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Abstract
West Nile virus (WNV) is a re-emerging pathogen responsible for fatal outbreaks of
meningoencephalitis in humans. Recent research using a mouse model of infection has indicated
that specific chemokines and chemokine receptors help mediate the host response to WNV in the
central nervous system, acting by at least two mechanisms: control of monocytosis in blood (Ccr2)
and control of leukocyte movement from blood to brain (Cxcr3 and Ccr5). CCR5 also appears to
be important in human infection, since individuals genetically deficient in this receptor have
increased risk of symptomatic disease once infected. These findings provide detailed insight into
non-redundant chemokine roles in organ-specific leukocyte recruitment during infection, and
emphasize the importance of the balance between pathogen control and immunopathology in
determining overall clinical outcome.
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Introduction
Although the chemokine system as a whole is well-established as an important mediator of
leukocyte trafficking and antimicrobial host defense, the full spectrum of protective
chemokines is not known for any pathogen. This is a difficult challenge for human
infections, particularly for recently emerging and re-emerging diseases where patients and
clinical samples may be difficult to collect for systematic study. The emergence of West
Nile virus (WNV) infection in the Western hemisphere is a good example of this, but, thanks
to an excellent mouse model and the availability of archived WNV-seropositive serum
samples, one in which significant progress has been made.

WNV is a 9 kilobase single-stranded RNA flavivirus that exists in nature as a zoonosis,
cycling between mosquitoes and birds, with humans and other vertebrates acting as
accidental dead-end hosts [1]. First identified in 1937 in a woman in Uganda, WNV had
spread across and been limited to Africa and the Middle East until 1999 when it was first
isolated in the United States from an infected flamingo in the Bronx Zoo in New York City.
From there the virus spread rapidly across North America, causing annual outbreaks of
severe neurologic illness and death in humans, horses and other mammals. Bird populations
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have also been affected, with high mortality, particularly for jays and crows. As of
November 2009 there were 29,625 human cases of WNV reported to the CDC, including
1173 deaths (4.0%). Most states report cases each year, although the level of activity may be
quite different from state to state. WNV has adapted to many mosquito species as vectors
and to a large number of vertebrate hosts, which may partly explain its rapid spread in the
Western Hemisphere. The lack of any previous exposure or immunity to the virus may
partly explain the more intense epidemiologic features of the disease in the Western
Hemisphere compared to those in Africa and Asia, where cases are typically milder and
occur in episodic outbreaks.

WNV infection remains subclinical in most humans, but ~20% may develop symptoms of
disease ranging from a mild flu-like illness, known as West Nile Fever, to more serious
neurological complications, including meningitis and encephalitis. Post-neurologic sequelae
are common [1]. In both mice and humans, WNV encephalitis is characterized by reaction
of resident cells in the CNS and infiltration of inflammatory leukocytes, including
monocytes and T cells, in the perivascular space and parenchyma [2,3]. Although increased
age and immunosuppression are risk factors for severe WNV infection in man, little is
known about its immunopathogenesis. An excellent mouse model of infection has been
developed, and various components of the innate and adaptive immune response, including
antibodies, T cells (particularly CD8+ T cells), macrophages and γδ T cells, have been
identified that are critical for viral clearance. In this model CD4+ and CD8+ T cells, as well
as NK cells and infiltrating macrophages accumulate within the CNS in aggregates that
colocalize primarily with WNV-infected neurons.

Inflammatory chemokines and their cognate receptors (including Ccr1, Ccr2, Ccr5, Cxcr3
and Cx3cr1) are among the immunoregulatory factors that are most strongly produced in the
WNV-infected mouse brain [4]. Inflammatory chemokines are typically produced in the
model by microglia and astrocytes.

CCR5 and WNV infection
Ccr5 was the first chemokine receptor reported to play a clear functional role in the mouse
model of WNV [4]. Approximately 20% each of CD4+ and CD8+ T cells, NK cells and
macrophages in infected mouse brain express Ccr5, and infection is uniformly fatal in Ccr5-
deficient mice as compared to wild type mice, in which the majority survive.

Ccr5 appears to control infection by mediating recruitment of leukocytes to the infected
CNS. After the virus is deposited in the skin, it travels to draining lymph nodes, blood and
spleen, where it is normally cleared before entering the brain. In infected Ccr5-deficient
mice, the distribution of leukocyte subsets in the spleen and cytokine levels in spleen and
blood are similar to those in infected wild type mice, and virus is cleared normally from
spleen and blood. In contrast, Ccr5-deficient mice are unable to normally control virus
replication in the CNS, and this is associated with markedly reduced accumulation of CD4+

and CD8+ T cells, NK cells and macrophages in the brain. WNV-infected mice lacking Ccr5
can be rescued from fatal outcome by adoptive transfer of splenocytes from WNV-infected
wild type mice, but not by splenocytes from WNV-infected Ccr5-deficient mice, and this is
associated with increased accumulation of leukocytes in the CNS. Together, these data
strongly suggest that in the mouse model the presence of WNV in the CNS triggers Ccr5-
dependent influx of leukocytes needed for viral clearance and recovery.

Interestingly, Ccr5 deficiency results in less leukocyte accumulation in the CNS than can be
accounted for by the percentage of Ccr5+ leukocytes in infected brain from wild type mice,
suggesting the possibility of a positive feedback loop for leukocyte recruitment, potentially
involving cytokines or chemokines released by these cells. Other functional effects of Ccr5,
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such as effects on T cell proliferation, apoptosis, differentiation, and activation, must also be
considered but have not yet been addressed experimentally.

There is genetic evidence that human CCR5 is also important in WNV pathogenesis [5–8].
This has been tested through genotype:phenotype association analysis of CCR5Δ32, a
complete loss-of-function allele of CCR5, in 4 separate groups of WNV-infected Caucasian
subjects. CCR5Δ32 is very common in Caucasians (10% allele frequency, 1% homozygous
frequency in the US), but rarely found in other racial groups.

Homozygous CCR5Δ32 was markedly increased in all four groups relative to expectation, as
defined by the genotype frequency in a cohort of healthy US Caucasian random blood
donors from the US National Institutes of Health Department of Transfusion Services,
whose blood samples were obtained prior to the WNV epidemic in the US, and in a group of
WNV-seronegative individuals who had had a symptomatic illness in which WNV had been
considered in the differential diagnosis. The Odds Ratios were large and similar in
magnitude in all four groups (overall OR=4.2). This value is similar to that reported
previously for association of the homozygous CCR5Δ32 genotype with the HIV exposed-
uninfected phenotype, which is generally accepted as very strong.

Although only 5% of symptomatic WNV cases were CCR5Δ32 homozygotes in these
studies, the data suggested that most if not all infected CCR5Δ32 homozygotes in the
catchment area of the state public health departments became symptomatic. This conclusion
is based on the assumption that ~20% of WNV-infected individuals wil become
symptomatic in the North American epidemic, and the generally accepted 1% frequency of
CCR5Δ32 homozygotes among North American Caucasians. This analysis assumes that
CCR5 deficiency does not affect the risk of WNV infection and that the fraction of
symptomatic WNV cases reported to state public health services is high. With these caveats
in mind, the calculation is consistent with the mouse model in which CCR5 deficiency
resulted in 100% susceptibility to severe symptomatic disease and ultimately death. An
association of CCR5 deficiency with fatal outcome was found only in one group, from
Arizona. This was not as strong an association as would be predicted from the uniform
lethality of WNV in the mouse model, possibly because of differences in infecting virus
strain, inoculum size and/or supportive care, among other factors.

These studies only addressed the association of CCR5 deficiency with symptomatic cases of
WNV infection diagnosed by serologic criteria, and did not distinguish whether the
mechanisms involved effects on initial infection or disease progression or both. This
question was addressed in a recent study that took advantage of the American Red Cross
comprehensive WNV screening program [7]. Since this program began in 2003, almost 35
million blood donations were screened in the US through July 2008. Of these, samples were
initially judged reactive or non-reactive by a screening PCR test. Repeated testing of all
reactive samples by both WNV-specific PCR and IgM serology was carried out to define
WNV true positives and WNV false positives, and the latter was used as a control group for
genotype comparison. The frequencies of homozygous CCR5Δ32 were similar in the two
groups, consistent with CCR5 deficiency not being a risk factor for initial infection by
WNV. However, when the genotype data were stratified by whether the subjects reported
symptoms consistent with WNV infection within two weeks of donating blood, a large
difference was observed, with all homozygotes skewed into the symptomatic WNV true
positive cases, while being homogeneously distributed between the symptomatic and
asymptomatic WNV false positive individuals in the control group. Symptoms were self-
reported by all participants in the study through a questionnaire, and as expected fewer
WNV false positive subjects than true positive subjects reported symptoms. Limitations of
this study include potential bias in the makeup of the control group, the subjective nature of
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the symptom scores and the lack of independent replication of the results. With these caveats
the data are consistent with the notion that CCR5 deficiency is a risk factor for development
of early clinical manifestations after WNV infection and for severe symptomatic disease, but
not for initial infection.

The precise mechanism of action of CCR5 in human WNV infection has not yet been
delineated. Its role in leukocyte trafficking to brain in the mouse model is an important clue,
but additional studies directly measuring the distribution of CCR5 ligands and CCR5+

leukocyte subsets in autopsy samples of brain and other tissues from patients with WNV
infection are needed. It is also important to note that although the association is very strong,
most symptomatic WNV cases (~95%) were not associated with homozygous CCR5Δ32,
suggesting that other genetic susceptibility factors may also affect outcome. There are
several obvious candidates that merit analysis, including functional polymorphisms in the
genes for the chemokine ligand CCL5, and variation in the copy number of CCL3 genes that
are inherited. Both of these genetic factors have already been shown to affect the rate of
HIV/AIDS disease progression.

Blocking CCR5 with drugs, which is now possible due to FDA approval in 2008 of
Maraviroc for HIV/AIDS, could increase the risk of symptomatic WNV disease, should the
treated patient become exposed to the virus. The net effect on risk may depend on many
factors, including the level of activity of the epidemic, the exposure of treated individuals to
mosquito bites, the physical distribution of the blocking agent, and the level of receptor
blockade required for clinical benefit. Intermediate levels of CCR5 may be adequate to
confer WNV resistance, since heterozygous CCR5Δ32 was not associated with symptomatic
WNV infection [5]. However, strategies to treat or prevent HIV infection by targeting CCR5
generally aim to completely block all receptors. CCR5 antagonists developed as topical
microbicides, such as the chemokine analogue PSC-RANTES, would be unlikely to place
patients at increased risk of WNV infection.

Since drug resistance is an important problem for HIV, developing new classes of anti-
retroviral agents that act at novel targets such as CCR5 should continue to be high priority
while the potential effect of CCR5 blocking agents on WNV risk is assessed prospectively.
Moreover, the findings should serve as a catalyst to reinforce advice from physicians and
foster compliance among patients with regard to sound general infectious disease prevention
practices, including avoidance of mosquito bites by wearing protective barriers and using
chemical repellants.

CXCR3
The Th1-specific chemokine Cxcl10 and its receptor Cxcr3 are both strongly upregulated by
WNV in the mouse model. Loss-of-function tests by immunodepletion and genetic
inactivation have revealed an important role in the model for Cxcl10, and this has been
supported using Cxcr3 knockout mice [9,10]. Loss of either resulted in decreased CD4+ and
CD8+ T cell accumulation in the CNS, increased viral burden and death. Perforin-mediated
CD8+ T cell responses are critical for effective clearance of WNV from infected neurons.
Consistent with this, enhancing migration of CD8+ T cells into the parenchyma of the
WNV-infected CNS has been reported to increase viral clearance and survival.

CCR2
Monocytes play an important role during CNS injury and infection as precursors of
macrophages and microglial cells [11]. Lethal intranasal delivery of a non-neurotropic strain
of WNV has been reported to induce accumulation of monocytes in the CNS, >90% of
which are Ly6chi and capable of differentiating into both microglia and macrophages.

Lim and Murphy Page 4

Exp Cell Res. Author manuscript; available in PMC 2012 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Administration of neutralizing anti-Ccl2 antibody has been reported to delay migration of
these cells into the brain and prolong survival, suggesting a Ccr2-dependent, pathogenic role
for monocytes in the brain in the model. In contrast, monocyte depletion in vivo using
clodronate-loaded liposomes has been reported to increase mortality of mice challenged i.p.
with a neurotropic strain of WNV, supporting a protective role for these cells [12]. Thus,
monocytes may be beneficial or harmful depending on the context and details of the model.

Two major monocyte subsets have been identified in both humans and mice: ‘resident’
monocytes, which traffic into peripheral tissues under non-inflammatory conditions, and
‘inflammatory’ monocytes, which rapidly respond to tissue injury and inflammation [13].
High expression of Ccr2 is associated with the ‘inflammatory’ (Ly6chi) monocyte subset and
correlates with their function of rapid recruitment into inflamed tissues. Conversely,
‘resident’ (Ly6clo) monocytes express high levels of Cx3cr1, not Ccr2. Ccr2 is expressed
primarily on monocytes and monocyte-derived cells, but is also expressed on a subset of T
cells. Ccr2 is activated by the selective ligand Ccl2, and the nonselective ligands Ccl7 and
Ccl12. Ccr2-deficient mice are monocytopenic and tissue recruitment of monocytes is
impaired in these mice in multiple mouse models of bacterial and fungal infection [14–20].

mRNA for all Ccr2 ligands is induced by WNV infection of the CNS [4,21]. Compared to
control mice infected with WNV, Ccr2-deficiency has been reported to result in markedly
increased mortality (~20% survival) and increased viral load [21]. Ccl2 and Ccl7 protein
levels are significantly elevated in knockout mouse brain over wild type mouse brain post-
infection, suggesting that Ccr2 may also control local clearance of its ligands.

After infection of Ccr2−/− mice, similar numbers of CD4+ and CD8+ T cells, and NK1.1+
cells accumulate in the brain compared to wild type control mice, whereas accumulation of
inflammatory monocytes (Ly6chiCD11b+) is severely deficient. In wild type mice infection
is associated with a highly selective monocytosis in the blood that peaks just before the time
when monocytes begin to accumulate in the brain. This is entirely dependent on Ccr2 since
Ccr2 deficient mice, which are constitutively monocytopenic, remain monocytopenic
throughout the course of WNV infection. Ccr2 deficiency in contrast does not affect the
dynamics of other subsets of leukocytes tested in the blood, where they typically decrease,
or in the brain, where they accumulate.

Competitive repopulation analysis of differentially labeled Ccr2+/+ and Ccr2−/− Ly6chi

monocytes injected into WNV-infected Ccr2−/− recipient mice after infection has suggested
that the main determinant of brain monocyte accumulation in Ccr2 knockout mice is
monocytopenia [21]. In particular, Ccr2 knockout monocytes are clearly able to traffic into
the brain and there does not appear to be a clear advantage of monocytes from wild type
mice to do so. The analysis is complicated by the rapid reduction in the ratio of knockout to
wild type monocytes in the blood after transfer into knockout mice, whether they are
infected with WNV or not. This suggests that Ccr2 is not only important for egress of
monocytes from bone marrow, but also for retaining monocytes in the blood once they are
there. These studies also suggest that monocytes lacking Ccr2 may traffic back to the bone
marrow and preferentially accumulate, unable to egress. Thus the mechanism of
monocytopenia in uninfected Ccr2−/− mice may involve both decreased monocyte egress
from bone marrow to blood and increased monocyte return from blood to bone marrow,
among other possibilities. Thus, Ccr2 appears to be involved very early after infection with
WNV, increasing monocyte numbers in the periphery. Once monocytes are in circulation, it
appears that another receptor is critical for their migration into the infected CNS, perhaps
Ccr5. Additional work will be needed to define whether there is also a deficiency of T cell
subsets and other leukocyte subsets known to express Ccr2, such as highly differentiated
Th1 cells, that are compensated by subsets that do not express the receptor.
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The highly selective monocytosis induced by WNV in this model is interesting and highly
unusual. As with WNV, other infectious agents have been reported that fail to overcome the
monocytopenia in Ccr2-deficient mice, but in these diseases a specific monocytosis has not
been described as a typical feature. Additional work will be needed to define whether Ccr2
and its ligands are needed for trafficking, organization and/or activation of monocytes within
the brain, once the cells have crossed the blood brain barrier. Although previous work has
shown that both Ccl2 and Ccl7 are important determinants of the normal monocyte count in
unstressed wild type mice, it is not yet known which Ccr2 ligands induce monocytosis in
WNV-infected mice, and whether Ccr2+ monocyte deficiency actually accounts for
increased mortality in the model.

At present, there are no data delineating leukocyte dynamics in patients with WNV
infection. If factors limiting monocytosis result in poor outcome in patients, novel
therapeutics able to induce monocytosis, such as GM-CSF or AMD3100 (a CXCR4
antagonist), could be efficacious. AMD3100 is currently approved for stem cell
mobilization, and can also mobilize monocytes in both humans and mice [22,23]. In this
regard, a study by Klein and colleagues showed that AMD3100 can significantly improve
survival from WNV infection in mice [24].

Monocytosis could also potentially be induced in humans using agonists to CCR2, since the
‘inflammatory’ monocyte subset in humans (CD14+CD16− monocytes) that is analogous to
the Ccr2+ Ly6Chi mouse monocyte subset that we studied also uniformly expresses CCR2.
At present, CCR2 agonists are not available clinically and are in general limited to
chemokine ligands which have very short half-lives. Unless modified, CCR2 ligands may
not be ideal for such an application.

A genetic approach may also be available for translating findings on Ccr2 to human WNV
disease, since several common polymorphisms have been described for CCR2, CCL2 and
CCL7. Understanding the mechanisms of Ccr2 action in monocyte migration during WNV
infection in mice is an important first step towards these goals.

Conclusions
In conclusion, Ccr2, Ccr5 and Cxcr3 (and its ligand Cxcl10) have all been identified as
functionally important and protective in a mouse model of WNV infection, whereas Ccr1
and Cx3cr1, which are also expressed in the model, do not appear to play important roles at
the level of overall mortality. Ccr2 may be most important in monocyte recruitment to CNS,
acting mainly by regulating monocytosis in the blood. Cxcr3 appears to control CD4+ and
CD8+ T lymphocyte accumulation in the brain. Ccr5 deficiency is associated with defects in
accumulation of macrophages, CD4+ and CD8+ T cells and NK cells. The importance of
Ccr5 has been translated to human disease through genetic association with CCR5Δ32 allele,
and this has important implications regarding potential risk of CCR5 blocking agents in
patients infected with WNV.
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Figure 1.
Outcome is heterogeneous after WNV infection.
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Figure 2.
CCR5 is beneficial in host defense against WNV infection but harmful in facilitating HIV
infection.
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Table 1

West Nile virus at a glance.

Family Flaviviridae (includes YFV, Dengue, TBE, JEV, MVE)

Biology arboviral CNS pathogen

Host range diverse, including many mammals and birds

Vector Culex spp. mosquitoes

Epidemiology First isolated in Uganda (1938); Re-emergent in USA (1999)

Genome 11 kb (+) single stranded RNA

Structure enveloped icosahedral nucleocapsid ~50 nm diameter sphere

Tissue tropism neurotropic

Treatment no specific agents

Prevention no human vaccines
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