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Abstract

Infection with mosquito-borne West Nile virus (WNV) is usually asymptomatic but can lead to
severe WNV encephalitis. The innate cytokine, macrophage migration inhibitory factor (MIF), is
elevated in patients with WNV encephalitis and promotes viral neuroinvasion and mortality in
animal models. In a case-control study, we examined functional polymorphisms in the MIF locus
in a cohort of 454 North American patients with neuroinvasive WNV disease and found patients
homozygous for high-expression MIF alleles to be >20-fold (p=0.008) more likely to have WNV
encephalitis. These data indicate that MIF is an important determinant of severity of WNV
neuropathogenesis and may be a therapeutic target.
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1. Introduction

West Nile virus (WNV) is a mosquito-borne enveloped positive-strand RNA virus that has
caused the largest arboviral neuroinvasive disease outbreaks in the US and is now the
country’s leading cause of arthropod-borne encephalitis (1). An estimated 3 million people
in the USA may have been infected since 1999, resulting in more than 1,700 fatalities (2).
While WNV infections are predominantly subclinical, clinical manifestations may range
from fever and myalgias to encephalitis and death. Less than one percent of infected
individuals develop neuroinvasive complications and the likelihood of adverse outcomes
(death, admission to long-term care facilities) has been related to developing encephalitis,
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advanced age, immunosuppression, presence of comorbid medical conditions, and perhaps
individual differences in elements of the immune response (3, 4). Investigating WNV
infection and its clinical complications is important because there are no human vaccines
available, and the only treatment for patients is supportive care (3).

Host factors mediate neuroinvasive WNV disease and genetic predisposition for contracting
neuroinvasive WNV has been considered to play a role in disease outcome after infection.
Recent studies show that permeability of the blood brain barrier, which is enhanced by pro-
inflammatory responses, appear to be critical to susceptibility of neuroinvasive WNV
infection (3). The use of experimental animal models, especially genetically modified mice
with defects in specific immune system molecules, has provided important insight into the
immunopathogenesis of WNV. Macrophage Migration Inhibitory Factor (MIF) is an
upstream mediator of innate immunity that plays a key role in the balance between a
protective immune response and inflammatory pathology. MIF expression is increased in
WNV:-infected mice and genetic deletion, immuoneutralization, or small molecule
antagonism of MIF reduces viral load and inflammatory responses in the brain, and renders
mice resistant to WNV lethality (5).

There are functional polymorphisms in the human MIF gene that separate the population
into high and low MIF producers, and these polymorphisms correlate with disease outcome
in patients suffering from the inflammatory sequelae of different autoimmune or infectious
conditions (6). The best characterized polymorphism is a tetranucleotide repeat (CATTs_g)
at =794 position in the MIF promoter, where the 5-CATT variant is a low expression allele
and the >5-CATT variants are higher expression alleles. A single nucleotide polymorphism
(SNP) at —173(G/C) of the MIF promoter also has been the focus of some studies, with the
C allele considered high expression and found in linkage disequilibrium with the high
expression, =794 7-CATT allele (7). Increased MIF expression and corresponding high-
expression MIF alleles are well known to have a deleterious effect for patients suffering
from autoimmune conditions such as systemic lupus erythematosus and rheumatoid arthritis
as well as those with bacterial sepsis (6). We previously reported that patients suffering from
acute WNV infection presented with increased levels of MIF in serum and in cerebrospinal
fluid (5). In this work we explore genetic polymorphisms in MIF in patients with different
manifestations of neuroinvasive WNV disease.

2. Material and Methods

Human Cohorts

The cohort of patients with WNV infection from 6 sites in North America was enrolled
previously over a 5 year period (2004-2009), with approved consent as described (8). Study
subjects were >age 18, Caucasian, and had a history of infection with WNV based on
laboratory diagnostic criteria from the Centers for Disease Control (8). Subjects were
separated into cases meeting the criteria for neuroinvasive disease (including meningitis,
encephalitis, or acute flaccid paralysis) and controls (WNYV infection without neuroinvasive
disease). Details of demographic criteria (age, gender) and clinical symptoms were reported
previously for both the primary and replication sample cohorts (8). For the current study,

Cytokine. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Das et al.

Page 3

DNA was available from a subset of subjects, from 518 cases (85%) and 514 controls
(52%).

MIF genotyping

DNA was isolated from peripheral blood samples using a commercially-available kit
(Invitrogen). Analysis of the MIF promoter =794 CATT5_g microsatellite [rs5844572] and
-173 G/C SNP [rs755622] was performed as previously described (9) with 909 successfully
genotyped from 1032 samples attempted (88% of subjects in both groups).

MIF Promoter Experiments

Statistics

3. Results

A Dual-luciferase reporter assay system was employed (Promega) where 108 human THP-1
monocytes (ATCC) were cultured in RPMI11640/10% fetal bovine serum (FBS) and co-
transfected with 1 ug of individual plasmids containing =794 5-8-CATT (or 0-CATT) MIF
promoter sequences ligated to a luciferase gene together with a f-actin promoter luciferase
control using the Amaxa nucleofactor platform (Lonza) (6). The SNP status of these MIF
constructs, in accordance with the most commonly occurring genotypes, were: 5G, 6G, 7C,
and 8G. The cells were incubated at 37° C for 24 hrs, infected with virulent WNV strain
CT-2741 at a multiplicity of infection (MOI) of 1 (10), and luciferase activity quantified
after 48 hrs. The luciferase activity was measured by following the protocol “Dual-luciferase
Report Assay System” (Promega).

Demographic differences in the enrolled WNV cohort between neuroinvasive disease and
controls without neuroinvasive disease were analyzed using Student’s t-test. The proportion
of MIF genotypic low-expressers in the cases and controls and among cases, those with
encephalitis and those without, were compared by chi square analysis. MIF expression and
stimulated MIF responses were compared by Student’s t-test with p<0.05 considered
significant.

MIF polymorphisms in WNV patients

We used a case-control study design to investigate the frequency of MIF promoter
polymorphisms in a cohort of WNV patients recruited from the US and Canada and divided
into cases, patients with neuroinvasive WNV disease (N = 518), and WNV-infected controls
without neuroinvasion (N = 514) (8). The distribution of clinical findings indicated that case
patients were more likely to be male (cases: 50.8% male vs. controls: 44.5% male, p=0.04)
and older (cases: mean age 60.9 £ 15.0 vs. controls: 53.6 + 13.6, p<0.001)] when compared
to controls. Among patients with neuroinvasive WNYV disease in whom clinical
classification was available, severity was distributed across a spectrum that included
meningitis (M; n=83, 16.3%), meningoencephalitis (ME; n=138, 27.1%), encephalitis (E;
n=100, 19.6%), and acute flaccid paralysis (AFP; n=188, 36.9%). There were no differences
in distribution of gender among patients with different neuroinvasive manifestations of
WNYV disease, but patients with encephalitis were older than their counterparts with other
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types of neuroinvasive disease (encephalitis: 65.5 + 14.8 vs. other disease: 60.0 £ 14.9,
p=0.0026).

MIF alleles were analyzed in genomic DNA samples from the cases and controls to
ascertain the =794 CATT repeat number and the =173 G/C SNP. Since MIF alleles are
ethnically stratified, this study was limited to Caucasian subjects. No data was available on
relatedness of study subjects, but as the cohort was collected over a wide geographic area,
relatedness was considered to be unlikely. Genotype data was available from 454 case
patients and 455 controls (88% of subjects in both groups). Neither group deviated from
Hardy-Weinberg Equilibrium. There were no differences between the overall =794 CATT
and —173 G/C distributions between cases and controls (case: 5-CATT — 24.6%, 6-CATT -
63.2%, 7-CATT - 12.3% and control: 5-CATT - 23.3%, 6-CATT — 62%, 7-CATT - 14.6%,
p=0.4) and (case: G — 81.8%, C — 18.2% and control: G — 82.3%, C — 18.3%, p=0.5).

We next investigated the relationship between these MIF polymorphisms and manifestations
of neuroinvasive disease. In comparing the frequency distribution of the possible =794
CATT alleles among the clinically defined neuroinvasive manifestations in the cases, we
found the low-expresser 5-CATT allele to be less common among encephalitis cases (Table
1). This difference was significant when comparing encephalitis (E) cases with all other
neuroinvasive manifestations (19.9% vs. 25.5%) as well as with meningitis and
meningoencephalitis (M + ME) cases (19.9% vs. 25.3%). Patients with encephalitis also
were more likely to carry a high expression MIF 7-CATT allele compared to those with all
other neuroinvasive disease as well as with M+ME [18% vs. 11%, 0.037, OR 1.73CI (1.07-
2.79), and 18% vs. 10% 0.027, OR 1.89 (1.10-3.21)]. Finally, the homozygous 7/7-CATT
MIF high-expresser genotype was 12-fold more common among encephalitis (E) cases when
compared with meningitis and meningoencephalitis (M + ME) cases (p=0.0174), and
approached but did not reach statistical significance when compared to all other disease
(p=0.08). This difference also was significant in multivariate analysis accounting for age and
gender (p=0.0084, OR: 21.54 [2.20-210.90]). Although the =173 C SNP is in linkage
disequilibrium with the 7-CATT allele, no association between the SNP and neuroinvasive
disease were observed. This is the first report of an association between the MIF =794
CATT polymorphisms and WNV encephalitis.

WNV induces allele-dependent MIF expression in human monocytes

Experimental WNV infection induces MIF expression in mice and genetic Mif deletion, anti-
MIF, or pharmacologic MIF antagonism protects mice from lethal neuroinvasive disease (5).
Whether WNV directly induces MIF expression or if the increased MIF observed during
infection is simply a consequence of downstream inflammatory end-organ damage is
unknown. We examined the ability of WNV to directly induce MIF expression by
measuring the impact of initial infection on the transcriptional activity of human monocytes
transfected with individual -794 CATTs_g MIF promoter luciferase fusion plasmids.
Infection with WNV led to increased expression of MIF in a CATT length-dependent
manner (Figure 1). The differences between the 6-, 7-, or 8-CATT promoter variants were
statistically significant when compared to the lowest expression 5-CATT promoter allele.
Notably, maximal transcriptional induction was observed with the 7-CATT MIF allele.
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4. Discussion

Genome-wide association studies of single nucleotide polymorphisms (SNP) have identified
key regulators of immune function — including interferon pathway elements such as IRF3,
OAS-1, and MX-1 - to be associated with an increased risk for initial infection with WNV
and severe neurological disease (>750 subjects) (11, 12). A dominant negative splice variant
of RNaseL., which functions in the anti-proliferative roles of interferon, was detected more
often in WNV cases than control patients (13).

In addition to interferon pathway elements, other immune regulators have been identified
that influence the severity of infection with WNV. In particular, HLA types have been
associated either with risk of more severe outcome (HLA-A*68 and C*08) or better
resistance (B*40 and C*03) (14). A study reported differential frequency of Natural Killer
cell receptors (KIRs) between WNV patients and a healthy cohort in Macedonia (patients
n=4 and healthy controls n=214) (15). Homozygous deletion in the CCR5 gene (CCR5A32),
which confers protection to HIV infection, also is a risk factor for severe WNV disease (16).
In addition, SNPs in the RFC1, SCN1A and ANPEP genes have been identified as risk
candidates but the immunological mechanisms linking these loci with disease outcome are
not known (8).

While we did not find the distribution of MIF polymorphisms to be different among patients
with WNV non-neuroinvasive infection vs. those with neuroinvasive disease, we did find
the high MIF expresser 7-CATT allele to be significantly correlated with the severe WNV
clinical manifestations. Carriage of the homozygous 7/7-CATT MIF genotype conferred a
20-fold increase in risk for encephalitis compared to meningitis and meningoencephalitis.
Together, these results suggest that the propensity to express high levels of MIF does not
predispose a person to develop neuroinvasive sequealae but that once these sequelae
develop, it is associated with progression to the more severe and lethal complications of the
infection. Higher levels of MIF can cause a patient to experience a more severe clinical
manifestation of neuroinvasive WNV, such that the high expressers are more likely to
experience encephalitis after neuroinvasion than low expressers. The role of variant MIF
alleles in the clinical outcome of viral infection has not been shown previously; however,
these results are in accord with published observations in meningococcal and pneumococcal
meningitis, where high-expression MIF alleles were associated with the development of
invasive disease (17, 18). The lack of association between the =173 G/C SNP and
neuroinvasive WNV disease may be explained by the relatively small size of the cohorts.
Additional evaluation of both the MIF =794 CATT and the =173 SNP in larger cohorts of
subjects with neuroinvasive WNV disease is necessary to replicate these findings.

The present findings support a concordance in human infection in the relationship between
WNYV infection and MIF expression reported previously in mouse models (5). MIF may be
of special importance in the context of neurotrophic viruses, inflammation, and blood brain
barrier permeability and a critical effector cytokine because of its role in sustaining
inflammatory responses at sites of tissue invasion (17, 18). The functional MIF
polymorphisms studied herein occur commonly in the population and are established risk
factors for inflammatory end-organ damage in autoimmunity as well as with the
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development of gram-negative and mycobacterial bacteremia (7). Additionally,
pharmacologic MIF inhibition has been shown to attenuate morbidity and mortality due to
overwhelming inflammation in pneumococcal pneumonia (19). Although WNV disease
morbidity and mortality occurs in only a small proportion of those infected with virus, there
are currently no effective vaccines or specific antiviral therapies. The present findings
indicate that MIF genotype determination in WNV disease may provide useful prognostic
information and that MIF inhibition, which is currently also in clinical testing, may be of
therapeutic value in patients at risk for encephalitis.
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Highlights

West Nile virus infection is usually asymptomatic but may cause severe
encephalitis

The cytokine macrophage migration inhibitory factor is elevated in WNV
encephalitis

Patients with high-expression MIF alleles are more likely to have WNV
encephalitis

MIF genotype in WNV patients may be useful for prognostic or therapeutic
targets
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Figure 1. WNV induces MIF expression in a
—-794 CATTs_g length-dependent manner in human monocytes.

Cultured human THP-1 monocytes were transfected with MIF promoter/luciferase reporter
fusion plasmids bearing 0, 5, 6, 7, and 8 CATT repeats and infected with WNV in vitro for
48 hrs prior to assessment of luciferase activity. Methods follow ref; (10). Data are means *
SD for 4 determination. * p< 0.05, ** p< 0.01 for comparisons to 5-CATT.
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