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Abstract

Among patients newly infected with hepatitis C virus (HCV), only 20-30 % clear the infection
spontaneously. In the remaining 70 %, the infection persists causing chronic liver inflammation
and disease. It is well established that polymorphisms in host genes, especially in components of
the innate immune response, contribute to the phenomenon of spontaneous HCV clearance. RIG-1-
like helicases such as MDA-5 are cytoplasmic sensors of viral RNA that are critical for triggering
innate immune responses after infection with RNA viruses. We analysed 14 non-synonymous
single-nucleotide polymorphisms in RIG-I-like helicase-pathway-genes comparing European
patients that spontaneously cleared HCV (n = 285) or had persistent infection (n = 509).
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We find that polymorphic haplotypes in the MDA-5 gene IFIH1 encoding histidine at position 843
and threonine at position 946 strongly correlate with the resolution of HCV infection (OR: 16.23
(95 % CI: 3.67 — 71.87); p = 1.1 x 1075). Overexpression of MDA-5 genetic variants in HEK 293
cells and in a tissue culture model of HCV infection revealed that the histidine 843/threonine 946
variant leads to increased baseline and ligand-induced expression of interferon-induced genes and
confers an increased ability to suppress HCV replication.

Conclusion—These data suggest that MDA-5 plays a significant role in the defense against
HCV and that polymorphisms in MDA-5 can influence the outcome of HCV infection.

Keywords

Hepatitis C virus infection; liver; RIG-I-like helicase pathway; single nucleotide polymorphism;
genetic association; IFIH1; diabetes type |

Introduction

With 170 million people affected worldwide chronic hepatitis C virus (HCV) infection is a
major public health problem causing cirrhosis, liver failure and hepatocellular carcinoma.
The heterogeneity in HCV clearance within infected individuals — spontaneously as well as
in response to treatment with interferon-a and ribavirin — is well documented but poorly
understood. Recent genome wide association studies have demonstrated the particularly
strong contribution of genetic polymorphisms in innate immunity-related genes of the host
to HCV clearance, complementing other known factors such as age at infection, gender,
ethnicity and viral factors (1, 2). Among reported genes for cytokines, chemokines,
chemokine receptors, MHC molecules and NK cell receptors, single nucleotide
polymorphisms (SNPs) in the locus of the type Il interferon IL-28B have shown the most
consistent and strongest association with spontaneous clearance of HCV and response to
therapy with pegylated interferon-a and ribavirin (3-6).

Interferons (IFNs) type | and type 11 are major innate immune cytokines produced by cells
upon viral infection. They trigger transcriptional upregulation of host genes to build a strong
line of antiviral defense. In fact, many interferon-stimulated gene products have been
identified to contribute to HCV clearance (7, 8). IFNs themselves are produced upon well-
studied signaling events, initiated by pattern recognition receptors (PRRS) detecting
intracellular pathogens (9). The RIG-I-like helicases (RLHSs) retinoic acid-inducible gene-I
(RIG-I), melanoma differentiation-associated gene 5 (MDA-5) and laboratory of genetics
and physiology gene 2 (Lgp2) form an important family of cytoplasmic PRRs triggering the
induction of IFNs upon viral infection. RLHs detect the presence of viruses through the
recognition of distinct molecular patterns in viral RNA species present in the cytoplasm of
infected cells. The molecular pattern detected by RIG-1 consists of RNA containing a 5'-
triphosphate moiety in direct proximity to a double-stranded RNA stretch. The pattern
detected by MDA-5 is less well defined and requires long double stranded RNA (10-12).
Upon binding of their RNA ligands, RIG-I and MDA-5 induce a signaling cascade that
involves the mitochondrial antiviral signaling protein (MAVS), the signaling adaptor protein
for both receptors. This leads ultimately to the activation of transcription factors and the
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transcriptional induction of IFNs and interferon-stimulated genes (13, 14). RIG-1 and
MDA-5 are activated through distinct but partially overlapping groups of viruses.

Based on cell culture models, several studies suggested that the RLH pathway, with an
emphasis on RIG-1 and MAVS, is critically involved in the recognition of HCV and a major
target of immune evasion strategies of HCV (15-18).

These findings led us to examine the effect of genetic polymorphisms in the core RLH
pathway genes on HCV infection outcome.

PATIENTS AND METHODS

Study participants

Informed consent was obtained from all patients that participated in the study. The study
protocol conforms to relevant ethical guidelines as reflected in approval by the ethics
committees of the participating universities and hospitals. The study population (n = 1316)
was comprised of two cohorts of patients and a group of control individuals, all of
Caucasian origin. The first cohort consisted of 199 patients with chronic hepatitis C (CH)
and 76 individuals with spontaneously resolved hepatitis C infection (SRH). The second
cohort consisted of 310 patients with chronic hepatitis C and 209 individuals with
spontaneously resolved hepatitis C infection. The control group (C) consisted of 520
healthy, unrelated individuals. Members of the first cohort were haemophilic patients
recruited from the University Hospital Bonn, Irish patients infected with contaminated anti-
D immune globulin (19) and patients recruited by the German Kompetenznetz Hepatitis. The
second cohort was recruited from three different liver centers across Germany. Healthy
controls were obtained from the blood donor pool of the blood bank in Freiburg. Chronic
hepatitis C was defined as detectable anti-HCV antibodies and HCV RNA in the serum for a
minimum of 6 months. Individuals designated “spontaneously cleared” had anti-HCV
antibodies and undetectable HCV RNA in the serum for a minimum of 100 days. For the
control group HCV negativity was defined by the absence of anti-HCV antibodies.
Demographic features of the patient and control groups are presented in table 1 and
supplementary tables 1.1 and 1.2. For the haplotype correlation analysis of SNP
combinations at rs1990760 and rs3747517 in MDA-5 subjects were only included if their
chromosomal haplotype could be unambiguously determined. Subjects heterozygous at both
gene loci were therefore excluded, since in these cases our genotyping method does not
allow to unambiguously assign their alleles to one chromosome. This however is essential
for the interpretation that the haplotype codes for amino acids of the same protein. From the
combined cohorts, 344 subjects of the group chronically infected with HCV (68%), 173
subjects of the group that cleared HCV spontaneously (67%) and 364 of the healthy controls
(70%) could be included.

Genotyping and statistical analysis of genetic data

Genotyping was done by PCR and melting curve analysis in a LightCycler® 480 instrument
(Roche Diagnostics, Mannheim, Germany) using fluorescence resonance energy transfer
(FRET) probes (TIB MOLBIOL, Berlin, Germany). Data were evaluated using the SPSS
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16.0 software (SPSS Inc.-IBM, Armonk, NY) and Fisher’s exact test or Chi square test
where appropriate. Haploview software was used to generate linkage disequilibrium plots
for the analysed genes. See supplementary methods and tables for additional details.

Cell stimulation and measurement of cytokine production and gene expression

HEK 293 cells were transfected in 96-well plates with the indicated plasmids using
lipofectamine 2000 (Invitrogen Life Technologies). 24 hours after transfection, cells were
stimulated with poly I:C (polyinosine-polycytidylic acid) (Invivogen, San Diego, California)
complexed with lipofectamine 2000. IP-10 and IL-28B were measured in the culture
supernatants by ELISA (DuoSet, R&D Systems, Minneapolis, MN and USCN, Life Science
Inc., Wuhan, China). Gene expression was analysed by quantitative RT-PCR using gene-
specific primers and probes from the Roche universal probe library (Roche Diagnostics,
Mannheim, Germany). The relative abundance of target transcripts was normalized to the
expression levels of HPRT in experiments with Huh-7.5 cells and to the neomycin
phosphotransferase (npt) gene in overexpression experiments in HEK293 cells to egalize
potential differences in transfection. See supplementary methods and tables for additional
details.

HCV replication assay

Results

HCYV replication assays were performed as described previously (17). Briefly, Huh-7.5 cells
were plated in 24-well plates and transduced with lentiviral pseudoparticles expressing
MDA-5 variants or controls, respectively, and additionally RFP as marker for transduction.
At 72h post transduction, cells were infected with HCV Jcl 378-1-YPet (20) at a dose
yielding approximately 30-50% infected (GFP*) cells. At 48 h post infection, supernatants
were collected and cells were analysed by FACS. Virus titers from the supernatant were
determined by TCIDsgq assay on Huh-7.5 cells, as previously described (21). To determine
statistical significance, one-way analysis of variance (ANOVA) was used, followed by
Dunnett’s multiple comparison test.

To determine the impact of pattern recognition receptor variants on HCV clearance, we
analysed 14 non-synonymous SNPs from the NCBI SNP database in the genes coding for
RIG-1, MDA-5, Lgp-2 or their adapter MAVS with an expected minor allele frequency >
1%. When we examined an initial European cohort we detected a significant difference in
allele distributions between 76 individuals with spontaneously resolved HCV infection
(SRH) and 199 patients with chronic HCV infection (CH) only for SNP rs3747517 in
MDA-5. No significant difference in allele distribution was seen for the other SNPs
analysed in MDA-5, RIG-I, Lgp2 or MAVS (see table 1 and 2). The frequency of the minor
T allele of rs3747517 coding for histidine at AA 843 in MDA-5 was significantly higher in
the group of patients that had spontaneously recovered from hepatitis C infection (39.2%
SRH versus 27.9% CH, p = 0.01; OR 1.67 (95%-Cl: 1.12 — 2.48); see table 2). This was
consistent with a significant difference of the genotype distributions for rs3747517 (p = 0.03
see table 3.1). This result could be replicated in a second independently collected European
cohort consisting of 209 individuals with spontaneously resolved HCV infection and 310
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patients with chronic HCV (p = 0.02; table 3.1). The ability to replicate the result in a
second cohort strongly argues against a type | error due to multiple testing as the explanation
for the differences in allele distribution.

Similar to previous studies that identified polymorphisms at the I1L-28B locus as the
strongest predictors for the outcome of an HCV infection (3-6), we also found a strong
difference in the allele distribution in the IL-28B gene SNP rs12979860. As predicted, in our
first cohort the C allele was significantly more frequent in patients able to clear the hepatitis
C virus spontaneously (77.6% SRH versus 58.2% CH, p = 2.5 x 107°; OR 2.4 (95%-Cl: 1.62
— 3.83); see table 2). To ensure that our results for the polymorphism in MDA-5 are not due
to a coincidental over- or underrepresentation of genotypes at the I1L-28B locus we analysed
allele frequencies at rs3747517 in our first cohort using the genotype at rs12979860 in
IL-28B as a covariate. However, histidine at position 843 in MDA-5 still correlated with
spontaneous HCV clearance in people carrying the non-protective genotypes CT or TT at
the IL-28B locus (36.5% SRH versus 25.2% CH, p = 0.046; OR 1.7). This strongly suggests
that the SNP-alleles in MDA-5 have an independent effect that is not explained by the
distribution of IL-28B polymorphisms in our cohort.

Combined analysis of the two cohorts for MDA-5 rs3747517 provided further statistical
support for an overrepresentation of the T allele at rs3747517 in the group able to clear HCV
infection spontaneously (p = 7 x 1073). In this combined analysis individuals with the
homozygous genotype TT at rs3747517 were 1.99-fold (95% CI: 1.27 - 3.13; p = 4 x 1073)
more likely to clear hepatitis C infection than individuals either heterozygous or not carrying
the T allele at all (see table 3.2).

When we estimated the extent of linkage disequilibrium (LD) between rs3747517 and the
other SNPs in MDA-5 we found strong LD (D’ = 0.765; r2 = 0.362) for the polymorphisms
rs3747517 and rs1990760 in MDA-5. Several studies have previously identified a T at
MDA-5 rs1990760 leading to threonine at AA 946 as a risk allele for diabetes type | (22,
23). Even though the allele distribution for rs1990760 by itself was not significantly
associated with the outcome of HCV infection in either cohort or the combined analysis of
both cohorts (see supplementary table 4) the strong LD between the two SNPs prompted us
to further examine whether combination of alleles at rs3747517 and rs1990760 might be
associated with the outcome of a hepatitis C infection.

The analysis of the combined cohorts identified a haplotype in MDA-5 composed of the
minor allele T at rs3747517 and the major allele T at rs1990760 coding for a variant with
histidine at position 843 and threonine at position 946, in the further manuscript denoted
H843/T946, which was found at reduced frequency in patients with chronic hepatitis C
compared to uninfected controls and strongly associated with spontaneous clearance of HCV
infection (see figure 1A and supplementary table 5.1). The frequency of the haplotype
coding for H843/T946 was significantly higher in the group of patients that spontaneously
recovered from hepatitis C infection (6.6 % SRH versus 0.29 % CH: p = 3.4 x 10710; see
figure 1B and supplementary table 5.2). Genotype analysis showed that carriers of this
haplotype had a 16-fold higher chance of resolving HCV infection (OR: 16.23 (95 % CI:
3.67 - 71.87); p = 1.1 x 107; figure 1C). Notably all homozygous carriers of this haplotype

Hepatology. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hoffmann et al.

Page 6

in our study had cleared the infection (Supporting table 5.2). Having seen the strong
influence of the haplotype coding for H843/T946, we reevaluated, if the effect we had seen
previously by analysing the SNP coding for AA 843 separately, was in fact caused by the
haplotype. This was indeed the case: A multivariate analysis of allele frequencies using the
genotypes coding for the amino acid at 946 as covariates found no significant effect (p =
0.58) for H843 in subjects negative for T946 while it stayed significant (p = 0.02) in subjects
bearing at least one allele coding for T946 and was highly significant in subjects
homozygous for T946 (p = 3.1 x 1079).

As the genetic association data indicated that a combination of specific amino acids at
position 843 and 946 in MDA-5 might be relevant for the function of the protein and for the
immune response against HCV, we performed functional assays to test this hypothesis.
Using site-directed mutagenesis we generated constructs of MDA-5 variants containing the
four possible amino acid combinations at AAs 843 and 946 encoded by the SNPs at
rs3747517 and rs1990760. In addition two previously described (24, 25) naturally occurring,
loss-of-function MDA-5 variants, 1923V and E627stop, and IRF-1 were included as controls
in some experiments. Overexpression of these MDA-5 variants in HEK 293 cells and
stimulation with polyinosinic-polycytidylic acid (poly 1:C) — a mimic of double-stranded
viral RNA and known ligand for MDA-5 — revealed that the H843/T946 variant exhibits
enhanced baseline and ligand-induced signaling activity leading to the increased expression
of interferon-induced genes (ISG). Upon activation with poly I:C the H843/T946 variant
induced higher gene expression of IFN-B, IP-10, ISG15 and 1SG56 and the secretion of more
IP-10 and 1L-28B into the supernatant than R843/T946 — the most common (wild type)
variant in the European population — or any other of the tested variants (see figure 2). It is
important to note that overexpression of MDA-variants in HEK 293 cells induces a low, but
significant, induction of IP-10, IFN-B, ISG15 and ISG56 even in the absence of an added
exogenous ligand. The H843/T946 variant showed the highest activity also in this baseline
ISG-induction (see figure 2).

These results encouraged us to examine the function of the MDA-5 variants on HCV
replication in a previously established cell culture system of HCV infection (17). Huh-7.5
cells, a RIG-I-defective derivative of Huh-7 human hepatoma cells, were transduced to
express the MDA-5 variants and RFP, and subsequently challenged with HCV encoding
Ypet as a reporter gene (figure 3A). Viral replication (Y pet-expression) within the RFP-
positive population was quantified by FACS analysis (figure 3B). Transduction with an
empty vector served as negative control and was set 100% (figure 3C). IRF-1, a potent
inhibitor of HCV replication (17), served as positive control. Efficient replication with HCV
was seen in the presence of the two functionally inactive MDA-5 variants, 1923V and
E627stop (see figure 3B). All other MDA-5 variants suppressed HCV replication, albeit
with different efficiencies. H843/T946 was significantly more potent than R843/T946 — the
most common variant in the European population — or any other tested variant, inhibiting
HCYV replication by 50%. This potent inhibition by H843/T946 translated to a 100-fold
reduction of extracellular HCV titers at 48 h post infection (figure 3D). The increased
efficiency is not explained by higher expression of H843/T946, as shown by western blot
analyses (see supplementary figure 1). We further determined whether the enhanced virus
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inhibition by H843/T946 correlated with enhanced ISG expression upon HCV infection. Of
note, no ISG stimulation by HCV could be detected without overexpression of a functionally
active MDA-5 (figure 3E). For IP-10, ISG15 and 1SG56, H843/T946 showed induction even
in the absence of HCV, albeit not statistically significant. Furthermore, and in concordance
to our previous experiments in HEK 293 cells and poly I:C stimulation (figure 2), we found
H843/T946 to be most potent in inducing 1ISG expression upon infection.

Discussion

Our data present the first genetic evidence for a role of MDA-5 in the natural course of HCV
infection. Our findings strongly argue in favor of an HCV-protective haplotype which is
present in ~ 5% of the European population and which encodes an MDA-5 variant with
enhanced functional activity.

Studies implicating the RLH pathway in HCV recognition (15, 16, 18, 26) so far suggested
RIG-1 as the primary RLH immune sensor for HCV. Interestingly, West Nile virus, an RNA
virus also in the Flaviviridae family, is sensed by both RIG-1 and MDA-5 (27). Furthermore,
detailed studies examining specificity and potency of antiviral proteins showed that
overexpressed MDA-5 is as potent as RIG-1 in inhibiting HCV-replication (17). Knock-
down of MDA-5 partially rescues HCV replication suppressed via IFN-a in the RIG-I
negative Huh-7.5 cell line (28) and leads to reduced ISG-induction in RIG-I competent
HepG2 cells (29). Overexpression of paramyxovirus V proteins that were shown to engage
and inhibit MDA-5 but not RIG-1 lead to increased HCV replication and spread in primary
human fetal liver cells (30, 31). It is also important to note that the HCV NS3-4A serine
protease has evolved to interfere with the RLH pathway at the level of MAVS, the adapter
for both, RIG-1 and MDA-5 (16). In the present study we see that overexpression of a
functionally active MDA-5 is a prerequisite for induction of ISGs upon HCV infection in
RIG-1 deficient Huh-7.5 cells (figure 3E). Together, these findings implicate MDA-5 as an
important determinant in the outcome of HCV infection.

The molecular pattern sensed by MDA-5 is still incompletely understood but studies
indicate that the viral ligands for MDA-5 consist of long, higher-order dsSRNA or dsRNA
replication intermediates (11, 32—34). Cell culture studies have defined distinct molecular
patterns in the genomic RNA of HCV that can be sensed by RIG-I and PKR (reviewed in
(15)). While these studies showed, that in vitro transcribed HCV RNA itself does not require
MDA-5 to induce type-1 interferon, dsRNA replicative intermediates of HCV that
accumulate at later times during the replication cycle carry the characteristics to be bona fide
ligands for MDA-5. Further studies however are required to define the exact nature of the
RNA species activating MDA-5 during HCV infection.

An early study analysed the SNPs rs1990760 and rs3747517 of MDA-5 separately and used
a plasmid-construct coding for arginine 843/alanine 946 as the “wild type” source to
generate their MDA-5 variants via point mutations. It thereby missed an effect of the
haplotype coding for H843/T946 and disregarded a significant effect of theses SNPs on
protein function (25). Later studies therefore assumed that these SNPs influence expression
rather than function (22). However, a study comparing the expression levels for each allele

Hepatology. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hoffmann et al.

Page 8

separately in heterozygotes convincingly showed that rs1990760 does not influence MDA-5
promoter activity (35). Our results show that overexpression of the H843/T946 MDA-5
variant leads to a significantly higher induction of the interferon-stimulated gene products.
In addition, compared to wild type MDA-5 the H843/T946 MDA-5 variant leads to
significantly stronger inhibition of HCV replication in Huh-7.5 cells. This suggests that
protein activity itself, and not elevated expression, is the reason for improved clearance of
HCV infection in these haplotypes.

Novel insight into the structure of ligand-bound CARD-less MDA-5 and of its homologue
RIG-1 (36-40) might explain our findings. AA 843 is situated within one of the most
striking structural features of the RLH family, the elbow-like pincer motif. The pincer
structure is proposed to open and close upon RNA binding thereby altering the orientation of
the CTD to the helicase domains. In addition, AA 843 is directly adjacent to residues
forming the head surface of the putative contact interface between MDA-5 monomers within
the recently described MDA-5 filaments that form along dsRNA (39, 41). AA 946 of
MDA-5 is located at the center of a loop within the C-terminal domain that, in RIG-I, is
directly in contact with its RNA ligand (supplementary figure 2). The depletion of the CTD-
loop in MDA-5 leads to reduced signaling capacity, even though the affinity to dsSRNA
ligands is not reduced (39). The pincer motif and the CTD loop were described as two
structures in RLHs that make large movements upon activation required to adjust the fitting
of the receptors to their RNA-ligands. It is feasible that the two changes in H843/T946
MDA-5 at position 843 and 946 synergistically increase sensing of the viral RNA and/or
improve transduction of the signal to downstream signaling molecules, resulting in a more
efficient innate immune response that ultimately clears HCV infection in patients.

However, MDA-5 with increased activity might come at a cost. Indeed, several studies have
identified T at rs1990760 in MDA-5 as a risk allele for type 1 diabetes noting LD with
rs3747517 (22, 23). Furthermore, rare loss-of-function variants of MDA-5 are protective
against type | diabetes (24) and there is increasing evidence that enterovirus infection, which
is sensed by MDA-5, plays an important role in triggering type | diabetes (42). A recent
paper by Rice et al. found gain-of-function mutations in MDA-5 causing Aicardi-Goutiéres
syndrome and clinical related syndromes. In these cases so far unidentified endogenous
MDA-5 ligands induce a spontaneous chronic induction of ISGs that are supposed to be
causative for the clinical phenotype of a severe inflammatory multi-organ disease (43). We
saw a slight ISG stimulation upon overexpression of MDA5 H843/T946 even in the absence
of infection or poly I:C in HEK293 and Huh-7.5 cells. Interestingly, Rice et al. argue that
baseline 1SG-induction due to overexpression of MDA-5 variants in the absence of added
ligands is in fact not completely ligand-independent but rather depends on endogenous RNA
ligands. Their argument being that the additional introduction of mutations disrupting the
putative RNA binding site blocks this baseline activation (43).

It is therefore possible that H843/T946 is an overactive MDA-5 variant that is beneficial for
HCV clearance, but might be a risk factor for autoimmune diseases such as diabetes type I.
We speculate that a strong response to cytoplasmic viral RNA, or baseline activation by
endogenous ligands though an advantage in the fight against the persistence of HCV, might
trigger autoimmunity by increased bystander activation or induction of apoptosis. Further
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studies will be needed to see if the strong effect of the H843/T946 MDA-5 variant on HCV
clearance can be generalized to other viral infections sensed by MDA-5, and is conversely

associated with increased risk to autoimmune diseases beyond type | diabetes as suggested

by recent studies (44).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We would like to thank Dr. Miiller, Dr. Viazov, Dr. Roggendorf and the other members and organizers of the
German Kompetenznetz Hepatitis for access to their sample collection and databases and all involved patients and
their physicians for enabling this study. We are grateful to Paul Bieniasz, The Rockefeller University, for providing
us with the SCRPSY lentivirus vector. We thank Dr. E. Albert for carefully reading the manuscript.

Grant support

The study was supported by DFG RO 2525/3-1 and RO 2525/5-1 to S.R., DFG GK 1202 to A.S., S.E. and S.R., by
LMUexcellent (CIPSM 114, research professorship) and BaylmmuNet to S.E., by National Institutes of Health
grant A1091707 to C.M.R., and by The Rockefeller University Women and Science grant to M.D.C. T. Berg is
supported by the German Competence Network for Viral Hepatitis (Hep-Net) through BMBF Grant No. 01 Kl
0437, by the EU-Vigilance network of excellence combating viral resistance (VIRGIL, Project No. LSHM-
CT-2004-503359) and by BMBF Grant No. 01K10787.

List of Abbreviations

AA amino acid

C controls

Cardif CARD adaptor inducing IFN-beta

CH chronic hepatitis

DHX58 DEXH (Asp-Glu-X-His) box polypeptide 58
DDX58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58
FRET fluorescence resonance energy transfer
HCV hepatitis C virus

IFIH1 interferon-induced with helicase C domain 1
IFN interferon

IPS-1 IFN-beta promoter stimulator-1

IRF interferon regulatory factor

LD linkage disequilibrium

Lgp2 laboratory of genetics and physiology 2
MAF minor allele frequency

MAVS mitochondrial antiviral signaling protein
MDA-5 melanoma differentiation-associated gene 5
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NFkB nuclear factor of kappa light polypeptide gene enhancer in B-cells
NS3/4A nonstructural protein 3/4A
OR odds ratio
PRR pattern-recognition receptor
RIG-I retinoic acid inducible gene-I
RLH RIG-I like helicase, SNP, single nucleotide polymorphism
SRH spontaneously resolved hepatitis
VISA virus-induced signaling adapter
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Fig 1. The haplotype at rs1990760 and rs3747517 coding for histidine at position 843 and
threonine at position 946 in MDA-5 is associated with spontaneous clearance of HCV infection

A: The frequency distribution in the combined cohorts 1 and 2 of the four possible MDA-5
haplotypes defined by the two SNPs rs3747517 and rs1990760 is depicted. At rs3747517 the
minor allele in the European population (T) codes for histidine at position 843 and the major
allele (C) for arginine. At rs1990760 the minor allele (C) codes for alanine at position 946
and the major allele (T) for threonine. The haplotype coding for H843/T946 is suppressed in
the group with chronic hepatitis C and associated with clearance of HCV infection. B: The
frequency of haplotypes encoding H843/T946 was calculated in the group with chronic
hepatitis versus the group with spontaneous resolved hepatitis and compared to the
distribution of the combined frequency of the three other possible alleles. C: The frequency
of individuals that are carriers, with either heterozygous or homozygous genotypes, of the
H843/T946 haplotype versus individuals that do not carry this haplotype was compared in
the groups with chronic hepatitis and spontaneous resolved hepatitis respectively. Odds
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ratios (OR) and 95% confidence intervals are depicted. p-values were calculated using the x2
test.
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Fig 2. The T/T haplotype at rs1990760 and rs3747517 leading to histidine at position 843 and
threonine at position 946 encodes a highly active MDA-5 variant

HEK 293 cells were transfected with plasmids coding for the indicated MDA-5 variants (50
ng/well) defined by the four possible amino acid combinations at the amino acid positions
843 and 946 coded by the SNP alleles T/C at rs3747517 and T/C at rs1990760 respectively.
R843/T946 the most common allele combination (WT) in the European population is
highlighted in grey. An empty vector and in B) two MDA-5 variants, 1923V and E627stop,
known to be functionally inactive, were used as negative controls. 24 hours after transfection
cells were stimulated using poly 1:C (125 ng/ml) complexed with lipofectamine for
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cytoplasmic delivery. A) 24 h after stimulation, production of IP-10 and IL-28B was
measured in the supernatants by ELISA. Results are depicted as means + SEM of n=9
(IP-10) and n =3 (IL-28B). B) Prior to stimulation and 6 h after stimulation RNA was
isolated and the expression levels of the indicated genes were analysed by quantitative rt-
PCR. Target expression was normalized to the NPT gene and is depicted as fold induction of
the WT (R843/T946). Data are depicted as means + SEM of at least n = 5. p-values were
determined using Student’s t-test and are depicted as *p<0.05, **p<0.01 and ***p<0.001.
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Fig 3. The MDA-5 variant with histidine at position 843 and threonine at position 946 has an
increased ability to inhibit HCV replication

A) Workflow schematic: Huh-7.5 cells were transduced with lentiviral vectors expressing
RFP and the indicated ISGs. MDA5 R843/T946, the most common allele combination (WT)
in the European population, is highlighted in grey. Empty vector and two MDA-5 variants,
1923V and E627stop, known to be functionally inactive, were used as negative controls. A
construct coding for IRF1 served as positive control.72 hours after lentiviral transduction,
cells were challenged with HCV Jcl 378-1-YPet. 48 h post infection, we harvested virus-
containing supernatants for TCIDsgq determination, and cells for FACS analysis, or mMRNA
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extraction and expression studies. B) FACS plots of one representative experiment. C. HCV
replication efficiency is defined as the percentage of Ypet™ cells in the ISG-expressing
(RFP*) population, normalized to the negative control (empty vector), which is set as 100%.
Data of at least n = 6 independent experiments are depicted as means = SD. D) TCIDgg
values from cell supernatants from n=3 experiments. E) Prior and 24 h post infection with
HCV, cellular RNA was isolated and expression levels of the indicated genes were analysed
by quantitative rt-PCR. Target gene expression was determined relative to the HPRT gene
and is shown as means + SEM of n = 3. p-values were determined using the WT (R843/
T946) as reference value. * p<0.05, ** p<0.01 and *** p<0.001.
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Study population

Table 1

Controls Patients with spontaneously resolved hepatitis C  Patients with chronic hepatitis C
Number 520 285 509
Cohort 1: 76 Cohort 1: 199
Cohort 2: 209 Cohort 2: 310
Gender  m: 383 (73.7%) m: 110 (38.6%) m: 245 (48.1%)
f: 137 (26.3%) f: 175 (61.4%) f: 264 (51.9%)
Origin Germany: 520 (100%) Germany: 253 (88.8%) Germany: 433 (85.1%)
Ireland: 28 (9.8%) Southern Ireland: 48 (9.4%)
Europe: 2 (0.7%) Eastern Europe: 16 (3.1%)
Eastern Europe: 2 (0.7%) Russia: 10 (2.0%) Southern

Europe: 2 (0.4%)
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Table 3.1
Genotype frequencies of MDA-5: R843H (rs3747517), cohort 1 and 2

Analysed group CH SRH CH SRH
Cohort 1 Cohort 2

Genotype Frequency (%0) Frequency (%0)

cc 105 (52.8%) 26 (35.1%) 166 (53.5%) 107 (51.2%)

CT 77 (38.7%)  38(51.4%) 119 (38.4%) 69 (33%)

TT 17 (8.5%) 10 (13.5%) 25 (8.1%) 33 (15.8%)

p-value 0.03 0.02

p-value by x2 test for genotype distribution. CH, chronic hepatitis. SRH, spontaneously resolved hepatitis.
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