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Abstract

Hepatitis C virus (HCV) infection affects more than 71 million people worldwide. The disease slowly progresses to chronic, 
long-term liver injury which leads to hepatocellular carcinoma (HCC) in 5 % of infections. The alternative reading frame protein 
(ARFP/core+1) is encoded by a sequence overlapping the HCV core gene in the +1 reading frame. Its role in hepatitis C patho-
genesis and the viral life cycle is unclear, although some observers have related its production to disease progression and the 
development of HCC. The aim of this study was to determine whether ARFP is immunogenic in patients with chronic HCV geno-
type 3 infection and to assess whether sero-reactivity is associated with disease progression, particularly to HCC. Immunogenic 
epitopes within the protein were predicted by a bioinformatics tool, and three −20 aa length-peptides (ARFP-P1, ARFP-P2 and 
ARFP-P3) were synthesized and used in an avidin-biotin ARFP/core+1 peptide ELISA. Serum samples from 50 patients with 
chronic HCV genotype 3 infection, 50 genotype-1 patients, 50 HBV patients and 110 healthy controls were tested. Sero-reactivity 
to the ARFP peptides was also tested and compared in 114 chronic HCV genotype-3 patients subdivided on the basis of disease 
severity into non-cirrhotic, cirrhotic and HCC groups. Chronic HCV genotype-3 patients showed noticeable rates of reactivity to 
ARFP and core peptides. Seropositivity rates were 58% for ARFP-P1, 47 % for ARFP-P2, 5.9 % for ARFP-P3 and 100 % for C22 
peptides. There was no significant difference between these seroreactivities between HCV genotype-3 patients with HCC, and 
HCV genotype-3 patients with and without liver cirrhosis. Patients with chronic HCV genotype-3 infection frequently produce 
antibodies against ARFP/core+1 protein. ARFP peptide reactivity was not associated with disease severity in patients with HCV 
genotype-3. These results support the conclusion that ARFP/core+1 is produced during HCV infection, but they do not confirm 
that antibodies to ARFP can indicate HCV disease progression.

Background
Hepatitis C virus (HCV) is an enveloped, ssRNA virus, which belongs to the family Flaviviridae, within the genus hepacivirus [1]. 
Eight genotypes and more than 70 subtypes have been described [2–5]. Chronic HCV infection is a leading cause of hepatocel-
lular carcinoma (HCC), end-stage liver disease and liver-related mortalities [6, 7]. HCV genotype-3, in comparison with other 
genotypes, is associated with an increased risk of liver steatosis, cirrhosis and HCC [8–10]. HCV-related pathogenesis of HCC is 
understood to be a long term, multi-step process involving chronic infection, liver fibrosis and cirrhosis followed by malignant 
transformation [11–14]. Several viral proteins have been shown to have potential roles in the pathogenesis of HCC. HCV core 
protein was mostly implicated in induction of malignant transformation due to its interaction with many intracellular molecules 
that are involved in oncogenesis [15–19]. In addition, core protein is also thought to be involved in the development of liver 
steatosis as well as insulin resistance [20, 21]. The HCV genome encodes an alternative reading frame protein (ARFP) that overlaps 
the core gene on the +1 reading frame. Previous studies showed that this sequence may be expressed during the natural course 
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of HCV infection and may evoke explicit, specific immune responses [22–30]. The biological role of the ARFP/core+1 protein 
remains unknown. However, due to the fact that it is derived from an overlapping core sequence, it was postulated that ARFP/
core+1 may share certain biological functions linked to the core protein, including hepato-carcinogenesis [30–33].

The expression of ARFP/core+1 throughout the course of HCV infection has been studied indirectly by observing the generation 
of specific humoral and cellular mediated immune responses in HCV patients [22–29]. However, few studies have related ARFP/
core+1 expression clinically to HCC. Dalagiorgou et al. observed the prevalence of high-titre anti-ARFP/core+1 antibodies in 
patients with HCC in comparison to HCV-infected patients without HCC. The authors proposed that ARFP may therefore have 
a potential role in the pathogenesis of HCC [34, 35]. Nevertheless, the antibody prevalence of ARFP/core+1 in patients with 
HCV genotype-3 HCC has not been extensively reported.

One approach for assessing seroreactivity is via the use of custom-made linear peptides, spanning the potential immunogenic 
regions of the ARFP/core+1 protein [24]. This approach produced more specific signals [24] but with lower reactivity compared 
with recombinant antigens, as reported by Walewski et al. who used ARFP/core+1 synthetic HCV-1a peptides in an immunoblot 
assay [28], Morice et al. who used a genotype-1b synthetic peptide composed of 99 aa, in an ELISA, [25] Chuang et al. who used 
an HCV-2 14 aa peptide [23] and Qureshi et al. who used an HCV-3 20 aa synthetic peptide [36].

This study aimed to assess the humoral immune response to ARFP/core+1 in a large cohort of genotype-3 HCV-infected patients 
with defined clinical outcomes to see whether the detection of such antibodies changes over the disease course.

Methods
Synthesis of ARFP/core+1 peptides via prediction of B-cell epitopes
ARFP/core+1 genotype-3 sequences obtained from GenBank were entered into Protean 3D application (DNASTAR Lasergene) 
to predict potential antigenic sites within the ARFP/core+1 consensus amino acid sequence based on formulations described 
by Jameson and Wolf [37] (Fig. S1, available in the online version of this article). Three peptides of length 20 aaa were then 
selected: ARFP-1 (positions 5–24), ARFP-2 (positions 56–75) and ARFP-3 (positions 121–140). The HCV recombinant protein 
C22-3 is encoded by the core region of the HCV genome [38–40]. A core peptide was also synthesized spanning positions 6–25, ​
KPQRKTKRNTIRRPQDVKFP derived from the commercial sequence of the known antigenic C22-3 peptide (amino acid 
sequence 2–120) as a positive control. All peptide sequences are shown in Table 1. Peptide synthesis and purification was carried 
out by Mimitopes. The peptide stocks were prepared at a concentration of 10 mg ml−1 in DMSO and stored at −25 °C.

Patients and samples
Serum samples from HCV-infected patients were provided by the HCV Research UK biobank [41] and from the Microbiology 
Department, Queen’s Medical Centre, Nottingham University Hospital NHS Trust. A number of different subgroups of sera were 
tested, distributed as follows:

Sera used for assay validity:

50 chronic HCV genotype-3-positive patients

50 chronic HCV genotype-1-positive patients

50 HBV DNA-positive HCV-negative patients

50 HCV-negative blood donors.

Sera used for comparing ARFP sero-reactivity according to disease stage:

HCV-infected HCC patients, n=51

HCV-infected patients with cirrhosis but no HCC, n=39

Table 1. Sequences of peptides

Site of peptide Peptide sequence

ARFP-1=positions 5–24 NLKEKPKETPSVAHRTSSSR

ARFP-2=positions 56–75 SLADDDSLSPRRVGAKAGPG

ARFP-3=positions 121–140 SSIPLRADSPTSWGTSRSSA

Core=positions 6–25 KPQRKTKRNTIRRPQDVKFP
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HCV-infected patients without cirrhosis or HCC, n=24

110 HCV-negative blood donors.

NeutrAvidin-biotin ARFP peptide ELISA assay
In total, 50 µl of 5 µg NeutrAvidin ml−1 in carbonate/bicarbonate buffer was added to 96-well Maxisorp ELISA plates (Nunc) and 
incubated overnight at 4 °C. The plates were blocked with 200 µl of 3 % BSA in 0.05 % Tween20 in PBS (PBS/T) for 2 h at room 
temperature. The plates were washed once with 200 µl PBST. Then 50 µl of the diluted biotinylated ARFP-1, -2 and -3, and C22 
peptides at a concentration of 1 µg ml−1 was added and incubated for 1 h at room temperature. The plate was washed three times 
with 200 µl PBST. Then 50 µl of the test sera at a dilution of 1:100 was added and incubated at room temperature for 1 h. The plate 
was washed three times with 200 µl PBST. Then 50 µl of goat anti-human IgG conjugated to alkaline phosphatase (Sigma) was 

Fig. 1. Seroreactivities of the ARFP and core peptides in three study groups, 50 HCV genotype 3-positive sera, 50 HBV-positive sera and 50 healthy 
control sera. The figures quoted above each set of results are the percentage of samples deemed to be seropositive. The cut-off was set as the mean 
of HCV-negative sera plus 2 sd (above OD 0.125). The level of reactivity of the three groups was compared using the Kruskal–Wallis test for non-
parametric data adjusted for repeat measures with Dunn’s multiple comparison test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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added at a dilution of 1 : 2000 in the blocking buffer for 1 h at room temperature. The plate was washed three times with 200 µl 
PBST. The binding was visualized with the addition of 50 µl p-nitrophenyl phosphate substrate (pNPP) (Sigma) and incubation 
in a dark place for 20 min at room temperature. The absorbance reflected by the optical density (OD) was measured at 405 nm 
with an Omega FLUOROSTAR plate reader.

Statistical analysis
The mean, median and standard deviation for the HCV-negative signals were calculated using GraphPad Prism. For each ELISA 
experiment, the cut-off value was determined as being the mean value of the group of HCV-negative control sera plus 2 sd. The 
Kruskal–Wallis test for non-parametric data using multiple comparisons was used to compare the reactivity data in different 
groups. This is adjusted for repeated measures using Dunn’s multiple comparison test. P values <0.05 were considered statistically 
significant.

Fig. 2. The seroreactivity of ARFP and core peptides in three study groups, 50 HCV genotype 3 sera, 50 HCV genotype 1 sera and 50 healthy control 
sera. The ARFP peptides were compared with corresponding amino acid sequences from genotype 1 consensus sequences within the +1 reading 
frame. The figures quoted above each set of results are the percentage of samples deemed to be seropositive. The cut-off was set as the mean of HCV-
negative sera plus 2 sd (above OD 0.125). The level of reactivity of the three groups was compared using the Kruskal–Wallis test for non-parametric 
data adjusted for repeat measures with Dunn’s multiple comparison test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Results
Identification of B-cell epitopes within ARFP
The predicted immunogenic sites within the genotype 3 consensus sequence of ARFP were located mostly within amino acids at 
positions 5–35, 55–80, 90–95, 110–115 and 120–142. These are shown in Fig. S1, together with the location of the three peptides 
chosen for use in this study (5–24, 56–75 and 121–140). The amino acid sequences are shown in Table 1.

HCV patients produce antibodies to ARFP
The reactivity of sera from patients with chronic HCV genotype 3 infection, chronic HBV infection and blood donors (negative 
for both HCV and HBV infection) against the core and each of the three ARFP peptides is shown in Fig. 1. The sera from HCV 
patients showed significantly increased reactivity to all four peptides as compared to the HBV and control sera. Reactivity against 
core was highest, followed by that against ARFP1, ARFP2 and ARFP3.

Sero-positivity rates are dependent on genotype when using genotype-3-derived peptides
The reactivity of samples to the ARFP peptides from patients infected with genotype-1 was significantly lower compared to 
genotype-3 sera (P<0.00001, Fig. 2). In total, 96 % of the genotype 1 sera were reactive with the C22-derived peptide. The consensus 
genotype 3 ARFP-P1 sequence varied from its corresponding genotype-1 sequence by 6 aa, ARFP-P2 by 9 aa and ARFP-P3 by 
3 aa (Fig. 2).

Comparing genotype-3 patients at different disease stages revealed no difference in sero-reactivity or 
seroprevalence rates
We tested samples derived only from patients infected with HCV genotype 3, but at differing disease stage (chronic hepatitis, 
cirrhosis, HCC). Patients with chronic hepatitis or cirrhosis were age- and sex-matched to those with HCC (Table 2). Reactivity 
to ARFP-peptide-1 was seen in 27 of 51 (52.9 %) sera from patients with HCC, 19 of 39 (48.7 %) from patients with cirrhosis, 
and eight of 24 (33.3 %) from the non-cirrhotic patients. Reactivity to ARFP-peptide-2 was seen in 24 (47 %), 17 (43.6 %) and 13 
(54.1 %) sera respectively, and reactivity to ARFP-peptide-3 revealed the lowest reactivity of all, with sero-positive rates of 5.9, 5.1 
and 4.2% respectively. There were no significant differences in the sero-prevalence rates to any of the three ARFP peptides between 
the HCC patients and the other groups. Reactivity to the core C22 was seen in 49 (96 %) of the HCC patients, all of the cirrhotic 
patients and 22 (96 %) of the non-cirrhotic patients (Table 3, Fig. 3). Finally, we combined the patients in the cirrhotic group 
with those in the HCC group (because HCC associated with HCV infection almost always occurs in the presence of cirrhosis) 
and compared reactivity in this combined cirrhosis cohort with that in the chronic hepatitis cohort. There was no significant 
difference in reactivity for any of the four peptides (data not shown).

Table 2. Age and gender distribution of the chronic HCV genotype 3 cohort

HCC patients (n=51) Cirrhotic patients (n=39) Non-cirrhotic patients (n=24)

Gender  �  Female  �  18 (35.3 %)  �  9 (23.1 %)  �  9 (37.5 %)

 �  Male  �  33 (64.7 %)  �  30 (76.9 %)  �  15 (62.5 %)

Age, years  �  Mean±sd  �  55±5.7  �  55±6.2  �  52±7.4

 �  31–40  �  0  �  0  �  2 (5.1 %)

 �  41–50  �  12 (23.5 %)  �  11 (28.2 %)  �  7 (8.3 %)

 �  51–60  �  34 (66.7 %)  �  24 (61.5 %)  �  11 (45.8 %)

 �  61–70  �  5 (9.8 %)  �  2 (5.1 %)  �  4 (16.6 %)

 �  71–80  �  0  �  2 (5.1 %)  �  0

Table 3. The prevalence of antibodies against ARFP and core peptides among chronic HCV genotype 3 patients

HCC patients (n=51) Cirrhotic patients (n=39) Non-cirrhotic patients (n=24)

ARFP-P1 52.9% 48.7% 33.3%

ARFP-P2 47% 43.6% 54.1%

ARFP-P3 5.9% 5.1% 4.2%

Core-C22 96% 100% 96%
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Discussion
After more than a decade since its discovery, there are many controversies regarding production of the ARFP/core+1 protein 
during HCV infection and its role in relation to the pathogenesis of disease [30]. Several independent studies showed that chronic 
HCV patients can elicit specific humoral and cell-mediated immune responses toward ARFP/core+1, indirect evidence for its 
expression during HCV infection [22–28]. Similarly, in this study, we have demonstrated that patients infected with HCV generate 
a humoral immune response to ARFP/core+1, indicating that the protein must be expressed during chronic infection. None 
of the HBV-infected or blood donor samples reacted with any of the three ARFP peptides (Fig. 1). Overall, HCV sera showed 
less reactivity against ARFP/core+1 peptides compared to the core-derived peptide. Our data also indicate the importance of 
using genotype-specific ARFP/core+1 linear antigens when assessing sero-reactivity. Our genotype-3-derived ARFP peptides 1, 

Fig. 3. The peptide sero-reactivity in patients with chronic HCV genotype 3 infection. The signal cut-off was determined by calculating the mean of the 
negative control sera plus 2 sd. Comparison of the seroreactivity between HCC, cirrhotic and non-cirrhotic patients was carried out using the Kruskal–
Wallis test for non-parametric data adjusted for repeat measures with Dunn’s multiple comparison test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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2 and 3 differ from their consensus genotype-1 counterparts by 6, 9 and 3 aa respectively. Reactivity of the genotype 1 sera with 
genotype-3-derived ARFP peptides was significantly less than that of the genotype 3 sera (Fig. 2). In contrast, there was notable 
reactivity of genotype 1 and 3 sera against the core-derived peptide, probably due to the higher degree of sequence conservation 
among different HCV subtypes.

There are alternative ways of identifying immunogenic regions within proteins other than the Protean 3D application used in 
this report, and other algorithms may have identified different antigenic regions within ARFP. However, the peptides we derived 
from our approach clearly generated an immune response in HCV-genotype 3-infected patients. Peptide ARFP-P3 was the least 
antigenic. One possible explanation for this is that perhaps our patients were infected with HCV sequences in which the ARFP 
ORF contained a stop codon prior to the end of ARFP-P3. To address this, we searched the Los Alamos HCV sequence database 
(https://hcv.lanl.gov/content/index) for genotype 3 Core/ARFP nucleotide sequences that were deposited from the UK or Europe. 
Sequences were translated in the ARFP reading frame and the occurrence of stop codons was determined. There were 61 samples 
with the relevant sequence data available. Of these, 25 were from the UK, of which four contained a premature stop codon. Thus, 
this is unlikely to explain the low reactivity to ARFP-P3 in our cohort.

Clinically, there was no evidence that the antibody response to ARFP/core+1 changes significantly in relation to disease progres-
sion, which is in contrast to previously published data. Seroprevalence to ARFP/core+1 will be influenced by the duration of 
infection and whether the infecting HCV genotype is the same or different from the ARFP/core+1 antigen used in the assay to 
detect antibodies. All of our cohort of clinically well-characterized patients had genotype 3 infection, corresponding to the origin 
of our peptides; the different clinical groups (chronic hepatitis, cirrhosis, HCC) were well age-matched (Table 2), in contrast to 
other reports [22–24, 28, 36]. Kassela et al. [42] reported higher seroprevalence rates in advanced versus mild cirrhosis, but it is 
not clear whether all cirrhotic patients were infected with the same genotype.

These results are supported by observations by Qureshi et al. who tested sera from 88 HCV genotype-3 patients using 20 recom-
binant ARFP overlapping peptides – of 20 aa long – spanning the whole of the ARFP sequence. They revealed that the region 
60–80 (similar to our ARFP-P2 56–75) was the most immunogenic, compared with the region 1–20 (similar to our ARFP-P1 
5–24) and region 120–140 (similar to our ARFP-P3 121–140) [34]. However, there was a difference in reactivity between their 
120–140 region, which was more immunogenic than our ARFP-P3 and ARFP-P1.

A different observation was reported by Dalagiorgou et al., when they assessed the prevalence of anti-ARFP/core+1 in patients 
with HCC, compared with chronic, non-HCC HCV Greek patients. First, they created two recombinant, full-length, ARFP/core+1 
proteins for genotypes 1a and 1b, in addition to the short form of ARFP/core+1 spanning 59 aa starting from position 85. They 
reported >50 % of 45 HCC patients were seropositive in comparison to 26 % of the 47 non-HCC patients, a significant difference 
between the two groups [34]. However, due to the wide disease spectrum of the non-HCC group studied, it was not clear in this 
study which chronic stage was associated with lower anti-ARFP/core+1 prevalence compared with the HCC group. In addition, 
no other serological control – for instance core – was used to compare the reactivity with ARFP/core+1. Most importantly, the 
two groups were not matched with regard to age (mean age of the HCC group was 65 years; that of the non-HCC group was 
40 years), gender or HCV genotype, casting further concerns about the generalizability of their results.

All of our HCV-infected patients showed a high seroprevalence of anti-core antibodies, significantly greater than that against the 
three ARFP/core+1 peptides, suggesting that ARFP/core+1 expression occurs at lower rates compared with the core expression. 
Vassilaki et al. reported that various biological factors may control the expression of ARFP, including its sensitivity to intracel-
lular proteasome degradation and downregulation by core, suggestive that ARFP may be produced in situations inauspicious 
for intracellular HCV replication [30]. It is known that HCC advances in individuals with chronic HCV genotype-3 infection 
after a mean of 20–30 years. As seropositivity rates to ARFP/core+1 did not vary significantly between age-matched genotype 
3 patients with no cirrhosis, cirrhosis or HCC, this suggests that ARFP expression cannot be considered as a surrogate marker 
for HCV disease progression. However, more observations with larger cohorts are required to substantiate these results and to 
observe the T-cell responses as well.

In conclusion, HCV genotype-3 patients exhibited high rates of sero-prevalence to ARFP/core+1 and core peptides. There was 
no significant difference between these sero-reactivities in HCC and non-HCC groups. These results support that ARFP/core+1 
is produced during HCV infection, but do not confirm that anti-ARFP/core+1 reactivity can be indicative for HCV disease 
progression or a marker for HCC development.
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