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Abstract Neurotropic flaviviruses are important emerging and reemerging arthropod-borne pathogens that cause sig-

nificant morbidity and mortality in humans and other vertebrates worldwide. Upon entry and infection of the CNS, these

viruses can induce a rapid inflammatory response characterized by the infiltration of leukocytes into the brain parenchyma.

Chemokines and their receptors are involved in coordinating complex leukocyte trafficking patterns that regulate viral

pathogenesis in vivo. In this review, we will summarize the current literature on the role of chemokines in regulating the

pathogenesis of West Nile, Japanese encephalitis, and tick-borne encephalitis virus infections in mouse models and

humans. Understanding how viral infections trigger chemokines, the key cellular events that occur during the infection

process, as well as the immunopathogenic role of these cells, are critical areas of research that may ultimately guide a much

needed effort toward developing specific immunomodulators and/or antiviral therapeutics.
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Introduction

The Flavivirus genus in the Flaviviridae family consists of

over 70 small (40–65 nm), positive sense single-stranded

RNA enveloped viruses that are approximately 11 kb in

length. This genus includes several globally important

human pathogens, many of which are neuroinvasive and

cause significant morbidity and mortality in their infected

hosts. The neuropathogenic mechanisms employed by

these viruses are a critical area of research due to the lack

of specific antiviral treatments. Due to changes in climate

and other anthropogenic factors that perturb the dynamics

among vectors, amplifying hosts and humans, these viruses

may have an enhanced potential to spread and cause human

outbreaks. The most recent and dramatic example of this

comes from the well-documented introduction and spread

of West Nile virus (WNV) in North America, an epidemic

that started in 1999 and is now the dominant vector-borne

viral pathogen and the leading cause of arboviral enceph-

alitis in the US [1, 2]. Japanese encephalitis virus (JEV),

the most frequent cause of mosquito-borne encephalitis

worldwide, has been progressively expanding its geo-

graphic distribution to the Western Pacific (reviewed in

[3]). Tick-borne encephalitis virus (TBEV), which has

historically been endemic to Russia and Central Europe,

has emerged in several Western European countries in

recent decades [4]. It is clear that neuropathogenic viruses

pose an unpredictable global threat, and understanding

their pathogenesis is an important first step toward the

development of effective therapeutic strategies.

Pathogenesis of neurotropic flaviviruses

Flaviviruses that cause neurological disease in humans are

transmitted either by ticks or mosquitoes. All of the mos-

quito-borne encephalitic flaviviruses are classified anti-

genically into the JE serocomplex, while the tick-borne

flaviviruses belong to the tick-borne encephalitis sero-

complex. Natural infection typically starts with the bite of
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an infected arthropod, although other transmission mech-

anisms have also been documented [5–7]. The specific

mechanisms of pathogenicity for WNV, JEV, and TBEV in

humans are largely unknown, but are likely to have both

overlapping and distinct features. Excellent in vivo models

have provided insight into the various components of the

innate and adaptive immune response critical for virus

clearance. In these models, virus replication occurs locally

in the skin and draining lymph nodes, which results in

viremia and dissemination of the virus to extraneural tis-

sues including the spleen. In some cases, the virus is

capable of breaching the blood–brain barrier (BBB), where

it replicates primarily in neurons. The precise mode

underlying viral entry into the CNS during natural infection

remains unclear but is likely to be influenced by multiple

factors related to both the virus and the host. The spectrum

of clinical outcomes following infection is broad, with

most infected individuals remaining asymptomatic. The

clinical syndromes that arise are also heterogeneous; mild

symptoms typically include fever, malaise, and headache

and are often self-limiting, whereas severe neuroinvasive

disease includes meningitis, encephalitis, and myelitis,

with mortality rates among encephalitic patients as high as

50 % (reviewed in [3]). Surviving individuals often suffer

from long-term neurological sequelae. Understanding not

only the host factors that dictate susceptibility within a

population infected with a particular virus but also eluci-

dating common pathogenic strategies utilized between

these flaviviruses is a vital area of research.

Chemokines and leukocyte trafficking

Encephalitis is the most serious disease manifestation

caused by neurotropic flaviviruses and is characterized by

the presence of leukocytes into the brain parenchyma,

which is observed in both infected human and animal

models. It is generally accepted that chemokines, a super-

family of chemoattractant cytokines, are involved in reg-

ulating complex leukocyte trafficking patterns during

infection that are essential components of cell-mediated

immunity and antiviral host defense. Chemokines exert

their effect by binding and signaling through their cognate

receptors, which are found differentially expressed on all

leukocytes. Despite great redundancy within the system,

chemokines are capable of mediating complex biological

functions with exquisite specificity in response to patho-

gens. This is owing to not only the dynamic chemokine

receptor expression patterns on specific cell subpopulations

during an inflammatory response, but also the timing and

composition of the chemokines induced. Furthermore,

binding of chemokines to glycosaminoglycans, posttrans-

lational processing events, and the tissue milieu in which

the infection occurs all contribute to the unique in vivo host

inflammatory response. In the following sections, we will

review what is currently known regarding leukocyte traf-

ficking and chemokine induction during WNV, JEV, and

TBEV infections and their contribution to the unique

pathogenesis of these viruses.

West Nile virus

WNV is maintained naturally between mosquitoes and

birds, although other vertebrates can also become infected,

including humans and horses. WNV was initially isolated

from the blood of a febrile woman in the West Nile

province of Uganda in 1937 and since has caused sporadic

outbreaks of a mild febrile illness with low incidence of

neurological complications in regions of Africa, the Middle

East, Asia, and Australia [8, 9]. However, in the mid-

1990s, the epidemiology and ecology changed, with fre-

quent outbreaks occurring in new geographic areas char-

acterized by high rates of severe neurological disease and

death. In 1999, WNV was identified as the causative agent

of seven human fatalities as well as a large number of avian

deaths in New York City and the surrounding areas [10,

11]. From there, the virus spread westward across the US

and into Canada, and southward into Mexico, the Carib-

bean, and Central/South America, decimating bird popu-

lations and causing 31,257 cases and 1,254 (4 %)

associated deaths [12, 13]. WNV has been detected in over

300 bird and 60 mosquito species in North America and

appears to be firmly implanted in the New World [10]. The

success of WNV can be attributed to several factors, such

as the presence of numerous competent Culex species for

transmission, and the naive and highly susceptible bird

populations of North America. Now endemic, WNV is the

leading cause of arboviral encephalitis in the US, and the

need for antivirals and an effective vaccine for humans is

paramount [11]. In humans, most WNV infections are

asymptomatic. Symptoms arise 2–14 days postinfection in

*20 % of infected individuals and can range from a mild

flu-like illness, known as West Nile fever (WNF), to more

serious neurological complications, including meningitis,

encephalitis, and acute-flaccid paralysis. Approximately, 1

in 150 infected individuals will develop neuroinvasive

disease. Mortality is *10 % among individuals who

develop neuroinvasive disease, and postneurological con-

ditions are common ([50 %) (reviewed in [14]). Although

immunocompetent individuals of all ages can develop

neurological complications, increased age and immuno-

suppression are strong risk factors for severe outcome with

WNV infection. This can also be recapitulated in mice

infected with WNV, which suggests that an intact and

robust immune response is required at the early stages of
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infection prior to CNS entry as well as late stages after

virus has entered the CNS compartment [11, 15].

In mice, intradermal or subcutaneous WNV inoculation

results in limited viral replication in the skin and draining

lymph node [16–18]. Virus then reaches the blood stream

and can access various peripheral organs, such as the

spleen, and in some cases cross the BBB [18–20]. Once in

the CNS, WNV primarily infects neurons in the cerebral

cortex, brainstem, basal ganglia, and spinal cord [21]. This

pattern of virus replication in vivo is hallmarked by a

sequential pattern of chemokine production followed by

distinct cell trafficking events as shown in Fig. 1. Although

in vitro studies have demonstrated infection in both astro-

cytes and neurons, in vivo studies in mice and human

autopsy tissues show infection exclusively in neurons [22,

23]. As shown in Table 1, the most reproducibly induced

chemokines in the CNS in response to WNV infection in

vivo are the CCR5 ligands (CCL3, CCL4, and CCL5),

CXCR3 ligands (CXCL9, CXCL10), and the CCR2 ligands

(CCL2, CCL7, and CCL12) [24–28]. In addition, changes

in CCR7 ligands (CCL19 and CCL21), CXCL12, and

CXCL14 have also been observed [24, 25, 29]. Microglia

are poorly permissive to WNV in vitro but can produce

robust amounts of chemokines in response to WNV with a

similar profile of induction, including CXCL10, CCL2, and

CCL5 [30]. In humans, histological examination of CNS

tissues from autopsy samples shows primarily T cells in the

brain parenchyma and a mixture of neutrophils and T cells

in the cerebral spinal fluid (CSF) [31–35]. In mice, WNV-

infected CNS is comprised of cellular infiltrates composed

of CD4? and CD8? T cells, NK cells, neutrophils, and

infiltrating monocytes [25, 26, 36]. To start addressing the
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Fig. 1 The role of chemokines in WNV pathogenesis in vivo. In the

experimental mouse model of WNV, chemokines are induced within

specific organs during infection as indicated in purple. Also shown

are chemokine receptors in blue and subsequent immune cell

recruitment denoted by red arrows. Potential therapeutic targets that

may promote or inhibit specific trafficking events in vivo are shown.

Asterisks denote chemokines not fully characterized in this model
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precise importance of individual chemokines/receptors

during WNV infection in vivo, we and others have pri-

marily relied on the use of genetically deficient mouse

models and, where possible, human epidemiological stud-

ies. Our current understanding of chemokine regulation and

leukocyte trafficking during WNV infection is summarized

in Fig. 1. Together, these data have started to reveal an

integrated picture of how chemokines regulate specific cell

populations in a time- and organ-specific manner.

CCR5

Among the most highly induced chemokines in the CNS

following WNV infection are the CCR5 ligands, particularly

CCL5 [24–26, 37]. Under steady-state conditions, CCR5 is

expressed on many cell types, including activated T cells, a

small percentage of monocytes, NK cells, and activated

microglia. CCR5 is critically important during WNV

infection, since CCR5-deficiency in WNV-infected mice

resulted in uniform mortality by day 14 compared to wild-

type mice, where the majority survived [26]. This dramatic

increase in mortality was associated with an increase in CNS

viral load and a decrease in all leukocyte subsets in the CNS

(CD4? and CD8? T cells, monocytes, and NK cells) that

are typically found in the CNS of WNV-infected wild-type

mice (Fig. 1). Notably, clearance of virus from the spleen

and numbers of IFN-c expressing splenocytes in the Ccr5-

deficient mice were identical to controls, suggesting that the

defect was specific to the CNS. More precise analysis of the

role of CCR5 in the periphery and the CNS is needed to fully

understand the molecular role of this receptor in host

defense.

Several epidemiologic studies have been conducted to

evaluate the role of CCR5 in controlling WNV infection in

humans as well [26, 27, 38–40]. These studies have analyzed

the complete loss-of-function allele, CCR5D32, among

WNV-infected cohorts. In our initial studies, a strong asso-

ciation between CCR5D32 homozygosity (CCR5-deficient

individuals) and symptomatic WNV disease was reported

[26, 27, 40]. Compared to a reference cohort of uninfected

random blood donors, where the frequency of CCR5D32

homozygosity was *1 %, the frequency among WNV-

infected individuals with symptomatic disease (meningitis,

encephalitis) was highly enriched (*4–5 %; p \ 0.0001).

We also analyzed WNV-infected individuals identified

through the American Red Cross blood supply, all of whom

seroconverted and completed a questionnaire regarding

symptom development in the 2 weeks following donation.

Compared to false-positive control samples, CCR5D32

homozygotes were absent in the WNV seropositive indi-

viduals who remained completely asymptomatic. Among the

WNV-infected individuals with symptoms, the frequency of

CCR5D32 homozygosity was positively correlated with the

number of symptoms reported following infection. Together,

these data suggest that CCR5 is a strong host defense factor

against WNV infection. In two recent follow-up studies, the

Table 1 In vivo chemokine induction during WNV infection

Compartment Species Cells Chemokines Reference

WNV

Blood Human – CCL2, CXCL9, CXCL10 [28]

Mouse Monocytes CCL2, CCL7, CCL12 [27]

CSF Human Neutrophils and T cells – [32–35]

Brain Human Predominantly CD8? T, fewer

CD4? T and B cells

– [31, 32]

Mouse CD8? and CD4? T cells,

monocytes, neutrophils, NK cells

CCL3-5, CXCL10, CCL2,

CCL7, CCL1, CCL12, CXCL9

[26]

JEV

Blood Human Neutrophils CXCL8, CCL5 [79, 80, 82, 83]

Mouse Neutrophils – [81]

CSF Human Neutrophils/lymphocytes

(CD4 [ CD8), macrophages, B cells)

CCL5 and CXCL8 [72, 79]

Brain Human Predominantly macrophages and T cells – [71]

Mouse CD8? T cells CCL2-4, CXCL10-12, CCL12 [74, 75]

TBEV

Blood Human – CCL3, CXCL10, CXCL13 [100, 101]

CSF Human T cells (CD4 [ CD8), few B cells and NK cells CCL2-3, CCL5, CXCL10-13 [98, 100, 101, 103, 104]

Brain Human Macrophages, T cells (CD8 [ CD4), few B cells – [95]

Mouse Predominantly CD8? T, some CD4? T CCL2-CCL5, CXCL10 [73, 97]
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results were less conclusive. A study conducted by Bigham

et al. found a significant association with CCR5D32 and

WNV infected individuals, which included both asymp-

tomatic and symptomatic individuals [39]. When the

symptomatic WNV-infected group was compared to

asymptomatic or WNV-negative samples, no significant

association was observed. This study may have been

impacted by several factors: (1) 55 % of the WNV-infected

participants in their study were of self-reported European

decent, while the control population was 99 %. Since the

allele frequency of CCR5D32 is very low or absent among

individuals of non-European decent, the analysis may have

been biased [41]; (2) the ‘‘asymptomatic’’ WNV-infected

participants in this study were classified based on the absence

of symptoms in the week prior to donation. Since infected

individuals develop symptoms in 2 weeks following vire-

mia, some of these individuals likely developed symptoms;

(3) unless the ‘‘asymptomatic’’ individuals were retested for

seroconversion, this group is likely to contain a large per-

centage of false-positive samples since the WNV nucleic

acid test used by blood banks has a high rate of false posi-

tivity [42, 43]. Another follow-up study by Loeb et al. has

provided an analysis of WNV infection and CCR5D32, and

found no significant association. Although the data show a

trend toward higher CCR5D32 homozygosity among WNV-

infected individuals, the genotype frequency was much

lower than previous reports. The lack of association observed

in the latter studies may reflect differences in study design,

choice of controls, or other factors regulated by CCR5.

Future studies are greatly needed to determine the associa-

tion of WNV and CCR5D32.

Although the epidemiologic data suggest a critical

function for CCR5 in controlling WNV pathogenesis, the

current understanding of how this receptor functions in

humans and mice remains poor. Since CCR5 is a leukocyte

trafficking receptor, one possible mechanism by which

CCR5 may confer resistance is by directing CCR5-

expressing leukocytes from the blood into the CNS.

However, other CCR5-mediated neuroprotection mecha-

nisms may also be involved and could include a role for

CCR5 on activated microglia or for T cell activation in

draining lymph nodes. Due to its role in HIV-1 entry,

CCR5 is a logical and attractive therapeutic target

(reviewed in [44]). As such, there are several CCR5

antagonists at various stages of development for the

treatment of HIV infection and other inflammatory con-

ditions [45]. Systemic blockade of CCR5 may sufficiently

mimic genetic deficiency and promote susceptibility to

WNV infection (Fig. 1). Maraviroc was FDA-approved in

2007, and two additional drugs are currently in clinical

trials [46]. Chemokine analogues, such CCR5 antagonist

PSC-RANTES, previously shown as an efficacious topical

microbicide in the context of HIV, if used systemically,

could increase pathogenesis of WNV (Fig. 1) [47]. The

need to understand the precise role of CCR5 in host

defense in this model is critical.

CXCR3/CXCL10

A key step in clearing WNV in the CNS is the

recruitment of antigen-specific CD8? T lymphocytes

into the brain parenchyma [48]. CD8-mediated clearance

of WNV-infected neurons is perforin-dependent [49] and

involves the induction of interferon-inducible Th1-spe-

cific chemokine CXCL10, which is expressed early

within the CNS in mice [26, 49, 50]. Using genetically

deficient mice and antibody neutralization approaches,

Klein and colleagues showed that CXCL10 is critical for

the recruitment of CXCR3-expressing T cells into the

CNS and survival from WNV infection in mice [25].

Likewise, genetic deficiency of CXCR3 recapitulated this

phenotype [50, 51]. Loss of either resulted in decreased

T-cell recruitment to the CNS and increased viral burden

and mortality. These data show the importance of CD8?

T-cell recruitment for this migratory step into the CNS

and the requirement for effective clearance of WNV

from infected neurons. In addition, the CXCR3 ligand

CXCL9 is also induced in the CNS during WNV

encephalitis, but the role of this chemokine has not yet

been studied [25].

CXCR4

It is clear that the recruitment of T cells, both CD4? and

CD8?, into the CNS is an essential step for limiting WNV

replication. However, studying the role of CXCR4, a che-

mokine receptor found expressed on T cells, NK cells,

neutrophils, and several other leukocytes, along with its

sole ligand CXCL12, in mice is difficult since genetic

deficiency of this receptor or its ligand is lethal in utero

[52]. Studies using the CXCR4-specific antagonist,

AMD3100, have revealed an important migratory step of T

cells into the WNV-infected CNS [29]. Expression analysis

demonstrated CXCL12 on the microvasculature under

uninfected conditions; this expression is downregulated

during WNV encephalitis, suggesting a mechanism of

CXCR4-mediated retention within the perivascular spaces

of the CNS. In vivo administration of AMD3100, which

blocks this interaction, allowed for the migration of T

lymphocytes from perivascular space to the brain paren-

chyma and demonstrated enhanced viral clearance (Fig. 1).

This reveals a possible role of CXCR4 in restricting T

lymphocyte entry into the CNS to clear the virus, a

mechanism similar to CXCR4’s role in leukocyte retention

in the bone marrow [53, 54]. Treatment of mice with

AMD3100 was therapeutic, demonstrating the potential use
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for this drug in the treatment of WNV-infected individuals,

a strategy that could function after the onset of symptoms.

It may also be informative to test the changes in leukocyte

mobilization stimulated by AMD3100. In mice and

humans, AMD3100 is capable of mobilizing T cells (and

other leukocytes), which may have also contributed to the

resistance phenotype observed in these mice [29, 55, 56].

CCR2

In addition to T cells, monocytes also comprise a high

proportion of the leukocyte infiltrate during WNV

encephalitis. It is generally accepted that blood monocytes

are important cellular mediators of the innate immune

response and can give rise to tissue macrophages and

dendritic cells (DC). In mice and humans, high expression

of CCR2 is associated with the ‘‘inflammatory’’ monocyte

subset and correlates with their function of rapid recruit-

ment into inflamed tissues. Monocytes may also play an

important role during CNS injury since these cells have

been demonstrated to migrate into the CNS to give rise to

macrophages and microglia. However, their precise role in

WNV infection may vary depending on the model. In

particular, a recent study using a lethal intranasal model

and a less pathogenic strain of WNV demonstrated that the

majority of monocytes recruited to the CNS during

encephalitis were the CCR2-expressing subset ([90 %),

and these cells were capable of differentiating into both

microglia and macrophages [57]. The authors found that

delaying migration of these cells using anti-CCL2 neu-

tralizing antibody prolonged survival, suggesting a CCR2-

dependent mechanism and a pathogenic role of monocytes

recruited to the CNS. In contrast, WNV challenge by

intraperitoneal inoculation has been reported to result in

increased mortality when monocytes are depleted in vivo

using clodronate-loaded liposomes, supporting a protective

role for these cells [58].

Our studies in wild-type mice showed that WNV

infection results in a fivefold induction of monocytes in the

blood within the first 5 days postinfection (Table 1;

Fig. 1). This was not observed for any other leukocyte

subset and was CCR2-dependent since no monocytosis was

observed in WNV-infected Ccr2-deficient mice [59]. Loss

of CCR2 resulted in a marked increase in mortality and a

large and selective reduction in Ly6chi monocyte accu-

mulation in the brain. WNV infection in wild-type mice

induced a strong and highly selective monocytosis in

peripheral blood that was absent in Ccr2-/- mice, which in

contrast showed sustained monocytopenia. Adoptive

transfer of an equal number of CCR2? or CCR2- mono-

cytes transferred by tail vein into WNV-infected Ccr2-/-

recipient mice demonstrated CCR2 may be less critical for

trafficking of monocytes from the blood to the brain. These

data suggest that CCR2 mediates a highly selective

peripheral blood monocytosis during WNV infection in

mice that is critical for the accumulation of monocytes in

the brain. The function of the CCR2 ligands, CCL2, CCL7,

and CCL12, which are induced both in the CNS and blood

in mice, remains unclear. Interestingly, serum analysis

showed that induction of CCL2 and CCL7 in WNV-

infected Ccr2-deficient mice was significantly increased,

suggesting a role of these ligands in monocyte egress from

the bone marrow. Future studies may include defining the

functional role of monocytes during WNV encephalitis,

immunophenotyping the cells that produce CCR2 ligands

after viral entry into the CNS, and in vitro studies of

monocyte/macrophage interaction with virally infected

neurons. From a therapeutic standpoint, factors that stim-

ulate monocytosis could be used for patients infected with

WNV. These may include CCL2/7, granulocyte colony

stimulated factor (G-CSF), and AMD3100, which have

been shown to stimulate monocyte release from the bone

marrow [55].

CXCR2

The role of neutrophils during WNV infection in humans

and mice is currently unclear. In humans, neutrophil

accumulation in the CSF is observed in patients with WNV

encephalitis, and neutrophilic meningitis is seen in *50 %

of individuals presenting with WNV neuroinvasive disease

[33, 60, 61]. In mice, neutrophils have been observed to

accumulate in the CNS following WNV encephalitis, and a

more recent study has evaluated neutrophil function in vivo

using antibody depletion [59, 62]. Intriguingly, these data

show that neutrophils can function to promote host defense

or increase susceptibility, which depends on the timing of

the neutrophil depletion. Neutrophil depletion using either

Gr-1 or Ly6G antibodies 1 or 2 days following infection

with WNV resulted in increased susceptibility, suggesting

a critical role for controlling viral pathogenesis. Unex-

pectedly, if neutrophil depletion was administered 1 day

prior to infection, the opposite results were observed:

increased resistance. With regards to chemokine receptor

usage during recruitment, neutrophils appear to function

through CXCR2 and respond to ligands CXCL1 and

CXCL2 produced in the skin (Fig. 1) [63]. Genetic defi-

ciency for CXCR2 resulted in increased survival, sup-

porting a pathogenic role of neutrophils early during

infection. Future studies are needed to address the mech-

anism by which neutrophils mediate pathogenesis early in

the infection and protection at later times, perhaps in the

infected CNS.
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Japanese encephalitis virus

Japanese encephalitis was first recognized in humans and

horses in 1871 and was the causative agent of a severe

epidemic in 1924 in Japan. By the 1930s, the virus was

found to transmit mainly by the Culex mosquitoes. Over the

next 8 decades, the geographic area affected by JEV has

been steadily increasing (reviewed in [3]). Birds have been

implicated as being the main reservoir with pigs acting as

amplifying hosts; humans and horses are accidental hosts.

JEV constitutes the most significant cause of mosquito-

borne encephalitis worldwide and is endemic throughout

large regions of Central and Southeast Asia. In 2011, the

World Health Organization (WHO) reported *67,900

Japanese encephalitis (JE) cases with *75 % of these

occurring primarily in children between 0 and 14 years of

age [64]. Similar to WNV, most infections with JEV are

inapparent, with 1 symptomatic case for every 25–1,000

infections [65, 66]. The incubation period is approximately

5–15 days, and disease syndromes can range from non-

specific febrile illness, meningitis, or encephalitis. Among

the symptomatic cases, fatality is high, estimated at

*30 %, with more than half of the surviving individuals

suffering from long-term severe neurological sequelae.

Despite the availability of an effective vaccine, JEV con-

tinues to be an important health problem, especially in

developing countries of South and Southeast Asia. In the

absence of specific antiviral therapies, understanding the

factors that govern susceptibility is a high priority [67–69].

After inoculation into the skin, JEV infection in vivo

occurs similarly to WNV, with viremia following brief

amplification within the dermal tissue and lymph nodes.

Following entry into the CNS through an unknown

mechanism, neurons are the primary targets of infection

[70]. Postmortem samples show virus antigen localized to

neurons primarily in the thalamus and brain stem, although

lesions can also be found in the cortex, basal ganglia,

cerebellum, and the anterior horn cells of the spinal cord. In

humans, the brain parenchyma appears to be primarily

infiltrated by macrophages, with few T cells; T and B cells

appeared primarily in the perivascular space [71]. Cells in

the CSF are predominantly neutrophils and T cells,

although B cells and macrophages have also been detected

[72]. Little is known with regards to the role of chemokines

and JEV pathogenesis in humans or mice, and this is an

area of great interest for future studies. CD8? T cells are

the predominant cell subset found in the brain parenchyma

in mice; these cells may function pathogenically in this

model. A recent study showed increased survival of JEV-

infected CD8-deficient mice compared to wild-type mice

[73, 74]. Microarray analysis on brain tissue of JEV-

infected mice identified CCL2, CXCL10, and CCL4 to be

the most highly induced chemokines [75]. This profile

suggests the role of monocytes/macrophages and T cells,

which is consistent with the predominance of T cells (and

possibly macrophages/microglia) in the CNS parenchyma

observed in mice and humans. CXCL10, which is often

induced following viral infection, suggests a possible role

for CXCR3 and T-cell migration into the CNS. Immuno-

fluorescence assays on JEV-infected brain slices show an

increase in CXCL10 expression in astrocytes that corre-

lated with neuronal injury [76]. Thus, the increase in

CXCL10 expression may be involved in regulating out-

come of JEV-infected mice. Interestingly, the predominant

CCR5 ligand induced in this model was CCL4. Smaller

increases in expression were also observed for CCL3,

CXCL1-2, and CXCL12. A second microarray study on

JEV-infected mouse neuroblastoma cells demonstrated an

increase in CXCL10, CCL5, and CXCL1 expression sup-

porting the in vivo data [77].

CXCL8

Unlike WNV, where monocytosis is observed, JEV induces

a neutrophil leukocytosis in mice infected intraperitone-

ally; this has also been observed in human infections as

well [78–81]. Although not well studied in mice, signifi-

cant induction of CXCL8 was observed in patient serum

and CSF, which corresponded with the presence of neu-

trophils in the CSF [72, 79, 82]. Notably, significantly

higher levels of CXCL8 were associated with patient

mortality [82, 83]. Currently, no mouse studies have

addressed the specific role of neutrophils in the context of

JEV; however, these cells may be quite pathogenic.

Additional studies are required to fully understand the

functional role of these cells in mice.

CCL5

Similar to CXCL8, an inverse correlation has been dem-

onstrated for serum levels of CCL5 and survival among

patients with JEV encephalitis [83]. This correlate for

disease severity may contribute to pathogenesis, although

the mechanism by which this occurs can only be speculated

at this time. Since CCL5 binds to chemokine receptors

found on activated T cells, and subsets of monocytes,

dendritic cells, and NK cells, this suggests a potential im-

munopathogenic role for these cells during infection.

Interestingly, immunophenotyping of the lymphocytes in

the CSF shows a predominance of CD4? T cells, with

fewer CD8? T, B cells, and macrophages [72]. In vitro

work has demonstrated that microglia and astrocytes are

the main cells that produce CCL5 during JEV infection

[84]. In mice, microarray analysis shows an upregulation of

CCL5 in the brain of JEV-infected mice [83, 85]. Given the

critical role of CCR5 in WNV, a role for this receptor in
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host defense in a mouse model of JEV should be tested,

along with in vivo neutralization of CCL5. Genotype–

phenotype analysis with loss-of-function mutation

CCR5D32 in cohorts where this allele is prevalent will also

be informative.

Tick-borne encephalitis virus

TBEV is the most notable member among the tick-borne

flaviviruses and is a significant cause of yearly morbidity

and mortality. Over the last few decades, tick-borne

encephalitis (TBE) has become a growing public health

concern in Europe and Asia with a marked increase in both

the incidence and geographic distribution of TBEV, reflec-

tive of factors such as climate change, the expanding habitat

of transmitting tick vectors, and global travel [86]. Despite

the availability of an effective vaccine, a 400 % increase in

morbidity was observed in Europe in the last 30 years with

confirmed cases of TBEV identified in several countries for

the first time, suggesting a continued increase in TBE in the

coming years [87–89]. Currently available is a formalin-

inactivated whole virus vaccine that has been shown to be

effective as seen in Austria where *90 % of the population

has been vaccinated and yielded a significant decrease in the

number of TBEV hospitalization [88].

Transmission of TBEV is typically through the bite of an

infected Ixodes tick, although alternative modes of trans-

mission, through ingestion of unpasteurized milk, can also

occur [6]. The virus is amplified in rodent species, with

humans serving as dead end hosts. Disease can range from

mild meningitis to severe encephalitis and/or paralysis [86,

90]. Depending on the TBEV subtype, mortality rates can

range from 12 % (European strains) to 20–40 % (Far East-

ern strains). After deposition into the skin, initial replication

of TBEV occurs in Langerhan’s cells and neutrophils [91–

94]. The virus is then transported to the local draining lymph

node, where primary amplification of the virus occurs.

Following a brief viremia, virus can spread to various organs

including the CNS where neurons are the primary targets

[95]. During TBEV infection in mice, the presence of CD8?

T cells in the brain parenchyma is the primary pathologic

feature, although the chemokines involved in this process

are poorly characterized [95–97]. Our current understanding

of TBEV-associated chemokine expression has been pri-

marily through the analysis of human samples. During the

early stage of TBE in humans, the majority of the cells

recruited to the CNS is T lymphocytes and to a lesser extent

B lymphocytes and NK cells [98]. Additionally, the pres-

ence of macrophages, CD8? T cells, and CD4? T cells has

been observed in the brains of fatal human TBEV cases [95,

99]. Human TBE patients have elevated CCL3, CXCL10,

and CXCL13 levels in the serum; CCL2, CCL3, CCL5, and

CXCL10-13 have been detected in CSF, perhaps implicating

the role of a Th-1-mediated response and the trafficking of T

lymphocytes into the CNS [100–102]. Moreover, CCL2 and

CCL5 were found to be elevated in the CSF of TBE patients

even after the acute symptoms subsided [103, 104]. Unlike

JEV and WNV, TBEV induces CXCL13, a B-cell chemo-

attractant; studies evaluating the role of CXCR5 and B-cell

trafficking and maturation may be insightful. In a recent

study of TBEV infection in mice, several chemokines have

been shown to be strongly upregulated in the brain, with high

induction of CXCL10, CXCL11, CCL5, CCL2, CCL3, and

CCL4 [96]. This is followed by the appearance of peripheral

leukocytes, of which CD8? T cells appear in the highest

numbers. Whether this model faithfully recapitulates human

infections is not clear; many more studies evaluating the

exact function of specific chemokine receptors are greatly

needed.

CCR5

Given the similarities in the pathogenesis of WNV and

TBEV, Kindberg et al. [105] evaluated the role of CCR5 in

the context of TBEV infection in humans. Their study

evaluated a cohort of Lithuanian patients infected with

TBEV and demonstrated an increase in CCR5D32 allele

frequency as well as homozygous frequency among TBEV

patients with encephalitis compared with TBEV-negative

meningoencephalitis cases or healthy age-, ethnicity- and

geographically matched controls. Although their sample

size was small, the CCR5D32 allele frequency was posi-

tively correlated with severity of disease. Although only a

single study, it suggests that loss of CCR5 may predispose

individuals to severe outcome from TBEV infection and

warrants further investigation both in the mouse model and

in larger cohorts.

Conclusions

Neurotropic flaviviruses represent a major unmet medical

challenge since there are no specific and effective therapies

available for WNV, JEV, TBEV, or any other member of

the Flavivirus genus. Changes in climate, economy, poli-

tics, and globalization are among the factors that cause

renewed concern due to the uncertainty of how these epi-

demics will progress in the coming years. Neuronal

delivery limitations and the BBB often compromise the

treatment of these diseases, and since even the most

promising antivirals for WNV appear to be ineffective once

symptoms develop (reviewed in [106]), alternatives based

on precise understanding of the host response are a high

priority.
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Leukocyte trafficking events are integrally involved in

the complex dynamics between host and pathogen. For

WNV, a great deal of research has been conducted to

evaluate not only cell migration events during the course of

infection, but the specific chemokines and receptors

involved. Trafficking of cells from the blood to the CNS is

a key step critical for survival, although many infection-

triggered trafficking events are equally important, starting

with the migration of dendritic cells to the site of infection

to the draining lymph nodes, neutrophil and monocyte

mobilization from the bone marrow, and their dispatchment

into the CNS. Based on this precise understanding, targets

for drug intervention can now be envisioned. A great deal

less is known about JEV and TBEV; however, JEV appears

to trigger a specific neutrophilia, and increased CCL5 and

CXCL8 correlate with poor prognosis. Future studies

evaluating the role of neutrophils during JEV infection, and

the possible role of B-cell chemokines in TBEV infection

are interesting future directions. Due to biosafety restric-

tions, few studies have analyzed the role of chemokines

and TBEV; perhaps, addressing questions using Langat

virus (LGTV), a closely related tick-borne flavivirus, may

provide some answers in the interim [107]. More studies

are needed to characterize the specific cell subsets in the

CNS, their function in pathogenesis, and their role in viral

clearance.

Although there is great redundancy in the chemokine

system, it appears that clearance of WNV requires a

function of CCR5 that cannot be compensated for by a

related receptor. In fact, there is evidence that increased

susceptibility due to CCR5 deficiency may extend to

related flaviviruses. Evidence for this comes from a recent

study that showed that CCR5 deficiency is also associated

with TBEV as well as the inverse correlation in CCL5

levels in serum and CSF with survival from JEV. Given the

similarities with WNV, a role of CCR5 in a mouse model

of JEV and TBEV would support the hypothesis that CCR5

may function globally in controlling neuroinvasive disease

caused by flaviviruses. Future studies in mice should

evaluate this in the context of JEV and TBEV as well as in

humans. Based on the epidemiologic studies on CCR5D32

and WNV infection, more studies are needed to determine

whether homozygosity for this allele is involved in sus-

ceptibility; rigorous attention should be placed on defining

the WNV-infected individuals as well as control popula-

tions used, and interpretations of these studies should be

cautious. This is particularly important given that CCR5

deficiency (CCR5D32 homozygotes) is found in 1–2 % of

Caucasian individuals worldwide and the introduction of

Maraviroc (CCR5 antagonists) for the treatment of HIV

and other diseases [108]. Chronic use of such blocking

agents is likely to promote the pathogenesis of WNV,

TBEV, and possibly other pathogens.
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