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ABSTRACT

Chronic hepatitis C virus (HCV) infection is one of the major causes of chronic liver
disease worldwide. In order for HCV to persist, the virus must escape immune recognition or
inhibit the host immune response. The NSS5SA protein contains the interferon sensitivity-
determining region (ISDR) and is able to repress dsSRNA-dependent protein kinase (PKR) thus
influencing the response to interferon (IFN) therapy. Moreover, patients who respond to IFN
therapy have stronger antibody reactivity against the NSSA compared to IFN non-responders.
Therefore, given the possible role for the ISDR in IFN resistance and differential antibody
reactivity, we propose that variation in ISDR may be involved in viral immune escape and
development of persistent HCV infection employing aspects of host mimicry.

In this study, pre-treatment samples obtained from HCV infected patients were used to
investigate the effect of different NS5A ISDR variants on the IFN antiviral response and their
involvement in immune evasion. We have identified NS5A as a homologue of the variable
region of immunoglobulins (Ig). The IFN resistant genotypes had higher levels of similarity to Ig
compared to IFN sensitive genotypes. Expression of NS5A-6003 (HCV genotype 1b) and NS5A-
6074 (HCV genotype 2a) was able to rescue Vesicular Stomatitis Virus (VSV) from IFN
inhibition and restore luciferase activity. We have observed a correlation between Ig-like NSSA

structure and also antibody response with the outcome of IFN treatment.
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INTRODUCTION

Since the identification of Hepatitis C virus (HCV) in 1989 (Choo et al., 1989), it has
been estimated that more than 170 million people are infected with the virus, corresponding to
almost 3% of the world population (WHO, 2002). HCV chronic infection often leads to liver
cirrhosis, hepatocellular carcinoma and hepatic failure (Tan and Katze, 2001). With up to 10,000
deaths each year in the United States and an estimated 230,000 new HCV infections annually
worldwide, chronic hepatitis C is poised to become a serious global medical problem with
considerable burden on the health care system (Lindenbach and Rice, 2001;Tan and Katze,
2001).

Interferons (IFNs) are therapeutically useful for HCV antiviral treatment. The current
standard-of-care treatment for patients with chronic HCV infection consists of pegylated IFN
alpha (PEG-IFN) in combination with ribavirin, for 24 weeks (genotype 2/3) or 48 weeks
(genotype 1); only about half of treated patients achieve a sustained virologic response (SVR)
(Fried et al., 2002). Therefore, overcoming IFN resistance remains a major challenge for
effective IFN-based therapy and future management of the HCV pandemic. The first hint at a
potential molecular mechanism for HCV evasion of IFN response was suggested when clinical
observations showed a substantial correlation between mutations in the viral NS5A gene from
certain HCV genotypes and response to IFN treatment in HCV-infected patients (Tan and Katze,
2001).

To begin to elucidate the mechanism by which select HCV variants escape the antiviral
effects of IFN, Enomoto et al. suggested that the genetic heterogeneity within a discrete region
of 40 amino acids in the carboxyl half of NS5A (2209 to 2248 aa), termed the IFN sensitivity-

determining region (ISDR), was related closely to the response in Japanese patients with HCV
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genotype 1b, so that patients with at least four mutations within the ISDR achieved a SVR to IFN
therapy (Enomoto et al., 1996). It is known that the PKR (IFN-induced protein kinase R, a
primary mediator of the IFN-induced antiviral response) binding domain (ISDR with an
additional 26 amino acids) mediates disruption of PKR dimerization resulting in the repression
of PKR function and the inhibition of PKR-mediated eIF2a phosphorylation (Gale et al., 1997;
Gale et al., 1998). The introduction of multiple mutations within the PKR-binding region,
including those within the ISDR, result in different NS5A proteins (corresponding to different
HCV genotypes or quasispecies variants) having different capacities to complex with PKR and
inhibit its function (Macquillan et al., 2004).

Furthermore, it has been suggested that 95% of patients who respond to therapy have
stronger antibody reactivity against NS5A epitopes compared to 13% of non-responders
(Frangeul et al., 1998). The loss of the immune recognition is a correlate of host mimicry.
Molecular mimicry is one of the immune-evasion mechanisms viruses use to promote survival
and persistence. There are several examples of viruses that express proteins that are homologous
to human protein sequences involved in the regulation of cell proliferation, intercellular
signaling, or immune functions, in order to avoid host defenses (Ploegh, 1998). For example, the
HCV E2 protein contains both a PKR and elF2a phosphorylation homology domain (PePHD)
that competes with the genuine elF2a and PKR to inhibit the antiviral response mediated by IFN
(Taylor et al., 1999). Human cytomegalovirus (HCMV) encodes a molecular homologue of
major histocompatibility complex 1 (MHC 1) proteins (UL18 gene product) (Beck and Barrell,
1988) that is directly involved in evasion of cellular immune response by inhibiting recognition
and attack by natural killer cells (Reyburn et al., 1997). As well, molecular mimicry by herpes

simplex virus type 1 (HSV-1) influences the development of autoimmune disease after viral
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infection (Zhao et al., 1998). Molecular mimicry therefore represents another potential
mechanism that may allow HCV to establish persistent infection and resistance to IFN therapy.

The discovery that the N-terminal region of HCV envelope glycoprotein E2, including
the hypervariable region 1 (HVRI1), is antigenically and structurally similar to human
immunoglobulin (Ig) variable domains (Hu et al., 2005) made us explore the possibility that
other instances of molecular mimicry might exist within the HCV genome. We reasoned that
NS5A protein could also be employing the strategy of mimicry to aid in the development of
HCYV persistent infection and immune evasion.

Therefore, given the role for the NS5A ISDR in IFN resistance and differential antibody
reactivity, we propose that variation in ISDR may also involve the aspect of mimicry. In the
present study, group of ten HCV (genotype 1b) infected patients were used to characterize NSSA
ISDR quasispecies and their nucleotide and amino acid sequences. The deduced NS5A ISDR
sequences were then used to identify ISDR sequence similarity with other gene sequences on
comparison with Ig in the protein structure database. The effect of different NS5A ISDR variants
on IFN antiviral activity against the Vesicular Stomatitis Virus (VSV) and the Coxsackievirus

B3 (CVB3) replication was also examined.
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MATERIALS AND METHODS

Samples. HCV Samples from patients undergoing IFN Treatment: The study group

consisted of ten patients chronically infected with HCV genotype 1b from British Columbia,
Canada (samples 6003, 6007, 6015, 6017, 6019, 6020, 6023, 6025, 6032 and 6055). A single
patient, sample 6074, was infected with HCV genotype 2a. HCV positive sample 6048 (genotype
1b) and sample 6005 (genotype 2a) were used for the amplification of the full-length NS5A
gene. In each case, virus positive plasma samples were collected before IFN therapy and the viral
load was assessed prior to as well as following IFN therapy using the COBAS Amplicor HCV
MonitorTest, v2.0 (Roche Diagnostics, Indianapolis, IN, USA) (Larke et al., 2002). Samples for

Assessing Ig Mimicry of NS5A: A complete and unabridged set of 99 published ISDR sequences

(HCV genotype 1b) of known IFN sensitivity (49 responders) or resistance (50 non-responders),
as published by Watanabe er al. (Watanabe et al., 2001) were analyzed with respect to Ig
similarity.

RNA extraction and PCR. Viral RNA was extracted from patient sera using QIAamp
Viral RNA Kit (QIAGEN, Hilden, Germany) as described in the manufacturer’s instructions.
Viral cDNA synthesis for RT-PCR was done using random hexamer, pd(N)e, and the First-
Strand cDNA Synthesis Kit (Amersham Pharmacia Biotech, Franklin Lakes, NJ, USA). Nested
PCR was used to amplify the ISDR. For genotype 1b, the primary amplification was carried out
with primers ISDR-F1 (sense: 5’-CACAGGTACGCTCCGGCGTGC-3’) and ISDR-R1
(antisense: 5’-GCACCCGTGTACCACCGGAGGG-3’). Forty-cycle PCR amplification was
performed at 94°C for 30 seconds, 45°C for 30 seconds, and 72°C for 60 seconds and one cycle
final elongation step at 72°C for 7 minutes. Secondary amplification was carried out with

primers ISDR-F2 (sense: 5’-CCCGGTTGGGTCACAGCTCCC-3’) and ISDR-R2 (antisense: 5’-

-
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GTGGAGGGTTGTAATCCGGGCG-3’) and the same cycling conditions as for primary
amplification. For the ISDR region of NS5A, genotype 2a, the primary amplification was carried
out with primers ISDR2a-F1 (sense: 5’-GCCGTTTTTCCGGGATGAGGT-3’) and ISDR2a-R1
(anti-sense: 5’-CATCTCCTATGGTGCTCTC-3’). Secondary amplification was carried out with
primers ISDR2a-F2 (sense: 5’-GTCGTCGGGTCTGACCTTCC-3’) and ISDR2a-R2 (antisense:
5’-CACTGTCCGGCGTCTCCTTG-3’). The cycling conditions for primary and secondary
amplification were the same as for genotype 1b. For the full-length NS5A, genotype 1b, the
primary amplification was carried out with primers F1:HCV-wholeNS5A-1b (sense: 5’-GGCTG
ATAGCGTTCGCTTCG-3’) and R1:HCV-wholeNS5A-1b (antisense: 5’-CCTTCATCTCCTTG
AGCACG-3’). Secondary amplification was carried out with primers F2:HCV-wholeNS5A-1b
(sense: 5’-TATGTGCCTGAGAGCGACGCTGC-3’) and R2:HCV-wholeNS5A-1b (antisense:
5’-GTCCATGTGTAGGACATCG-3’). For the full-length NS5A, genotype 2a, the primary
amplification was carried out with primers F1:HCV-wholeNS5A-2a (sense: 5’-GGTCCAATGG
ATGAACAGGC-3’) and R1:HCV-whole NS5A-2a (antisense: 5’-GCCGCTAGCTTGATGTC
CTTAAG-3’). Secondary amplification was carried out with primers F2:HCV-wholeNS5A-2a
(sense: 5’-TTCCAGAGGAAACCACGTCGC-3’) and R2:HCV-wholeNS5A-2a (antisense: 5°-T
ATGACATGGAGCAGCACACG-3’). Amplified PCR products were analyzed on a 1.5%
agarose gel and visualized in the presence of ethidium bromide under the ultraviolet (UV)
transillumination. PCR products were purified using QIAquick PCR Purification Kit (QIAGEN,
Hilden, Germany). Manufacturer’s instructions were followed for purification.

Cloning and sequencing. PCR products were cloned into the TOPO TA vector using
TOPO TA Cloning Kit (Invitrogen Corporation, Carlsbad, CA, USA). The ISDR sequences were

amplified from positive colonies of E.coli using M13 primers (Pharmacia Biotech, Uppsala,
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Sweden). The ISDR amplified PCR products were sequenced using Cy5.5 labeled M13 primers
and the Open Gene automated DNA sequencing system (Visible Genetics Inc., Toronto, ON,
Canada).

Computer analysis of nucleotide sequences. Nucleotide sequences were compared to
an online database using BLAST (Basic Local Alignment Search Tool) program found on the
NCBI (National Center for Biotechnology Information) site (http://ncbi.nlm.nih.gov). Nucleotide
sequences were then translated into amino acid sequences using the Translator-online tool found
on the JustBio home page (http://justbio.com). The deduced amino acid sequences were
compared to an online database for the best possible match using SSEARCH program found on
the NPS@ (Network Protein Sequence Analysis) home page (http://npsa-pbil.ibcp.fr).

Computer Analysis of ISDR Sequences. HCV ISDR sequences were derived from
patient samples, GenBank, published study, or the LANL (Los Alamos National Laboratory)
HCV database (http://hcv.lanl.gov). Immunoglobulin sequences were obtained from the NREF
(Non-redundant REFerence) sequence database. Sequences were aligned using BLAST v2.2.6
and ClustalW v1.82 followed by manual alignment according to the IMGT (Immunogenetics)
numbering system (Lefranc et al., 2003). ISDR sequences were tested for Ig similarity using a
scoring system based on a position specific scoring matrix that quantifies the physical and
chemical properties of amino acids. Specifically, each amino acid of a given HCV sequence was
the average of similarity scores (Dayhoff matrix) (Feng et al., 1984;Jones et al., 1992) derived on
comparison with each amino acid of Ig genes using files of 111 to 1212 proteins for each Ig class
[variable domain of human heavy (n=984), light kappa (n=843), light lambda (n=1212), TCR

alpha (n=111), and TCR beta (n=346)]; and summed for each region of comparison.
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Expression of 6xHis-tagged ISDR proteins. Carboxy terminal regions of NS5A gene
(aa 2156-2295, including ISDR) from two HCV-1b NS5A variants (6003 and 6007) and HCV-2a
NS5A variant (6074) were amplified using forward primers that contained an Nhel restriction
enzyme site (shown in italics), followed by an initiator codon ATG (underlined), 6xHis codon
sequence (shown in bold), and sequence complementary to the 5’ end of NSSA ISDR variant.
Each reverse primer contained a sequence complementary to the 3’ end of NS5A ISDR variant,
stop codon TAG (underlined), and an EcoRI restriction enzyme site (shown in italics). For
samples 6003 and 6007 PCR amplification was carried out using the forward primer F:HCV1b-
ISDR-Nhel 5’-ATTAGCTAGCATGCATCACCATCACCATCACCCGGTTGGGTCACAGC
TCCCATGC-3" and reverse primer R:HCV1b-ISDR-EcoRI 5’-CATGGAATTCCTATGGAGG
GTTGTAATCCGGGCG-3’. For sample 6074 PCR amplification was carried out using the
forward primer F:HCV2a-ISDR-Nhel 5’-ATTAGCTAGCATGCATCACCATCACCATCAC
GTCGTCGGGTCTCAGCTTCC-3’ and reverse primer R:HCV2a-ISDR-EcoRI 5’-CATGGAAT
TCCTACGGCGGATTGTAGTCGGGCCG-3’. The thermal cycler conditions for PCR
amplification were: 40-cycles at 94°C for 30 seconds, 45°C for 30 seconds, and 72°C for 1 min
and one cycle of final elongation step at 72°C for 7 minutes. The purified 6xHis-tagged NS5A
ISDR fragments were sub-cloned into Nhel and EcoRI sites of pET-17b vector (Novagen,
Madison, WI, USA). The sequences of cloned genes were confirmed prior to expression. Three
6xHis-tagged recombinant proteins were expressed in E.coli BL21 competent cells. The
recombinant protein expression was induced with 1mM IPTG (isopropyl-p-D-thio-galactoside).

Expression of N-terminal FLAG-tagged full-length NS5A. Due to the lack of RNA for
samples 6003 and 6007 (genotype 1b) and 6074 (genotype 2a) the full-length NS5A could not be

amplified. To overcome this problem, the ISDR region of samples 6048 (genotype 1b) and 6005

-10-
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(genotype 2a) was replaced with the corresponding ISDR regions of samples 6003, 6007, and
6074, respectively. Ligation-independent cloning strategy was used where PCR amplified ISDR
insert and PCR amplified ISDR-deleted NS5A containing vector had identical 5 end sequence
and a different identical 3’ end sequence. For the amplification of FLAG-tagged full-length
NS5A (genotype 1b-6003 and 6007; genotype 2a-6074) each forward primer contained an EcoRI
restriction enzyme site (shown in italics), followed by a Kozak sequence (underlined), FLAG
codon sequence (shown in bold), and sequence complementary to the 5’ end of NS5A variant.
Each reverse primer contained a sequence complementary to the 3’ end of NS5A variant, stop
codon TAG (underlined), and an Xbal restriction enzyme site (shown in italics). For samples
6003 and 6007, PCR amplification was carried out using the forward primer F:HCV1b-FLAG-

NSS5A(EcoRI) (sense: 5’-ATTAGAATTCGCCACCATGGATTACAAGGATGACGACGATA

AGTTCGGCTCGTGGCTAAGG-3") and reverse primer R:HCV1b-FLAG-NS5A (Xbal)
(antisense: 5’-CATGTCTAGACTAGCAGCAGACGACGTCCTC-3’). For sample 6074, PCR
amplification was carried out using the forward primer F:HCV2a-FLAG-NS5A (EcoRI) (sense:

5’-ATTAGAATTCGCCACCATGGATTACAAGGATGACGACGATAAGGGCGGCTCGTG

GCTCCGC-3’) and reverse primer R:HCV2a-FLAG-NS5A(Xbal) (antisense: 5’-CATGTCTAG
ACTAGCAGCACACGACGGAGTC-3’). The thermal cycler conditions for PCR amplification
were: 94°C for 2 min, 40-cycles at 94°C for 30 seconds, 62°C for 30 seconds, and 72°C for 1
min, and one cycle of final elongation step at 72°C for 10 minutes. The purified FLAG-tagged
full-length NS5A proteins were sub-cloned into EcoRI and Xbal sites of pCI-neo plasmid. Three
FLAG-tagged full-length NS5A recombinant proteins were expressed in mammalian cell line
Cos-1, maintained in 1x Minimum Essential Medium [1x MEM; 3% NaHCO3, 1%

penicillin/streptomycin, 1% L-glutamine, and 10% fetal bovine serum (FBS)] by lipofection
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using Lipofectamine™ 2000 (Invitrogen Corporation, Carlsbad, CA, USA) reagent according to
the manufacturer’s protocol.

Western Blot. NS5A ISDR recombinant protein expression levels were assessed using
6xHis monoclonal antibody (1:5000 dilution; BD Biosciences, Franklin Lakes, NJ, USA) and
anti-mouse polyvalent Ig-alkaline phosphatase (AP) conjugated secondary antibody (1:6000
dilution; Sigma, St. Louis, MO, USA). The blots were calorimetrically developed by AP
Conjugate Substrate Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’ instructions. The antigenic cross-reactivity between recombinant ISDR proteins and
human IgG was detected using goat anti-human IgG-AP conjugated antibody (Fab specific;
1:15000 dilution; Sigma, St. Louis, MO, USA). Full-length NS5A recombinant protein expression
was assessed using mouse anti-FLAG M2 monoclonal antibody (1:500 dilution; Sigma, St. Louis,
MO, USA) and anti-mouse IgG horseradish peroxidase (HRP) conjugated secondary antibody
(1:8,000 dilution; Sigma, St. Louis, MO, USA). The protein bands were visualized by an
enhanced chemiluminescence method using Western Lightning'>" Chemiluminescence Reagent
Plus kit (PerkinElmer, Waltham, MA, USA) according to the manufacturer’ instructions.

IFN antiviral activity assay. Cos-1 cells were seeded in 6-well tissue culture plate and
transfected with pCI-NS5A plasmids by lipofection (described previously). After incubation for
24 hours at 37°C CO; incubator, cells were treated with recombinant human IFN-a2b (Schering
Canada Inc., Pointe-Claire, QC, Canada) at concentration of 400U per well or left untreated for
another 24 hours. The cells were then washed two times with 1xPBS, infected with VSV or
CVB3 at the multiplicity of infection (MOI) of 0.5, and incubated at 37°C CO,; incubator for 1
hour with gentle rocking of the plate every 15 minutes. After further two washes, 2ml of

complete 1xXMEM (for VSV) or serum-free IXMEM (for CVB3) was added to each well and the
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cells were incubated at 37°C CO, incubator for further 24 hours. The supernatant was then
collected and stored at -80°C.

Plaque Assay. Twenty four hours prior to the assay, L cells (for VSV) or Vero cells (for
CVB3) were seeded in a 6-well tissue culture plate at a density of 7.5x10° cells per well so that
they were 90% confluent the following day. On the day of the assay, serial dilutions of the virus
were prepared ranging from 10% to 10”. The cells were washed two times with 1xPBS and 100ul
of each viral dilution per well was added to duplicate 6-well tissue culture plates. The plates
were incubated at 37°C CO; incubator for 1 hour with intermittent rocking. After 1 hour, each
well was overlaid with 3ml of 2% Agar (ONBIO Inc., Richmond Hill, ON, Canada) diluted in
2xMEM (6% NaHCO3). The agar was allowed to solidify for 20 min after which the cells were
incubated at 37°C CO; incubator for 24 hours (for VSV) or 72 hours (for CVB3). The cells
where then fixed with Carnoy’s Fixative (3:1 methanol to acetic acid) for 45 minutes and stained
with 1% Crystal Violet dye to facilitate visualization of plaques. The number of plaques in IFN-
treated cells was compared with the number of plaques in untreated cells.

Reporter gene expression system. 293T cells, maintained in 1Xx MEM, were seeded in a
96-well tissue culture plate and were transfected with constant amounts of the purified pCI-
NSS5A expression plasmids (100ng), pGL3-Control Luciferase Reporter Vector (10ng), and pRL-
SV40 Vector encoding Renilla luciferase (10ng) using Lipofectamine™ 2000 reagent to a total
of 120ng DNA per well. Another set of 293T cells were transfected with the pcDNA3.1-PKR
(100ng) in addition to the same combination of DNA plasmids to a total of 220ng DNA per well.
Twenty four hours post transfection, the cells were treated with recombinant human IFN-a2b at

concentration of 20U per well or left untreated for another 24 hours.
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Luciferase Assay. Twenty four hours post IFN treatment, Dual-Glo"™ Luciferase Assay
System (Promega Corporation, Madison, WI, USA) was used to measure luciferase activity in
293T cells following manufacturer’s instructions. Briefly, a 75ul of Dual-Glo™ Luciferase
Reagent was added to each well containing 75l of the culture medium and mixed on a rocking
platform for 10 minutes. After 10 min incubation, 75ul of Dual-Glo™ Stop & Glo® Reagent was
added to each well and mixed on a rocking platform for 10 minutes. The firefly luminescence in
Relative Light Units (RLU) was measured using luminometer (Glomax Multidetection System,

Promega Corporation, Madison, W1, USA).
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RESULTS

The NS5A ISDR region shares similarity with Ig variable regions. HCV genotype 1b
positive plasma samples obtained from a group of ten patients prior to IFN treatment were used
to assess the sequenced relationship of the ISDR region relative to IFN response. Plasma samples
were also collected to assess the viral load at weekly intervals after the onset of IFN therapy.
Although the majority of patients experienced a reduction in viral load, only five of ten showed
this response to IFN treatment during the early stage of IFN therapy (6019, 6020, 6023, 6025 and
6055); the other five showed some resistance to the IFN treatment (6003, 6007, 6015, 6017 and
6032) (Figure 1). This observation was consistent with the pattern normally seen to result from
IFN treatment where about 50% of patients are resistant to the treatment (Fried et al.,
2002;Ghany et al., 2009). Among the group with higher viral load, patient 6003 was the most
resistant to the initial IFN treatment, possessing the highest viral load before IFN treatment
(860,000 IU/ml) that remained unchanged through eight weeks of IFN treatment (Figure 1). Six
to ten molecular clones of the ISDR region derived from each patient’s sample were sequenced
prior to IFN treatment. Surprisingly, comparison of sample 6003 ISDR amino acid sequence
with the prototype HCV 1b ISDR amino acid sequence (HCV-J) revealed one amino acid
substitution at position 2218 where histidine was replaced with cysteine (H—C) in 100% of the
clones (10/10), while the other samples contained multiple mutations within this region (Table I).

HCV genotype 2a positive plasma sample (6074) was also obtained prior to IFN
treatment. As it was the case with HCV genotype 1b samples, this sample was also collected at
weekly intervals to evaluate the viral load after the start of IFN therapy. In contrast to HCV
genotype 1b samples, sample 6074 showed complete response to IFN treatment only one week

after the onset of therapy that was sustained throughout eight weeks of IFN treatment (Table I).
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Molecular clones of the ISDR region sequenced prior to IFN treatment revealed three amino acid
substitutions when compared to prototype HCV 2a ISDR amino acid sequence (HCV-J6) (Table
I). However, compared to prototype HCV 1b ISDR amino acid sequence this sample contained
numerous amino acid substitutions in addition to a deletion of four amino acids. Therefore, given
the complete initial response to IFN treatment, sample 6074 was treated as IFN sensitive HCV
genotype 2a variant in subsequent experiments.

To begin to assess the function of the ISDR, the NPS@ SSEARCH sequence alignment
program was used to identify ISDR sequence similarity with other gene sequences in the protein
structure database. Among the ISDR sequences of ten patients, sample 6003 amino acid
sequence was detected to share high similarity (37.5% aa identity) with IgG kappa light chain
variable region (IgVLxk) (Figure 2A). When sequence gaps were optimized and alignment
employed a panel of representative kappa light chains the amino acid identity increased to 47.5%
(Figure 2B). The H2218—C change makes the ISDR sequence converge with an invariant C in
Ig that may contribute to an Ig-like function.

Sequence alignment analysis of NSSA with Ig and T cell receptors. To examine the
similarity between NS5A and Ig, we aligned the C-terminal sections of NS5A sequences
representing the six major HCV genotypes with sequences of various Ig types. The computer
generated alignments using BLAST identified the regions of highest sequence similarity to the
variable region of Ig molecules to be within a region of 104 amino acids of NS5A, including the
ISDR, spanning amino acids 2193-2295.

To better align these sequences, the IMGT (Immunogenetics) unique numbering system
was used because it allows comparison among members of the Ig superfamily (Lefranc et al.,

2003). This numbering is derived from the sequence alignment and 3-D structural comparison of
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more than 5,000 sequences of the Ig superfamily members and provides a definition of the highly
conserved framework regions (FR) that support the antigen binding site formed by
complementarity determining regions (CDR). Therefore, in the IMGT unique numbering system,
conserved amino acids from FR always have the same number whatever the Ig or T cell receptor
(TCR) chain type, whatever the domain (variable or constant) and whatever species they come
from. Examples of conserved amino acids are: cysteine at the position 23 (C,3), tryptophan at the
position 41 (W4;) and leucine at the position 89 (Lgo).

Using the IMGT sequence alignment system we were able to identify twelve completely
conserved amino acids (So, Sio, Si2, Li9, Ca3, L3g, W41, Ra3, Qua, Ga7, Sg3, and Ajgp) among NSSA
and Ig types (Figure 3). These NS5A positions were then used as references to manually
complete the IMGT alignment with the FR of Ig and TCR. This allowed us to align FR1, FR2
and FR3 as well as CDR1 and CDR?2 of Ig and TCR with corresponding regions in NS5A.

The majority of amino acid positions in NS5A corresponded to identical amino acids
found among Ig members (all masked amino acids in Figure 3A) and most of the highly
conserved Ig amino acids were maintained in NS5A (masked red amino acids in Figure 3A).
Most importantly, 17 amino acid positions were highly conserved (= 70% shared identity) among
NS5A sequences and all or individual Ig groups including the light (kappa and lambda) and
heavy as well as TCR (alpha and beta) chains (red bars in Figure 3B). The highly conserved site
at amino acid position 53 contained an alternative amino acid of similar chemistry that was in
common with Ig and TCR groups (masked blue amino acid in Figure 3A).

Quantification of NSS5A, Ig and TCR sequence similarity. To determine a numeric
measure of amino acid similarity between Ig groups (light kappa, light lambda, heavy, TCR-

alpha and TCR-beta chains) and NS5A, the Dayhoff matrix that quantifies the physical and
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chemical properties of amino acids was used. An algorithm was employed where the identical
amino acids were given a score of 1,500 (1,000 x identity score of 1.5) while dissimilar amino
acids were given a score proportionate to their similarity scores. As a result, using this scoring
system we were able to determine the similarity score for each of the 673 NS5A sequences
(genotype 1 to 7) when compared to Ig groups (Figure 4). The IMGT similarity scores were
significantly higher for Ig heavy chain variable region compared to other Ig classes (p<0.0001)
suggesting specific rather than random relationship of NS5A to Ig types. The sequence similarity
of NS5A to each of the Ig groups was also significantly higher than sequence similarity
calculated for random sequences (random model; p<0.0001) and most importantly randomized Ig
(light kappa chain) and NS5A consensus sequences (p<0.0001, respectively) (Figure 4).

We also analyzed the alignment of NS5A and the variable region of human Ig and TCR
genes with respect to different HCV genotypes. The similarity scores were higher for the
resistant genotype, genotype la and 1b, compared to the sensitive genotype, genotype 2 (data not
shown).

NSS5A sequence similarity analysis with respect to IFN treatment. It has been shown
that only 13% of IFN non-responders (NR) have antibody reactivity to NS5A compared to 95%
of IFN responders (R) (Frangeul et al., 1998). We hypothesized that NSSA protein possessing
ISDR regions that have sufficient similarity to Ig are not recognized by the immune response by
virtue of their similarity to host proteins. As host proteins are not recognized by the immune
response due to tolerance mechanisms it would be predicted that NSSA would benefit from a
lack of immune recognition. Given this hypothesis and the fact that 13% of IFN NR HCV 1b

NSS5A is immunogenic but that this proportion increases to 95% for IFN R, we assessed the
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changes in Ig similarity for the ISDR in IFN R. The mutations in ISDR of IFN R could increase,
decrease or not change with respect to Ig similarity.

This published data is supported by our alignment analysis where ISDR region of 50
HCV genotype 1b IFN NR and 49 HCV genotype 1b IFN R was aligned with the variable region
of human Ig and TCR genes (Figure 5). Interferon NR that were less immunogenic had a
significantly higher similarity scores compared to IFN R which were more immunogenic and had
lower similarity scores (p<0.0001). Alignment with Ig heavy chain variable region had a higher
similarity scores compared to alignments with other Ig groups or all of them combined.

To determine the predicted percentage of NS5A reactivity of IFN R for total or each Ig
group, we used 13% of reactivity of IFN NR (Figure 6A) as a base value, assuming that reduced
similarity relative to IFN NR became serologically responsive, in addition to the proportion of
IFN R samples that were less similar to Ig groups relative to the score of IFN NR. The data in
Figure 6B indicates that IFN R with lower similarity scores were more similar to the proportion
that would be expected to be immunogenic. The reduced similarity score averaged from all Ig
groups was predicted to result in increased immunoreactivity by 88.51% (75.51% added to the
baseline level of 13%) which is similar to the observed level of 95.0%. The predicted
immunoreactivities of lambda, TCR-alpha and TCR-beta Ig groups were most similar (96.67%,
98.71% and 88.51%, respectively) to the observed level of 95.0% with lesser predicted
immunoreactivity levels for kappa and heavy chain Ig groups (64.02% and 82.39%,
respectively).

NS5A is structurally similar to IgG. Given the sequence similarity of NS5A to Ig and

observed differential similarity between resistant and sensitive genotypes (genotypes 1 and 2,
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respectively), we wanted to determine whether recombinant NS5A proteins were recognized by
anti-IgG antibody and to what degree.

Out of the original ten samples, three NSSA ISDR variants (genotype 1b - 6003 and
6007; genotype 2a - 6074) were expressed in E.coli. All three ISDR variants were seen to bind
antibody to human IgG Fab fragment, however to different extents (Figure 7B). ISDR-6003
recombinant protein with significant initial IFN resistance reacted more strongly than ISDR-
6007 (lower initial IFN resistance) and ISDR-6074 recombinant protein that was initially IFN
sensitive as well. This observation suggest structural similarity between NS5A and human Ig
molecules and demonstrates the Ig-like nature of NS5A ISDR since both Ig and NS5A are bound
by a common ligand, specifically anti-IgG antibody (Cohen L.R., 2004).

Effects of NS5A ISDR variants on the IFN antiviral activity. One of the
characteristics of HCV is resistance to the antiviral action of IFN, but this resistance can vary
among isolates. To measure the possible inhibitory effects of NSSA on the antiviral activity of
IFN, we analyzed whether the expression of NS5A proteins containing ISDR variants from
samples 6003, 6007 or 6074 in Cos-1 cells interfered with the action of IFN on the replication of
two different IFN-sensitive viruses, VSV and CVB3. Cos-1 cells were transfected with NS5A
variants under control of the CMV promoter, empty pCI-neo plasmid or non-transfected and then
treated with IFN or left untreated for 24 hours to confer the antiviral state. The cells were then
infected at an MOI of 0.5pfu/cell of VSV (Figure 8 — A and B) or CVB3 (Figure 8 — C and D).
The yield of infectious virus was determined by plaque assay to measure the antiviral activity of
IFN by comparison with non-treated controls (cells and pCl-neo).

As shown in Figure 8A, IFN treatment prior to VSV infection suppressed virus

production in non-expressing control cells (cells and pCl-neo) and thus only showed 14.3% and
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14.5% VSV replication, respectively. In contrast, VSV replicated to 38.8% of the untreated level
in the NS5A-6003 expressing cells therefore indicating a two-fold increase of plaque formation
compared to non-expressing control cells (p<0.05) (Figure 8B). The enhanced replication due to
NSS5A gene expression in IFN treated cells was evident on comparison between pCI-neo vector
control or on comparison of IFN treated to untreated samples (Figure 8 A). This increase could be
clearly attributed to a specific inhibition of the antiviral action of IFN, since no increase in VSV
titer was observed in Cos-1 cells as a result of the sole expression of NS5A proteins. IFN-
mediated repression of virus production was also inhibited by expression of NS5A-6074 (about
three-fold) (p<0.05). In contrast, expression of NS5A-6007 did not repress IFN-mediated
inhibition of virus production. Induction of NS5A proteins (6003, 6007 and 6074) had no
significant effect on virus production in untreated cells.

No difference in viral replication could be seen for CVB3 (Figure 8 - C and D). This data
indicated that expression of NS5A gene of HCV 1b resistant genotype was able to suppress IFN
inhibition and result in enhanced viral replication where the IFN resistant NS5A of 6007 did not
enhance replication; however expression of NS5A from an HCV genotype 2a isolate (6074) was
also able to rescue the virus.

Effect of NSS5A ISDR variants on protein synthesis. The effects of NS5A ISDR
variants on PKR activity were measured by quantifying the translation product from luciferase
reporter gene. A Dual-Glo™ Luciferase Assay System, consisting of two luciferase reporter
genes, was used to monitor NS5A ISDR’s translation stimulatory effect. 293T cells transiently
transfected with NSSA ISDR variants (+/- PKR) were simultaneously transfected with the two
luciferase reporter plasmids and, after IFN treatment, firefly luciferase luminescence [shown as

relative firefly luciferase units (RLU)] was measured using luminometer.
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The transfection efficiency of 293T cells was monitored by detecting the expression of
the green fluorescent protein (GFP). The 293T cells were transfected with the GFP and its
expression was detected by a fluorescent microscope (Olympus BX50) (Figure 9C).

The expression of NS5A-6003 and NS5A-6074 showed only a slight reduction of
luciferase activity in PKR(-) IFN(-) cells compared to control pCl-neo cells (Figure 9A). In
contrast, expression of NS5A-6007 and Reovirus Type 3 Dearing S4 gene (T3DS4) (positive
control) resulted in an increase in luciferase activity (Figure 9A). The 293T cells that were
transfected with PKR and treated with IFN [PKR(+) IFN(+)] resulted in a further decrease in the
luciferase activity compared to PKR(-) IFN(-) cells. The luciferase activity was restored by the
expression of NS5A-6003 and NS5A-6074 (p<0.05, respectively), which was repressed by
PKR(+) IFN(+) treatment (Figure 9B). The expression of T3DS4 also restored luciferase
activity (p<0.05). The expression of NS5A-6007 did not however restore luciferase activity
relative to untreated samples indicating that the NS5A-6007 gene increased protein synthesis in

the absence of IFN but not in the presence of IFN.
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DISCUSSION

High prevalence of HCV persistence after viral infection and the efficient replication of
HCV in hosts after seroconversion indicate that HCV possesses properties for evading the host’s
natural immune responses. The IFN response is one of the body’s first defense mechanism to
limit or prevent the establishment of viral infection (Sen and Ransohoff, 1993). The ability of a
given virus to establish a productive infection thus depends in part on the ability of the virus to
circumvent the IFN response, which includes the transcriptional induction and functional
activation of PKR. In many cases, the relative ability of a virus to establish a productive infection
correlates well with its ability to repress PKR function (Katze, 1995). In addition, escape from
the host immunosurveillance system is another possible mechanism underlying persistent HCV
infection. Accumulated data suggest that HVR1, located at the amino terminus of E2 protein, is a
critical neutralization domain of HCV (Farci et al., 2000;Kato, 2001). During HCV infection,
antigenic drift of HVRI results in antibody escape mutants that are not recognized by the
immune response and are involved in the establishment of persistent infection. Moreover, the
amino terminal region of E2 was shown to share similarity with Ig variable domains and the
degree of similarity was correlated with viral immune escape and persistence consistent with a
model of immune evasion by host mimicry.

In the present study, we investigated the effect of different NSSA ISDR variants on the
IFN antiviral activity. We also explored the possibility that NSSA protein may also be involved
in immune evasion and development of persistent HCV infection.

Immunoglobulin mimicry by NS5A. We have identified, here in this study, the HCV
NSS5A protein as a homologue of the variable region of Ig. We showed that the carboxy terminal

region of NS5A, encompassing a region of 103 amino acids (aa 2193-2295) including the ISDR
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(aa 2209-2248), is structurally and antigenically similar to the human Ig variable domains.
Furthermore, both NS5A and Ig were shown to bind anti-IgG antibodies demonstrating the Ig-
like nature of the NS5A and therefore satisfying the operational definition proposed for
molecular mimicry where both molecules were bound by a common ligand (Cohen LR., 2004).
We also showed that HCV genotypes that are IFN sensitive possessed lower levels of similarity
compared to IFN resistant genotypes that had higher levels of similarity. Furthermore, IFN
sensitivity of HCV 1b IFN treatment NR correlated with the degree of similarity, where
mutations that increased Ig similarity had increased IFN resistance and conversely, mutations
that decreased similarity were associated with decreased resistance to IFN. Taken together these
data indicate a conserved structure among NSS5SA and Ig-like genes rather than a chance
association of amino acid in the variable CDR. Several panels of random sequences as well as
randomized consensus sequences demonstrated that the levels of Ig group similarities were
statistically significant relative to the control groups.

Our findings constitute further evidence of ISDR involvement in viral IFN resistance and
also provide insight into the structural basis for the function and biochemical interactions of the
HCV NSS5A protein in virus evasion of the IFN response. Mutations that change Ig similarity had
a significant impact on the response to IFN treatment. Therefore, using Ig similarity as a scale,
the outcome of IFN treatment could be predicted in the majority of instances. However the
occurrence of high similarity of ISDR to Ig was not predictive of IFN resistance in some HCV
Ib IFN treatment R. If ISDR function was due to a binding specificity that is controlled by Ig
similarity, then it would be expected that in addition to maintenance of conserved features of Ig a
particular unique sequence embodied in the HCV 1b genotype is required to maintain binding

properties and that such mutations may not be seen to change the similarity to the consensus
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sequence of Ig. Thus in addition to the conserved features of Ig, other amino acids that
correspond to variable sequences of the antibody binding site will be expected to contribute to
binding to specific ligands. Further work is needed to characterize the role of mutations in
affecting the Ig-like nature and function of the ISDR.

Inhibition of the IFN response by NSS5A. Although IFN resistance is stronger in
patients infected with HCV genotype 1 than those infected with genotype 2, the underlying
mechanism remain poorly understood. The ISDR region was originally identified by genomic
sequencing as a site of NS5A sequence heterogeneity within IFN sensitive HCV genotype 1b
viruses (Tan and Katze, 2001). Whereas expression of the entire HCV polyprotein effectively
inhibits IFN induced JAK-STAT signaling in cultured cells, NS5A expression is only partially
effective at blocking the antiviral effect of IFN (Khabar and Polyak, 2002). Previous studies have
shown that expression of genotype 1b NS5A protein is sufficient to partially inhibit the antiviral
activity of IFN (Song et al., 1999;Polyak et al., 2001). In these reports, the inhibitory effect of
NS5A on IFN antiviral activity was strong against EMCV (Encephalomyocarditis virus) and
only partial against VSV replication.

To characterize how NSS5A affects the antiviral activity of IFN, the effects of NS5A
ISDR variants (genotype 1b - 6003 and 6007; genotype 2a - 6074) on antiviral activity of IFN
against VSV and CVB3 infection were examined. IFN treatment of Cos-1 cells reduced the yield
of infectious virus following VSV infection in non-NS5A-expressing cells, indicating the
establishment of an antiviral state in these cells. We observed that expression of NS5A proteins
had no effect on CVB3 growth, whereas expression of NS5A-6003 and NS5A-6074 increased
the replicative efficiency (and thus yield) of VSV by two-fold and three-fold, respectively. The

expression of NS5A-6007 had no effect on VSV yield. A possible explanation for this difference
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is that NS5A may inhibit IFN activity by multiple mechanisms and it employs different domains
to affect different aspects of IFN function. As such, HCV genotype 1b NS5A-6003 and genotype
2a NS5A-6074 may exert differential inhibitory effects on the IFN-stimulated effectors that
inhibit VSV, but exhibit similar inhibitory effects on the effectors that inhibit CVB3. The
increase in VSV yields by NS5A-6003 and NS5A-6074 was a result of the inhibition of the
antiviral action of IFN, since we observed no increase in VSV by the expression of NS5A
proteins alone. In actual fact, VSV yields were slightly lower in the non-IFN treated cells
expressing NS5A proteins compared to non-expressing control cells. The reason for this is not
known, but may be related to the observation that high level expression of NS5A proteins can
affect cell metabolism (Macdonald and Harris, 2004). High-level expression of HCV proteins
might be toxic to cells; cells were unable to grow and died when cultured in the presence of HCV
proteins.

Inhibition of IFN-mediated antiviral activity by NS5A was not observed when CVB3 was
used as a challenge virus. The reason why VSV, but not CVB3 showed suppressive results is not
clear. Different virus families have different means of counteracting IFN such that addition of
NS5A may be beneficial to one system but not another. Therefore, there are two possible
explanations for this observation: (i) IFN inducible antiviral signaling pathways that can be
inhibited by NS5A do not play an important role in establishing an antiviral state against CVB3;
or (i1) CVB3 protein(s) may interfere with the antiviral activity of IFN through the same
mechanism as HCV NS5A therefore masking its effect.

PKR inhibition in HCV. It has been reported that the PKR binding domain, including
the ISDR, can interact with and inhibit PKR activity, which provides a possible explanation for

the NS5A-mediated IFN antagonism (Gale, Jr. et al., 1997;Gale, Jr. et al., 1998). NS5A isolated
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from patients who responded well to IFN therapy had a lesser tendency to interact with PKR than
that from patients resistant to IFN. In contrast, other studies also demonstrated that HCV NS5A
could inhibit IFN antiviral responses in a PKR-independent manner, arguing against the
importance of PKR in the NS5A-mediated IFN inhibition (Francois et al., 2000;Podevin et al.,
2001).

Another possibility is that other variable regions of NS5A, distinct from the ISDR, may
be involved in the regulation of IFN sensitivity. The amino acid sequence of the variable stretch
(V3) located in the C-terminal region of NS5A was shown to be correlated more closely to IFN
sensitivity than sequence variation in ISDR (Duverlie et al., 1998;Nousbaum et al., 2000). The
V3 region appeared to be well conserved in HCV strains resistant to IFN treatment, while being
highly variable in IFN sensitive strains. In addition, other HCV proteins such as core, E2 and
NS3/NS4A may also function together to block IFN activity (Gale, Jr. and Foy, 2005;Thimme et
al., 2006). In particular, an additional viral genetic factor within the E2 protein, called the PKR-
elF2a phosphorylation homology domain (PePHD) is proposed to be involved in the response to
IFN treatment (Taylor et al., 1999). PePHD sequences of IFN resistant HCV 1la and 1b viruses
possess high homology to PKR dependent phosphorylation domains in PKR and elF2a. The
virus is thus using the PePHD, a structural homologue of both the activation domain of PKR and
the elF2a target domain of the activated protein, to competitively inhibit both aspects of PKR
function. In contrast, E2 sequences with low homology to PKR and elF2a are found in the less
resistant HCV genotypes (2a, 2b, and 3a). Interestingly specific PePHD variations in HCV 2a
and 2b viruses correlated with increased resistance to IFN therapy (Saito et al., 2003). This
correlation is similar to Ig similarity among HCV genotypes that showed that the more resistant

genotypes (la and 1b) shared a higher degree of similarity, while the more sensitive genotypes
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(2a and 2b) shared a lower degree of similarity. Thus there are now two PKR interaction sites
that mimic host structures and that display higher activities for strains of higher similarity to host
proteins.

We also sought to determine if expression of NS5A ISDR variants resulted in an
inhibition of PKR function in 293T cells. Through repression of the elF2a-phosphorylating
activity of PKR, transient inhibition of PKR results in a net increase in the level of protein
synthesis. Reflecting this effect of PKR inhibition, negative regulators of PKR can stimulate
protein synthesis above basal levels when introduced into mammalian cells (Seliger et al.,
1992;Tang et al., 1996). To determine if NS5A expression could alter the level of protein
synthesis, we tested the ability of NS5A ISDR variants to stimulate protein synthesis in
transfected 293T cells using a luciferase reporter assay. Reporter activity decreased on treatment
with IFN and transfection with PKR, PKR(+) IFN(+). The expression of NS5A-6003 and NS5A-
6074 restored the activity of the reporter gene following PKR(+) IFN(+) pretreatment. In
contrast, the expression of NS5A-6007 did not show such activity. As IFN treatment stimulates
the activation of PKR, reduction of luciferase activity might be mediated at least in part by
activation of PKR. Furthermore, restoration of luciferase activity with PKR(+) IFN(+) by NS5A-
6003 and NS5A-6074 was consistent with the data obtained with VSV viral rescue where NS5A-
6003 and NS5A-6074 were able to rescue VSV, while NS5A-6007 did not.

Immunogenicity of NSSA. The evasion of immune recognition is another correlate of
host mimicry. In this regard, the majority of IFN R have been shown to produce anti-NS5A
antibody (95%) in contrast to most IFN resistant HCV strains that do not induce an anti-NS5A
immune response (13% of patients induce anti-NS5A); relative to 63% of patients with partial,

end-of-treatment, responses (Frangeul et al., 1998). Therefore, we propose that high host
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similarity (in conjunction with IFN treatment) is associated with low immunogenicity and the
converse, loss of similarity, is associated with higher immunogenicity in IFN sensitive strains
(Figure 10). Although NS5A is a non-structural intracellular protein, its immunogenicity may be
important for avoiding a cytotoxic cellular immune response as occurs during HCV infection due
to NS5A expression (Reyes, 2002;Pavio, 2003). Moreover, we believe that the nature of NSSA
ISDR mutations affects protein’s function and that a prime consideration is maintenance of Ig-
like structure and function that may mediate evasion from authentic immune response molecules
(Figure 10).

Immunoglobulin mimicry and autoimmune disease. Molecular mimicry as a
pathogenic mechanism for understanding and developing insights into therapies for autoimmune
disease was first presented in the early 1980s (Oldstone, 1987). The mechanism of molecular
mimicry by pathogens allows immune evasion but also may result in overcoming immunological
tolerance to host proteins. This raises the possibility that a virus can present amino acid
sequences similar to those of antigens of the host, with the consequence that the immunological
response of the host is directed not only against the infectious agent but also against "self"
proteins. This cross-reactivity between foreign antigens and host tissue would be the basis of the
attack by humoral and cellular immune effectors and therefore development of various
autoimmune diseases. Seventy five percent of chronic HCV infections were shown to be
associated with immune-mediated pathologies, such as type II mixed cryoglobulinemia (MC)
(Dammacco et al., 2000).

Furthermore, several epidemiological groups have indicated an association between HCV
and B-cell non-Hodgkin’s lymphoma (Zignego et al., 1997;Dammacco et al., 2000). The

discovery of E2 and now NSS5A protein domains with similarity to Ig provides the identification
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of shared antigenic structures which may, through chronic antigen stimulation be responsible for
the induction of autoimmune diseases.

Our findings in this study along with the previous reports of E2 similarity to Ig and
identification of PePHD function suggest a common viral strategy: use of molecular mimicry to
establish resistance to antiviral functions, allowing virus to evade the host immune response and
establish successful infections. A broader analysis of NS5A proteins from defined [FN-resistant
and IFN-sensitive HCV strains would be required to correlate Ig-like ISDR structure with the

ability of the virus to establish persistence and resistance to IFN treatment.
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FIGURE LEGEND

Figure 1. HCV viral load at early stages of IFN treatment. Plasma samples (HCV
genotype 1b) were collected before and during the early phase of IFN therapy. All

samples show initial inhibition by IFN except the virus of sample 6003.

Figure 2. NS5A ISDR similarity to 19G. A) Sequence similarity between NS5A ISDR
6003 (genotype 1b) and the Ig kappa light chain variable region (IgVLk). B) Sequence
alignment of a panel of representative IgVLk regions with NS5A ISDR 6003. Identical

amino acids are shown in bold.

Figure 3. Immunogenetics (IMGT) sequence alignment of the HCV NS5A (104 amino
acids including ISDR; aa 2193-2295) and the variable region of human Ig and T cell
receptor genes. A) Groups of 10 sequences representing the major genotypes of NS5A,
as well as groups of 5 expressed and 5 germ line variable gene sequences are shown
for each set of light kappa, light lambda, heavy, T cell receptor alpha and T cell receptor
beta v-genes. The location of the NS5A ISDR is shown at the top. The location of the
framework (FR) and complementarity determining regions (CDR) are shown within the
IMGT numbered region at the bottom of the alignment. Amino acid sites with = 70%
shared identity between both NS5A and any or all Ig groups are masked in red with
alternative common substitutions at these sites (similar chemistry) masked in blue. All

other instances of shared amino acid identity with NS5A are masked in black. B) The
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percent identity to NS5A shown by the bar graph with those amino acid sites that share

= 70% identity within NS5A and any Ig group are shown in red.

Figure 4. Similarity scores of the HCV NS5A and the variable region of human Ilgand T
cell receptor genes. Immunogenetics sequence alignment was used to analyze 673
NS5A protein sequences with respect to similarity for each Ig group or each of random
models (random light chain kappa, random NS5A and random no model).

Similarity scores: Each amino acid of a given HCV sequence is the average of similarity

scores (Dayhoff matrix) derived on comparison with each amino acid of Ig genes using
files of 111 to 1212 proteins for each Ig class; and summed for each region of

comparison.

Figure 5. Similarity scores of IFN non-responders (NR) and IFN responders (R).
Immunogenetics sequence alignment of the HCV NS5A ISDR and the variable region of
human Ig and T cell receptor genes was used to analyze sequences of 50 IFN NR and

49 IFN R with respect to similarity for total Igs or each Ig group.

Figure 6. Predicted NS5A immunoreactivity from change in Ig similarity. A) The NS5A
reactivity of IFN non-responders (NR) and IFN responders (R) (Frangeul et al., 1998).
B) Expected level of NS5A reactivity (percentage) for 49 IFN R determined for total Ig or
each Ig group assuming that reduced similarity relative to IFN NR become serologically
responsive [NR level 13% + percentage of isolates that are reduced in Ig class relative

to NR (R proportion < NR) = expected].
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Figure 7. Anti-human IgG binds HCV NS5A. A) ISDR amino acid sequence alignment
of samples 6003 and 6007 (genotype 1b) and sample 6074 (genotype 2a) with a panel
of representative IgVLk region. Identical amino acids are shown in bold. B) ISDR region
of 6003, 6007 and 6074 expressed in E.coli. Top panel shows anti-human IgG binding

and bottom panel shows the loading control detected by anti-His antibody.

Figure 8. Effect of NS5A ISDR variants on VSV and CVBS3 challenge in Cos-1 cells.
Cos-1 cells expressing NS5A ISDR variants (genotype 1b - 6003 and 6007; genotype
2a - 6074), as well as non-expressing controls (cells and pCl-neo), were left untreated
or treated with IFNa (200U/mL) for 24h before infection with VSV (A) or CVB3 (C) at
multiplicity of infection of 0.5pfu/mL. Effect of NS5A ISDR variants on VSV (B) and
CVB3 (D) replication represented as relative values for (Treated/Untreated). E) Cos-1
cells expressing FLAG-tagged 6003, 6007, and 6074 NS5A variants (anti-FLAG
antibody). Bars represent the mean + SEM of 4 independent experiments; * p<0.05,

significant difference compared to non-expressing controls.

Figure 9. Effects of NS5A ISDR variants on protein synthesis in 293T cells. 293T cells
expressing NS5A ISDR variants (genotype 1b - 6003 and 6007; genotype 2a - 6074), as
well as non-expressing controls (cells and pCl-neo), were left untreated [PKR(-) IFN(-)]
or were transfected with PKR and treated with IFN [PKR(+) IFN(+)]. A) Luciferase
activity (RLU-relative luciferase unit) measured for PKR(-) IFN(-) and PKR(+) IFN(+)
cells. B) Changes in luciferase activity represented as relative values for PKR(+)

IFN(+)/(PKR(-) IFN(-). C) Transfection efficiency of 293T cells monitored by GFP
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detection. Bars represent the mean £ SEM of 4 independent experiments; * p<0.05,

significant difference compared to non-expressing controls.

Figure 10. Model of NS5A immunogenicity. Mutations in NS5A ISDR of IFN resistant
variants that result in high host similarity are associated with low NS5A immunogenicity
and lack of immune response. On the other hand, IFN sensitive variants that share low
similarity with a host are more immunogenic and elicit the immune response. In
addition, the mutations in the ISDR may have an impact on the NS5A’s binding ability to

PKR and in turn affect the response to IFN treatment.
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Figure 2.
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Figure 4.

IMGT similarity score

Journal of Medical Virology

40000
30000 i
-
‘e
P XX
hi ‘0‘0‘0‘
* :3““ >
20000 PO - <> < SRS
o PR ,
. o: ::0‘ AP 4 : *
‘e m
* “
10000 m ¢
. L cad
0
> R Ky 4 X0 4 X >
V4 Q 9 & Q Q
’\0 < 60 (\bo bo
S & P

Immunoglobulin classes and Random models

John Wiley & Sons



©CoO~NOUTA,WNPE

Figure 5.

IMGT similarity score
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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TABLES

TABLE I - Amino acid sequence alignment” (amino acid positions 2209 to 2248 -
ISDR) of NS5A protein of HCV-1b isolates obtained from 10 patients prior to IFN
treatment; ISDR of HCV-2a isolate also included.

SAMPLES AMINO ACID SEQUENCE VIRAL LOAD (copies/ml)
week!

HCV-J*(1b) PSLKATCTTHHDSPDADLIEANLLWRQEMGGNITRVESEN 0 1 3
6003 (10 clones) | —————---- Cmmm e 860000 | 860000 | 860000
6007 (8 clones) | —-—————- P-N-——————— A WR-——=G———————~
6007 (1 clone) | —-—————- P-S———————— Ve m o WRe——— A 619000 | 54800 | 289000
6015 (9 clones) | -———————- R
cols El 2122:)5) _________ b LT 860000 | 528000 | 123000
6017 (5 clones) | —-———————————— Vom oo e
6017 (1 clone) | ——mmmmmmmmm_ Ve R 860000 | 454000 | 171000
6019 (10 clones) | —-———-————- R 45800 6570 599
6020 (6 clones) | —-———————- R-—————— Vommm
6020 (2 clones) | ——————————— R-——-L-————————— W——K-——————————
6020 (1 clone) | ——————————o Ro——L————————— W——K———V——————— 860000 | 176000 | 4970
6020 (1 clone) [ ——————— AR——————————————— WK
6023 (5 clones) | —-—————————— N-—————— L
6023 (2 clones) | —-—————————————————————————— L—————
6023 (1 clone) ———R————=—— R R-L——————————— 545000 | 68800 | 599
6023 (1 clone) B T — I L
6023 (1 clone) | ——————————— NP——————————————— L-——mmmmmm e
6025 (9 clones) | —————————————
6025 (1 clone) | ——oooo ch_ N 155000 | 18200 | 599
6032 (5 clones) | -——————————————
6032 (5 clones) | ————ooo N A" 412000 | 93200 | 43100
6055 (10 clones) | —————---- Ro————m—mmmm Y ¥ " 548000 | 143000 | 599
HCV-J6°(2a) PSLRATCTTHGKAYDVDMVDANLE MGGDVTRIESES
6074 (9 clones) A —R-R———————— 187000 | 599 599

Amino acid sequences were deduced from nucleotide sequences (HCV-1b and HCV-
2a genotype) obtained by sequencing of 6-10 clones for each sample

HCV-J prototype 1b sequence

HCV-J6 prototype 2a sequence

Week 0 corresponds to viral load before IFN treatment; week 1 and 8 correspond to
viral load 1 and 8 weeks after the first administration of IFN therapy, respectively
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