previous find-
ings suggest the expression of both CXCR3 ligands CXCL9
and CXCL10 are required to mobilize virus-specific CD8" T
cells to the CNS as well as generate an effective immune
response to genital HSV-2 infection [30]. Moreover, studies
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have implicated the importance of CXCR3 expression on
plasmacytoid dendritic cell (pDC) migration and CTL func-
tion within the lymph node [111]. These observations sug-
gest CXCR3 signaling may be critical for the generation of
CTL effector function in lymph nodes and as a consequence,
play an important role in controlling HSV-2 infection.

The importance of CXCR3 signaling in the recruitment
of T cells has been demonstrated in neuro-inflammatory dis-
eases such as multiple sclerosis, EAE, and viral infections of
the CNS [110, 112, 113]. We are currently investigating the
role of CXCR3 in the host response to genital HSV-2 infec-
tion. Preliminary studies with CXCR3 deficient (CXCR3™)
mice suggest they are highly sensitive to HSV-2 infection
compared to WT controls as determined by HSV-2 titers and
mortality [Thapa and Carr, unpublished result]. In contrast to
reduced mobilization of effector cells which are observed in
the absence of CXCL9 and CXCL10 expression, HSV-2-
infected CXCR3”" mice mobilize HSV-specific CD8" T cells
to infected tissue normally but are found to have a defect at
the level of CTL effector function. It is anticipated, CXCR3
expression is required for appropriate activation (education)
of effector cells rather than recruitment/mobilization in the
genital HSV-2 mouse model.

CCRS

CCRS is a chemokine receptor mainly expressed on T
cells, NK cells, macrophages and DCs and interacts with its
ligands CCL3, CCL4 and CCLS5 [114-116]. Previously, it
was reported the absence of CCRS had no significant impact
on T cell mobilization [31]. However, NK cell infiltration
was diminished and a reduction in NK cell levels was asso-
ciated with a rise in tissue-associated HSV-2 titers [31].
Similarly, the role of CCRS5 has been implicated in resistance
to intraperitoneal infection with HSV-2 impacting on NK
cell recruitment and activity at the site of infection [114].
Likewise, the significance of CCR5 mobilization of NK cells
in response to an unrelated pathogen, Toxoplasma gondii has
also been described [116]. Our results are in agreement with
observations reporting no difference in T cell trafficking to
the CNS following an intracranial infection with lympho-
cytic choriomeningitis virus [117] or the role of CCRS on
NK cell recruitment to the CNS following Toxoplasma
gondii infection [116]. Taken together, CCRS appears to be a
necessary receptor within the nervous system to control geni-
tal HSV-2 infection in mice primarily through NK cell traf-
ficking.

EFFECTOR CELLS FROM LYMPH NODE VS
SPLEEN: WHICH IS MORE PROTECTIVE?

Lymph nodes and spleen are organized secondary lym-
phoid organs critical to the development of the adaptive im-
mune response [118]. Both lymph nodes and spleen trap an-
tigen and antigen presenting cells from sites of infection and
provide a advantageous microenvironment to present anti-
gens to circulating lymphocytes [118]. Lymphocytes are
known to migrate to draining lymph nodes through lym-
phatic vessels [119], and chemokines are found to attract
lymphocytes from the blood as they enter lymph nodes
through high endothelial venules [120]. However, the spleen
has no direct association with the lymphatic system and col-
lects antigens from blood [118]. An earlier study indicated
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Table1. Chemokines and Chemokine Receptors Critical to Genital HSV-2 Infection

Chemokines/ Receptors Target Cells Site of Expression Techniques Ref.
CXCL1 Neutrophils VG, BS, SC suspension array, ELISA [30,31]

CXCL9 NK/activated T cells VG, BS, SC suspension array, ELISA [30]

CXCL10 NK/activated T cells VG, BS, SC suspension array, ELISA [30]

VG, BS, SC suspension array, ELISA [30]

CCL2 Macrophage/ monocytes Brain sections In situ hybridization [47]

Brain RT-PCR [47]

. VG, BS, SC suspension array, ELISA [30]

cCL3 Macrophage/neutrophils Spleen, Liver, Brain RT-PCR [114]

VG, BS, SC suspension array, ELISA [30]

CCLS NK, T cells Liver, spleen, peritonium RT-PCR [114]

Macrophage, fibroblast ELISA, RT-PCR [104]

CXCR3 T cells (Th1) I/ILN, VG, BS, SC Flow cytometry *
VG, BS, SC Flow cytometry [31]
CCRS NK cells Spleen, Liver, brain RT-PCR [114]

HSV-2, Herpes simplex virus Type 2; VG, vaginal tissue; BS, brain stem; SC, spinal cord; I/ILN, Inguinal/lliac lymph node; RT-PCR, reverse transcriptase polymerase chain reac-

tion; *, unpublished data.
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Fig. (3). Effector cells from lymph nodes suppress HSV-2 spread in
vivo. WT (C57BL/6) mice (n = 3) were infected with HSV-2 (2,000
PFU/vagina) and exsanguinated on day 7 p.i., and lymph nodes &
spleen were removed and processed. One million cells (1x1076)
from lymph nodes and spleen were introduced intravenously to
naive WT mice (n=6/group) that were then infected with HSV-2
(2000 PFU/vagina). Recipients of spleen cells from naive mice
served as controls. Mice were exsanguinated on day 7 p.i. and vagi-
nal tissue, spinal cord, and brain stem were removed, processed and
assayed for HSV-2 content by standard plaque assay. The viral titer
is expressed as mean log PFU+/- SEM. *, p < 0.05 comparing three
different HSV-2-infected groups as determined by ANOVA &
Tukey’s post hoc 7-test.

CD11b" sub-mucosal dendritic cells present viral antigens to
T cells in the draining lymph nodes as early as 48 h follow-
ing infection with HSV-2 [121]. Antigen-specific T cells
were found to produce IFN-y in an HSV-2-specific manner
which was detectable in the draining lymph nodes prior to T
cells from the spleen. We interpret the results to suggest the
initial adaptive immune response takes place in the draining

lymph nodes. Furthermore, it led us to speculate the magni-
tude of protection may differ comparing lymph node versus
spleen cells after HSV-2 insult. To address this hypothesis,
HSV-2-activated lymph node cells (I/ILN) or spleen cells
were administered to naive mice intravenously and mice
were then challenged with HSV-2. The recipients of the
I/ILN cells were found to harbor significantly less infectious
virus in the brain stem by day 7 p.i. compared to naive con-
trols (Fig. 3). Likewise, viral titers were also reduced in the
spinal cord of I/ILN treated mice but it did not reach signifi-
cance (p=0.05). By comparison, the virus titer recovered
from recipients of activated spleen cells were found to be
modestly but insignificantly lower than naive control (Fig.
3). Taken together, effector cells from lymph node seem to
be more protective compared to spleen cells following HSV-
2 infection. While the results are not conclusive, they do
suggest effector cells from the draining lymph nodes can
antagonize HSV-2 replication and spread into the CNS fol-
lowing vaginal challenge.

PERSPECTIVE

Chemokines are a group of soluble peptides critical in the
orchestration of the immune response to genital HSV-2 in-
fection. Our studies implicate CXCR3 ligands, CXCL9 and
CXCL10, as the first line of defense evident by their rapid
and tissue-specific expression early following HSV-2 infec-
tion. CXCL9 and CXCL10 have specific roles in recruiting
NK cells and virus-specific T cells into the primary site of
infection and CNS as well as facilitate the generation of ef-
fector T cells in the organized lymphoid tissue. The rele-
vance of these ligands has also been demonstrated in
CXCR3 deficient mice. However, preliminary data suggest
CXCR3 expression is required for appropriate activa-
tion/education of effector cells rather than recruitment [un-
published data]. Though there is redundancy within the sys-
tem, individual expression of chemokine or chemokine re-
ceptors seems to be required to maximize the host immune
response especially as it relates to effector cell mobilization
or function. By resolving the temporal and tissue-specific
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expression of chemokines as well as the downstream effector
pathways impacted by their expression, a greater understand-
ing in the efficacious and detrimental role of chemokines in
the host response to specific disease states will be appreci-
ated. It is anticipated out of this analysis appropriate thera-
peutic strategies will be developed and applied to fundamen-
tal problems inherent within genital herpes infection. The
contrast between atypical presentation of genital herpes in-
fection relative to shedding incidence of virus and the local
immune response including the production of chemokines
within vaginal tissue is beneficial for the genesis of such
therapeutic strategies against human HSV-2 infection.

ACKNOWLEDGEMENTS

The authors acknowledge Dr. Josh Farber, Dr. Andrew
Luster and Dr. William A. Kuziel for the CXCL9” ,
CXCL10” and CCR5” mice respectively. All procedures
were approved by the University of Oklahoma Health Sci-
ences Center and Dean A. McGee Eye Institute animal care
and use committee. This work was supported by NIH grant
AI067309.

REFERENCES

[1] Taylor TJ, Brockman MA, McNamee EE, Knipe DM. Herpes
simplex virus. Front Biosci 2002; 752-764.

[2] Carr DJJ, Tomanek L. Herpes simplex virus and the chemokines
that mediate the inflammation. CTMI 2006; 303: 47-65.

[3] Mossman KL, Macgregor F, Rozmus J, Goryachev B, Edwards M,
Smiley R. Herpes virus triggers and then disarms a host antiviral
response. J Virol 2001; 75: 750-758.

[4] Koelle DM, Corey L. Recent progress in herpes simplex virus
immunobiology and vaccine research. Clin Microbiol Rev 2003;
16:96-113.

[5] King NJC, Parr EL, Parr MB. Migration of lymphoid cells from
vaginal epithelium to iliac lymph nodes in relation to vaginal infec-
tion by herpes simplex virus type 2. J Immunol 1998; 160: 1173-
1180.

[6] Ohara PT, Chin SM, Lavail HJ. The spread of herpes simplex virus
type 1 from trigeminal neurons to the murine cornea: an immu-
noelectron microscopy study. J Virol 2000; 74: 4776-4786.

[7] Duerst RJ, Morrison LA. Innate immunity to herpes simplex virus
type 2. Viral Immunol 2003; 16: 475-490.

[8] Harandi AM, Svennerholm B, Holmgren J, Eriksson K. Differential
roles of B cells and IFN-y-secreting CD4" T cells in innate and
adaptive immune control of genital herpes simplex virus type 2 in-
fection in mice. J Gen Virol 2001; 82: 845-853.

[9] Inagaki K, Daikoku T, Goshima F, Nashiyama Y. Impaired induc-
tion of protective immunity by highly virulent herpes simplex type
2 in a murine model of genital herpes. Arch Virol 2000; 145: 1989-
2002.

[10] MasCasullo V, Fam E, Keller MJ, Herold BC. Role of mucosal
immunity preventing genital herpes infection. Viral Immunol 2005;
18: 595-606.

[11] Singh R, Kumar A, Creery WD, Ruben M, Giulivi A, Diaz-Mitoma
F. Dysregulated expression of IFN-y and IL-10 and impaired IFN-
y-mediated responses at different disease stages in patients with
genital herpes simplex virus-2 infection. Clin Exp Immunol 2003;
133:97-107.

[12] Whitley RJ, Miller RL. Immunologic approach to Herpes Simplex
Virus. Viral Immunol 2001; 14(2): 111-118.

[13] WHO [http: //www.who.int/en/]. Initiative for vaccine research.
Sexually Transmitted Disease. Herpes simplex type 2 [cited 2008
March 15]. Available from www.who.int/vaccine_research/dis-
eases/soa_std/en/index3.html

[14] Parr MB, Parr LE. Mucosal immunity to herpes simplex virus type
2 infection in the mouse vagina is impaired by in vivo depletion of
T lymphocytes. J Virol 1998; 72: 2677-2685.

[15] Kesson AM. Management of neonatal herpes simplex virus infec-
tion. Paediatr Drugs 2001; 3(2): 81-90.

[16] Kimberlin D. Herpes simplex virus, meningitis and encephalitis in
neonates. Herpes 2004; 11(2): 65A-76A.

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

The Open Immunology Journal, 2008, Volume 1 39

Celum CL. The interaction between herpes simplex virus and
human immunodeficiency virus. Herpes 2004; 11 (1): 36 A-45A.
Strick LB, Wald A, Celum C. Management of Herpes Simplex
Virus Type 2 infection HIV Type 1- infected persons. Clin Infect
Dis 2006; 43: 347-356.

Nagot N, Ouedraogo A, Defer MC, Vallo R, Mayaud P, Perre VP.
Association between bacterial vaginosis and herpes simplex virus
type 2 infection: implications for HIV acquisition studies. Sex
Transm Infect 2007; 83 (5): 365-368.

McDermott MR, Goldsmith CH, Rosenthal KL, Brais LJ. T lym-
phocytes in genital lymph nodes protect mice from intravaginal in-
fection with herpes simplex virus type 2. J Inf Dis 1989; 159: 460-
466.

Parr MB, Kepple L, McDermott MR, Drew MD, Bozzola JJ, Parr
EL. A mouse model for studies of mucosal immunity to vaginal in-
fection by herpes simplex virus type 2. Lab Invest 1994; 70: 369-
380.

Uematsu S, Akira S. Toll-like receptors and Type 1 interferons. J
Biol Chem 2007; 282: 15319-15323.

Gill N, Deacon PM, Lichty B, Mossman KL, Ashkar AA. Induc-
tion of innate immunity against herpes simplex virus type 2 infec-
tion via local delivery of toll-like receptor ligands correlates with
beta interferon production. J Virol 2006; 80 (20): 9943-9950.
Ashkar AA, Bauer S, Mitchell WJ, Vieira J, Rosenthal KL. Local
delivery of CpG oligodeoxynucleotides induces rapid changes in
the genital mucosa and inhibits replication, but not entry, of herpes
simplex virus type 2. J Virol 2003; 77: 8948-8956.

Ashkar AA, Yao XD, Gill N, Sajic D, Patrick AJ, Rosenthal KL.
Toll-like receptor (TLR)-3 but not TLR4, agonist protects against
genital herpes infection in the absence of inflammation seen with
CpG DNA. J Infect Dis 2004; 190: 1841-1849.

Sajic D, Ashkar AA, Patrick AJ, et al. Parameters of CpG oli-
gooxynucleotide-induced protection against intravaginal HSV-2
challenge. J Med Virol 2003; 71: 561-568.

Lund J, Sato A, Akira S, Medzhitov R, Iwasaki A. Toll-like recep-
tor 9-mediated recognition of herpes simplex virus-2 by plasmacy-
toid dendritic cells. J Exp Med 2003; 198: 513-520.

Wuest T, Austin BA, Uematsu S, Thapa M, Akira S, Carr DJJ.
Intact TLRY and type I interferon signaling pathways are required
to augment HSV-1 induced cormeal CXCL9 and CXCL10. J Neuro-
immunol 2006; 179: 46-52.

McCluskie MJ, Cartier JL, Patrick AJ, et al. Treatment of intrav-
aginal HSV-2 infection in mice: a comparison of CpG oli-
godoxynucleotide and resiquimod (R-848). Antiviral Res 2006; 69:
77-85.

Thapa M, Welner RS, Pelayo R, Carr DJJ. CXCL9 and CXCL10
expression are critical for control of genital herpes simplex virus
type 2 infection through mobilization of HSV-specific CTL and
NK cells to the Nervous system.. J Immunol 2008; 1098-1106.
Thapa M, Kuziel WA, Carr DJJ. Susceptibility of CCRS deficient
mice is linked to NK cell mobilization. J Virol 2007; 81: 3704-
3713.

Harandi AM, Svennerholm B, Holmgreen J, Eriksson K. Inter-
luekin-12 (IL-12) and IL-18 are important in innate defense against
genital herpes simplex virus type 2 infection in mice but are not re-
quired for the development of acquired Gamma-interferon-
mediated protective immunity. J Virol 2001, 75 (14): 6705-6709.
Svensson A, Bellner L, Magnusson M, Eriksson K. Role of IFN-
alpha/beta signaling in the prevention of genital herpes virus type 2
infection. J Reprod Immunol 2007; 74: 114-123.

Ashkar AA, Rosenthal KL. Interleukin-15 and natural killer and
NK T cells play a critical role in innate protection against genital
herpes simplex virus type 2 infection. J Virol 2003; 77: 10168-
10171.

Milligan GN, Bernstein DI, Bourne N. T lymphocytes are required
for protection of vaginal mucosae and sensory ganaglia of immune
mice against reinfection with herpes simplex virus type 2. J Immu-
nol 1998; 160 (12): 6093-100.

Koelle DM, Posavad CM, Barnum GR, Johnson ML, Frank JM,
Corey L. Clearance of HSV-2 from recurrent genital lesions corre-
lates with infiltration of HSV-specific cytotoxic T lymphocytes. J
Clin Investig 1998; 101: 1500-1508.

Milligan GN, Dudley-McClain KL, Young CG, Chu CF. T-cell-
mediated mechanisms involved in resolution of genital herpes sim-
plex virus type 2 (HSV-2) infection of mice. J Reprod Immunol
2004; 61 (2): 115-127.



40 The Open Immunology Journal, 2008, Volume 1

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Dobbs ME, Strasser JE, Chu C, Chalk C, Milligan GN. Clearance
of herpes simplex type 2 by CD8+ T cells requires gamma interfe-
ron and either perforin-or Fas-mediated cytolytic mechanisms. J
Virol 2005; 79 (23): 14546-14554.

Parr MB, Parr EL. The role of y interferon in immune resistance to
vaginal infection by herpes simplex virus type 2 in mice. Virology
1999; 258: 282-294.

Murdoch C, Finn A. Chemokine receptors and their role in inflam-
mation and infectious diseases. Blood 2000; 95 (10): 3032-3043.
Melchjorsen J, Sorensen LN, Paludan SR. Expression and function
of chemokines during viral infections: from molecular mechanisms
to in vivo function. J Leukoc Biol 2003; 74: 331-343.

Banisor I, Leist TP, Kalman B. Involvement of B-chemokines in
the development of inflammatory demyelination. J Neuroinflamm
2005;2: 7.

Mauer M, von Stebut E. Macrophage inflammatory protein-1. Int J
Biochem Cell Biol 2004; 36: 1882-1886.

Ansari AW, Heiken H, Moenkemeyera M, Schmidt RE. Dichoto-
mous effects of C-C chemokines in HIV-1 pathogenesis. Immunol
Lett 2007; 110: 1-5.

Lewandowski G, Hobbs MV, Bloom FE. Alteration of intracerebral
cytokine production in mice infected with herpes simplex virus
types 1 and 2. J Neuroimmunol 1994; 55: 23-34.

Lewandowski G, Hobbs MV. Evidence for deficiencies in intrac-
erebral cytokine production, adhesion molecule induction, and T
cell recruitment in herpes simplex virus type 2 —infected mice. J
Neuroimmunol 1998; 81 (1-2): 58-65.

Boivin G, Coulombe Z, Rivest S. Intranasal herpes simplex virus
type 2 inoculation causes a profound thymidine kinase dependent
cerebral inflammatory response in the mouse hindbrain. Eur J Neu-
roimmunol 2002; 16 (1): 29-43.

Schall TJ. The cytokine handbook, 2nd ed., New York: In: Thom-
sen A. (ed.), Academic press; 1994.

Rubio N, Sanz-Rodriguez F. Induction of the CXCL1 (KC)
chemokine in mouse astrocytes by infection with the murine en-
cephalomyelitis virus of Theiler. Virology 2007; 358: 98-108.
Fernandez S, Gillgrass A, Kaushik C. Differential responses of
murine vaginal and uterine epithelial cells prior to and following
herpes simplex virus type 2 (HSV-2) infection. Am J Reprod Im-
munol 2007; 57 (5): 367-377.

Rollins BJ. Chemokines. Blood 1997; 90: 909-928.

Chensue SW. Molecular machinations: chemokine signals in host-
pathogen interactions. Clin Microbiol Rev 2001; 14: 821-835.
Milligan GN. Neutrophils aid in protection of the vaginal mucosae
of immune mice against challenge with herpes simplex virus type
2.J Virol 1999; 73: 6380-6386.

Milligan GN, Bourne N, Dudley KL. Role of polymorphonuclear
leukocytes in resolution of HSV-2 infection of the mouse vagina. J
Reprod Immunol 2001; 49: 49-65.

Feng G, Ohmori Y, Chang PL. Production of chemokine
CXCLI/KC by okadaic acid through the nuclear factor-kappa B
pathway. Carcinogenesis 2006; 27: 43-52.

Zhai Q, Luo Y, Zhang Y, ef al. Low nuclear levels of nuclear fac-
tor-kappa B are essential for KC self-induction in astrocytes: re-
quirements for shuttling and phosphorylation. Glia 2004; 48: 327-
336.

Mizgerd JP, Lupa MM, Spieker MS. NF-kappaB p50 facilitates
neutrophil accumulation during LPS-induced pulmonary inflamma-
tion. BMC Immunol 2004; 5: 10.

Ciesielski CJ, Andreakos E, Foxwell BMJ, Feldman M. TNF-2-
induced macrophage chemokine secretion is more dependent on
NF-kB expression than lipopolysaccharides-induced macrophage
chemokine secretion. Eur J Neuroimmunol 2002; 32: 2037-2045.
Wood LD, Richmond A. Constitutive and cytokine-induced ex-
pression of the melanoma growth stimulatory activity/GRO alpha
gene requires both NF-kappaB and novel constitutive factors. J
Biol Chem 1995;270: 30619-30626.

Farber JM. Mig and IP-10: CXC chemokines that target lympho-
cytes. J Leukoc Biol 1997; 61: 246-257.

Ghersa P, Gelati M, Colinge J, Feger G, Power C. MIG-differential
gene expression in mouse brain endothelial cells. Neuroreport
2002; 13: 9-14.

Liu L, Callahan MK, Huang D, Ransohoff RM: chemokine recep-
tor CXCR3: an unexpected enigma. Curr Top Dev Biol 2005; 68:
149-181.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

(82]

(83]

Thapa and Carr

Whiting D, Hsieh G, Yun JJ, et al. Chemokine monokine induced
by IFN-y/CXC chemokine ligand 9 stimulates T lymphocyte prolif-
eration and effector cytokine production. J Immunol 2004; 172:
7417-7424.

Park MK, Amichay D, Love P, ef al. The CXC chemokine murine
monokine induced by IFN-y (CXC chemokine ligand 9) is made by
APCS, targets lymphocytes including activated B cells, and sup-
ports antibody responses to a bacterial pathogen in vivo. ] Immunol
2002; 169: 1433-1443.

Mahalingam S, Farber JM, Karupiah G. The interferon-inducible
chemokines MuMig and Crg-2 exhibit antiviral activity in vivo. J
Virol 1999; 73: 147.

Liu MT, Armstrong D, Hamilton TA, Lane TE. Expression of Mig
(monokine induced by interferon-y) is important in T lymphocyte
recruitment and host defense following viral infection of central
nervous system. J Immunol 2001; 166: 1790-1795.

Christensen JE, Nansen A, Moos T et al. Efficient T-cell surveil-
lance of the CNS requires expression of the CXC chemokine recep-
tor 3. J Neurosci 2004; 4849-4858.

Asensio VC, Campbell IL. Chemokine gene expression in brains of
mice with lymphocytic choriomeningitis. J Virol 1997; 71: 7832-
7840.

Glass WG, Chen BP, Liu MT, Lane TE. Mouse hepatitis virus
infection of the central nervous system: chemokine mediated regu-
lation of host defense and disease. Viral Immunol 2002; 15: 262-
272.

Ireland DDC, Reiss CS. Gene expression contributing to recruit-
ment of circulating cells in response to vesicular stomatitis virus in-
fection of CNS. Viral Immunol 2006; 19: 535-545.

Luster AD, Ravetch JV. Biochemical characterization of a gamma
interferon-inducible cytokine (IP-10) J Exp Med 1987; 166: 1084-
1097.

Liu MT, Chen BP, Oertel P, et al. Cutting Edge: The T cell
chemoattractant IFN-inducible protein 10 is essential in host de-
fense against viral-induced neurologic disease. J Immunol 2000;
165:2327-2730.

Khan I, MacLean JA, Lee F, et al. The IP-10 chemokine is critical
for effector T cell trafficking and host survival in Toxoplasma
gondii infection. Immunity 2000; 12: 483-494.

Cheeran MC, Gekker G, Hu S, Min X, Cox D, Lokensgard JR.
Intracerebral infection with murine cytomegalovirus induces
CXCLI10 and is restricted by adoptive transfer of splenocytes. J
Neurovirol 2004; 10: 152-162.

Hsieh M, Lai S, Chen J, et al. Both CXCR3 and CXCL10/IFN-
inducible protein 10 are required for resistance to primary infection
by dengue virus. J] Immunol 2006; 177: 1855-1863.

Christensen JE, Lemos C, Moos T, Christensen JP, Thomsen AR.
CXCLI10 is the key ligand for CXCR3 on CD8+ T cells involved in
immune surveillance of the lymphocytic choriomeningitis virus-
infected central nervous system. J Immunol 2006; 176: 4235-4243.
Sasseville VG, Smith MM, Mackay CR, et al. Chemokine expres-
sion in simian immunodeficiency virus-induced AIDS encephalitis.
Am J Pathol 1996; 149: 1459-1467.

Zou JY, Crews FT. TNF alpha potentiates glutamate neurotoxicity
by inhibiting glutamate uptake in organotypic brain slice cultures:
neuroprotection by NFkB inhibition. Brain Res 2005; 1034: 11-24.
Mahad D, Callahan MK, Williams KA, et al. Modulating CCR2
and CCL2 at the blood-brain barrier: relevance for multiple sclero-
sis pathogenesis. Brain 2006; 129: 212-223.

Maus UA, Wellman S, Hampl C, et al. CCR2-positive monocytes
recruited to lungs downregulate local CCL2 chemokine levels. Am
J Physiol Cell Mol Physiol 2005; 288: L350-L358.

Eugenin EA, Osiecki K, Lopez L, Goldstein H, Calderon TM,
Berman JW. CCL2/Monocyte chemoattractant protein-1 mediates
enhanced transmigration of human immunodeficiency virus (HIV)-
infected leukocytes across the blood-brain barrier: a potential
mechanism of HIV-CNS invasion and neuroAIDS. J Neuroscien
2006; 26 (4): 1098-1106.

Rollins BJ. Monocyte chemoattractant protein 1: a potential regula-
tor of monocyte recruitment in inflammatory disease. Mol Med
Today 1996; 2: 198-204.

Izikson L, Klein RS, Charo IF, Weiner HL, Luster AD. Resistance
to experimental autoimmune encephalomyelitis in mice lacking the
CC chemokine receptor (CCR) 2. J Exp Med 2000; 192: 1075-
1080.



Chemokines and Chemokine Receptors Critical to Host Resistance

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

Ueda A, Okuda K, Ohno S, ef al. NF-kappaB and spl regulate
transcription of the human monocyte chemoattractant protein-1
gene. J Immunol 1994; 153: 2052-2063.

Martin T, Cardarelli PM, Parry GCN, Felts KA, Cobb RR. Cyto-
kine induction of monocyte chemoattractant protein-1 gene expres-
sion in human endothelial cells depends on the cooperative action
of NF-kB and AP-1. Eur J Immunol 1997; 27: 1091-1097.

Lin S, Kok S, Shun C, ef al. Tumor necrosis factor-2 stimulates the
expression of C-C chemokine ligand 2 gene in fibroblasts from the
human nasal polyp through the pathways of mitogen-activated pro-
tein kinase. Am J Rhinol 2007; 21: 2958-2959.

Campbell SJ, Perry VH, Pitossi FJ, et al. Central nervous system
injury triggers hepatic CC and CXC chemokine expression that is
associated with leukocyte mobilization and recruitment to both the
central nervous system and the liver. Am J Pathol 2005; 166: 1487-
1497.

Chen Y, Chiang W, Lin S, Wu K, Tsai T, Hsieh B. Dual regulation
of TNF-2- induced CCL2/monocyte chemoattractant protein-1 ex-
pression in vascular smooth muscle cells by NF-kB and AP-1:
modulation by Type III phosphodiesterase inhibition. J Pharmacol
Exp Ther 2004; 103: 62620.

Davatelis G, Tekamp-Olsel P, Wolpe SD, et al. Cloning and char-
acterization of a cDNA for murine macrophage inflammatory pro-
tein (MIP), a novel monokine with inflammatory and chemokine
properties. J Exp Med 1988; 167: 1939.

Lukacs NW, Chensue SW, Smith RE et al. Production of monocyte
chemoattractant protein-1 and macrophage inflammatory protein-
la by inflammatory granuloma fibroblasts. Am J Pathol 1994; 144:
711.

Choe W, Volsky DJ, Potash MJ. Activation of NF-kB by R5 and
X4 human immunodeficiency virus type 1 induces macrophage in-
flammatory protein 1o and tumor necrosis factor o in macrophages.
J Virol 2002; 76: 5274-5277.

Ramo CDL, Canetti C, Souto JT et al. MIP-1a. [CCL3]  acting on
the CCR1 receptor mediates neutrophil migration in immune in-
flammation via sequential release of TNF-2- and LTB4. J Leukoc
Biol 2005; 167-177.

Ishida Y, Kimura A, Kondo T et al. Essential roles of the CC
chemokine ligand 3-CC chemokine receptor 5 axis in bleomycin-
induced pulmonary fibrosis through regulation of macrophage and
fibrocyte infiltration. Am J Pathol 2007; 170: 843-854.

Taub DD, Turcovski-Corrales SM, Key ML. Chemokines and T
lymphocyte activation: I. Beta chemokines costimulate human T
lymphocyte activation in vitro. J Immunol 1996; 156: 2095-2103.
Shao W, Li X, Li M, Shi L, Qin Y, Li K. Macrophage inflamma-
tory protein-la expression plasmid enhances DNA vaccine-induced
immune responses against HSV-2. Immunol Cell Biol 2005; 83:
626-631.

Sanchez-Burgos G, Hernandez-Pando R, Campbell IL, Ramos-
Castenada J, Ramos C. Cytokine production in brain of mice ex-
perimentally infected with dengue virus. Neuroreport 2004; 15: 37-
42.

Karpus WJ, Lukacs NW, McRae BL, Strieter RM, Kunkel SL,
Miller SD. An important role for the chemokine macrophage in-
flammatory protein-la in the pathogenesis of the T cell-mediated
autoimmune disease, experimental autoimmune encephalomyelitis.
J Immunol 1995; 155: 15003-5010.

Schall TJ, Bacon K, Toy KJ, Goeddel DV. Selective attraction of
monocytes and T lymphocytes of the memory phenotype by cyto-
kine RANTES. Nature 1990; 347: 669-671.

Kuna P, Alam R, Ruta U, Gorski P. RANTES induces nasal mu-
cosal inflammation rich in eosinophils, basophils, and lymphocytes
in vivo. Am J Respir Crit Care Med 1998; 157: 873-879.

Sin J, Kim JJ, Pachuk C, Satishchandran C, Weiner DB. DNA
vaccines encoding interleukin-8 and RANTES enhance antigen-
specific Thl-type CD4" T-cell-mediated protective immunity
against herpes simple virus type 2 in vivo. J Virol 2000; 74 (23):
11173-11180.

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

The Open Immunology Journal, 2008, Volume 1 41

Genin P, Algarte M, Roof P, Lin R, Hiscott J. Regulation of RAN-
TES chemokine gene expression requires cooperativity between
NF-kB and IFN-regulatory factor transcription factors. J Immunol
2000; 164: 5352-5361.

Kujime K, Hashimoto S, Gon Y, Shimizu K, Horie T. p38 mitogen-
activated protein kinase and c-jun-NH2-terminal kinase regulate
RANTES production by influenza virus-infected human bronchial
epithelial cells. J Immunol 2000; 164: 3222-3228.

Lin R, Heylbroeck C, Genin P, Pitha PM, Hiscott J. Essential role
of interferon regulatory factor 3 in direct activation of RANTES
chemokine transcription. Mol Cell Biol 1999; 19: 959-966.
Melchjorsen J, Paludan SR. Induction of RANTES/CCLS by her-
pes simplex virus is regulated by nuclear factor kB and interferon
regulatory factor 3. J Gen Virol 2003; 84: 2491-2495.

Nelson PJ, Kim HT, Manning WC, Goralski TJ, Krensky AM.
Genomic organization and transcriptional regulation of the RAN-
TES chemokine gene. J Immunol 1993; 151: 2601.

Stellato C, Beck LA, Gorgone GA, et al. Expression of the
chemokine RANTES by a human bronchial epithelial cell line:
modulation by cytokines and glucocorticoids. J Immunol 1995;
155: 410.

Lane TE, Liu MT, Chen BP, et al. A central role for CD4+ T cells
and RANTES in virus-induced central nervous system inflamma-
tion and demyelination. J Virol 2000; 74 (3): 1415-1424.

Loetscher M, Berber B, Loetscher P, et al. Chemokine receptor
specific for IP10 and MIG: structure, function and expression in ac-
tivated T-lymhocytes. J Exp Med 1996; 184: 963-969.

Weng Y, Siciliano SJ, Waldburger KE, e al. Binding and func-
tional properties of recombinant and endogenous CXCR3
chemokine receptors. J Biol Chem 1998; 273: 18288-18291.
Sorensen TL, Tani M, Jensen J, et al. Expression of specific
chemokines and chemokine receptors in the central nervous system
of multiple sclerosis patients. J Clin Invest 1999; 103: 807-815.
Yoneyama H, Matsuno K, Toda E, ef al. Plasmacytoid DCs help
lymph node DCs to induce anti-HSV CTLs. J Exp Med 2005; 202:
425-435.

Wickham S, Lu B, Ash J, Carr DJ. Chemokine receptor deficiency
is associated with increased chemokine expression in the peripheral
and central nervous systems and increased resistance to herpetic
encephalitis. J Neuroimmunol 2005; 162: 51-59.

Lundberg P, Openshaw H, Wang M, Yang H, Cantin E. Effects of
CXCR3 signaling on development of fatal encephalitis and corneal
and periocular skin disease in HSV-infected mice are mouse-strain
dependent. Invest Opthalmol Vis Sci 2007; 48: 4162-4170.
Sorensen LN, Paludan SR. Blocking CC chemokine receptor
(CCR) 1 and CCRS during herpes simplex virus type 2 infection in
vivo impairs host defence and perturbs the cytokine response.
Scand J Immunol 2004; 321-333.

Nansen A, Christensen JP, Andreasen SO, Bartholdy C, Christen-
sen JE, Thomsen AR. The role of CC chemokine receptor 5 in anti-
viral immunity. Blood 2002; 99: 1237-1245.

Khan IA, Thomas SY, Moretto MM, et al. CCRS is essential for
NK cell trafficking and host survival following Toxoplasma gondii
infection. PLoS Pathog 2006, 2: 0484- 0500.

DeLemos C, Christensen JE, Nansen A, et al. Opposing effects of
CXCR3 and CCRS deficiency on CD8+ T cell-mediated inflamma-
tion in the central nervous system of virus-infected mice. J Immu-
nol 2005; 175: 1767-1775.

Murphy KM, Travers P, Walport M. Janeway’s Immunobiology,
seventh edition, Garland Science; 2007.

Randolph GJ, Angeli V, Swartz MA. Dendritic-cell trafficking to
lymph nodes through lymphatic vessels. Nat Rev 2005; 5: 617-624.
Yoneyama H, Matsuno K, Zhang Y, ef al. Evidence for recruitment
of plasmacytoid dendritic cell precursors to inflamed lymph nodes
through high endothelial venules. Int Immunol 2004; 16: 915-928.
Zhao X, Deak E, Soderberg K, et al. vaginal submucosal dendritic
cells, but not Langerhans cells, induce protective Th1 responses to
herpes simplex virus- 2. J Exp Med 2003; 197: 153-162.

Received: March 31, 2008

© Thapa and Carr; Licensee Bentham Open.

Revised: April 17,2008

Accepted: May 2, 2008

This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.5/), which
permits unrestrictive use, distribution, and reproduction in any medium, provided the original work is properly cited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


