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Abstract  50 

 51 

The development of a safe, effective and affordable prophylactic vaccine against hepatitis C 52 

virus (HCV) remains a medical priority. Hepatitis B-C subviral envelope particles, which 53 

could be produced by industrial procedures adapted from those established for the hepatitis B 54 

virus vaccine, appear promising for use for this purpose. The prototype HBV-HCV bivalent 55 

vaccine bearing genotype 1a HCV envelopes can induce neutralizing antibodies against this 56 

genotype, but is less effective against other genotypes. We show here, in a small-animal 57 

model, that the use of a set of vaccine particles harboring envelopes from different HCV 58 

genotypes in various association strategies can induce broad neutralizing protection or an 59 

optimized protection against a particular genotype prevalent in a given region, such as 60 

genotype 4 in Egypt. This vaccine could help to control the hepatitis C epidemic worldwide. 61 

 62 
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1. INTRODUCTION 75 

The World Health Organization (WHO) has estimated that hepatitis C virus (HCV) infection 76 

could be eradicated by 2030 if the HCV epidemic worldwide decreases (i.e. the number of 77 

patients cured by direct-acting antivirals (DAAs) consistently and significantly exceeds the 78 

number of new infections) by at least 7% per year. However, recent studies have shown that 79 

the global annual net regression, estimated at only 0.4%, is far from meeting this objective.1 80 

The cost of DAAs, which has recently decreased considerably, is less of a problem than the 81 

screening logistics required to identify the 71 million chronic carriers of HCV worldwide that 82 

have yet to be treated with DAAs. Indeed, due to the absence of symptoms in most HCV-83 

infected individuals, only a small fraction (probably around 5%) of these individuals are 84 

aware that they are infected. Chronic carriers of HCV that are not diagnosed may, therefore, 85 

transmit the virus to healthy people, and it is estimated that the world reservoir of HCV-86 

infected individuals increases by two million newly infected subjects each year. This increase 87 

is not limited to low economic countries, as the Centers for Disease Control recently reported 88 

a near tripling of HCV incidence in the US over the last five years, to reach a 15-year high of 89 

41,200 new cases in 2016.2 A recent mathematical model evaluating the impact on hepatitis C 90 

eradication of scaling up prevention and treatment indicated that it would be extremely 91 

difficult to achieve this goal.3 Improvements would be required in blood safety and infection 92 

control, together with the expansion or creation of services for intravenous drug users, and 93 

extensive screening and treatment, the cost of which has been estimated by the WHO to be at 94 

least US$12 billion.4 Furthermore, although antivirals drugs are highly effective at controlling 95 

infection, they cannot prevent re-infection with HCV, a situation that is becoming 96 

increasingly common among drug users in industrialized countries.5 Moreover, approximately 97 

15% of subjects with chronic hepatitis C infection go on to develop cirrhosis or even liver 98 
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cancer after eradication of the virus by DAAs.6 For all these reasons, the development of a 99 

prophylactic anti-HCV vaccine remains an important objective. 100 

An original vaccine based on full-length HCV E1 or E2 envelope glycoproteins fused to 101 

the heterologous hepatitis B virus (HBV) S envelope protein (HBsAg) has been 102 

developed.7 These chimeric envelope proteins self-assemble into highly immunogenic, 103 

noninfectious and secreted subviral envelope particles resembling to the HBV vaccine and 104 

are able to elicit specific antibody responses against HCV and HBV envelope proteins.8,9 105 

More importantly, prototype vaccine particles bearing the E1 or E2 envelope proteins from 106 

a genotype 1a HCV isolate induced antibodies capable of neutralizing heterologous 107 

genotype 1a and 1b HCV strains efficiently in vitro. However, these antibodies appeared to 108 

have a lower cross-neutralizing potential against viruses of genotypes 3 and 4, which are 109 

genetically more distant.8,9 As genotypes 1, 3 and 4 are the most prevalent worldwide 110 

(83.8% if considered together) and the most common in several parts of the world, the 111 

objective of this study was to increase the broad neutralizing properties of antibodies 112 

induced by such HBV-HCV bivalent vaccines through the development of new subviral 113 

vaccine particles bearing envelope glycoproteins from genotype 3 and 4 HCV isolates. 114 

 115 

2. METHODS 116 

2.1 Production of the vaccine particles  117 

Chimeric HBV (subtype adw) - HCV (genotype 1a) envelope particles bearing the full-length 118 

HCV E1 (E11aS particles) or E2 proteins (E21aS particles) were produced and purified as 119 

previously described.8 Using the same strategy, extensively described elsewhere,7,8 we 120 

designed, produced and purified new vaccine particles bearing full-length genotype 3a or 4a 121 

HCV E1 or E2 glycoproteins (envelope sequences provided in Figure S1 and S2) named 122 

E13aS, E23aS, E14aS and E24aS.  123 
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 124 

2.2 Immunization of New Zealand rabbits  125 

We immunized four groups of 12 rabbits subcutaneously on days 0, 14 and 28, with 15 �g of 126 

AddaVax-adjuvanted immunogens, quantified by HBsAg ELISA, as follows: (i) only E21aS 127 

particles; (ii) equal amounts of E21aS, E23aS and E24aS particles (5 �g of each particle); (iii) 128 

equal amounts of E11aS, E21aS, E13aS, E23aS, E14aS and E24aS particles (2.5 �g of each 129 

particle); (iv) or equal amounts of E14aS and E24aS particles (7.5 �g of each particle). Groups 130 

of six rabbits immunized with the AddaVax adjuvant alone or with Engerix, a commercially 131 

available HBV vaccine, were used as negative and positive controls, respectively. Serum 132 

samples were collected from rabbits at various time points (days 0, 14, 28, 42, and 56) for the 133 

characterization of antibody responses. Immunizations were performed by Agro-Bio (La 134 

Ferté-Saint-Aubin, France), a company accredited by the French authorities for the 135 

performance of protocols on laboratory animals in accordance with European Directive 136 

2010/63/EU. The protocol was approved by the Agro-Bio Ethic Committee C2A-99 (French 137 

Ministry of Research, agreement B45-146-01). 138 

 139 

2.3 Analysis of anti-HBsAg and anti-E1/E2 antibody responses  140 

Anti-HBsAg and anti-E1/E2 assays were conducted and analyzed as described in detail 141 

elsewhere.8,9 Briefly, anti-HBsAg antibodies were quantified with the ARCHITECT system 142 

(Abbott Laboratories). Anti-E1 and anti-E2 responses were evaluated with in-house ELISAs 143 

based on the use of solid phases consisting of appropriate lysates (or mixtures of lysates) of 144 

baby hamster kidney (BHK-21) cells expressing the same HCV E1 or E2 proteins of 145 

genotypes 1a, 3a and 4a as were exposed at the surface of the vaccine particles, which were 146 

compared with control cells expressing β-galactosidase (β-gal). For each serum sample tested, 147 
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the optical density (OD) value obtained for wells with capture by β-gal protein was subtracted 148 

from that obtained for wells with capture by E1 or E2 proteins.  149 

 150 

2.4 Neutralization assays with HCV in cell culture  151 

HCV in cell culture (HCVcc) harboring HCV envelope glycoproteins derived from genotype 152 

1a (JFH1/H77), 1b (JFH1/J4), 2a (JFH1), 3a (JFH1/S52) and 4a (JFH1/ED43) isolates were 153 

used to assess and compare the neutralizing potential of the anti-HCV envelope protein 154 

antibodies present in pre- and post-vaccination serum samples from rabbits. Virus stocks were 155 

generated by transfecting hepatoma Huh7.5 cells with in vitro transcribed full-genomic HCV 156 

RNA and viral infectivity was monitored using a focus-forming unit (FFU) staining assay, as 157 

described elsewhere.8 FFU were counted under a microscope, supernatant infectivity titers 158 

were determined as the number of FFU/ml and titrated viral stocks were diluted to obtain 159 

2,000 FFU/ml in growth medium. A volume of 50 μl, corresponding to 100 FFU, was then 160 

incubated for 1 hour at 37 °C with 25 μl of five-fold serial dilutions of each rabbit serum 161 

collected on days 0 and 56. The virus/serum mixture was then used to infect 10,000 Huh7.5 162 

cells plated the previous day on 96-well plates (Falcon) for 6 hours at 37°C. The virus-163 

containing medium was then removed, replaced with fresh medium and the infected cells 164 

were incubated at 37°C. Infectivity was evaluated 48 hours after infection, as described 165 

above. The assay was performed once in triplicate and the results are expressed as mean 166 

values.  167 

 168 

2.5 Sequence analysis 169 

The amino-acid sequences encoding the E1 or E2 envelope proteins presented at the surface 170 

of the HCVcc were downloaded from the GenBank database (deposited under the accession 171 

numbers: JF343780.1 (H77/JFH1), FJ230881.1 (J4/JFH1), AB047639.1 (JFH1), EU204645.1 172 
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(S52/JFH1) and MK600383.1 (ED43/JFH1)) and aligned with those encoding the E1 or E2 173 

envelope proteins presented at the surface of the vaccine particles (Figure S1 and S2). 174 

Multiple sequence alignment was computed using ClustalW (BioEdit software) and edited 175 

manually. 176 

 177 

2.6 Statistical analysis 178 

The observed differences in neutralizing antibody induction capacity between the vaccination 179 

strategies for a given genotype were analyzed statistically with nonparametric Mann-Whitney 180 

tests. These distribution comparison tests were conducted considering only the datasets 181 

obtained for the six rabbit sera presenting the most sustained anti-HBV and anti-HCV 182 

antibody responses and also containing the antibodies with the most significant cross-183 

neutralizing properties. A p value < 0.05 was considered to be statistically significant.  184 

 185 

3. RESULTS  186 

All HBV-HCV vaccine particles (whether used alone or in cocktails, Figure 1A) induced 187 

specific antibody responses against the HCV and HBV envelope proteins (Figure 1B). After 188 

the evaluation of the anti-HBsAg, anti-E1 and anti-E2 antibodies levels, the neutralizing 189 

properties of antibodies induced by the various vaccination strategies in immunized rabbits 190 

were investigated using HCVcc harboring HCV envelope glycoproteins derived from 191 

different heterologous genotype 1a, 1b, 2a 3a and 4a strains (Figure S3). By paying particular 192 

attention to the neutralizing properties of the six rabbit sera with the strongest humoral 193 

responses to vaccination in each group (the rabbits with the highest levels of anti-HBsAg 194 

antibodies were also those with the highest levels of anti-E1 and anti-E2 antibodies), we 195 

demonstrated that immunization with a cocktail of E2S particles bearing HCV genotype 1a, 196 

3a and 4a E2 envelope glycoproteins significantly increased the broad neutralizing properties 197 
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of the antibodies induced (p-values = 0.026 and 0.005 for HCV genotype 3 and 4 198 

neutralization, respectively, when a comparison is made with animals immunized with E21aS 199 

particles only) (Figure 2). More importantly, we clearly show that the antibodies produced in 200 

response to vaccination with this cocktail were above all capable to neutralize infections with 201 

an HCVcc of genotype 2a harboring an E2 envelope sequence not present in the vaccine 202 

cocktail (Figures 2 and S3). The strength of these broad cross-neutralizing responses was 203 

confirmed with additional neutralizing assays using serial dilutions of rabbit sera, showing 204 

that these broad neutralizing properties of the antibodies induced were also observed for high 205 

serum dilutions (Figure S4). The addition of particles bearing E1 glycoproteins to this 206 

cocktail of particles bearing E2 proteins from genotypes 1a, 3a and 4a clearly reduced the 207 

positive impact of this multi-genotypes strategy. By contrast and importantly, the use of a 208 

cocktail of E21aS + E23aS + E24aS particles did not significantly decrease the ability of the 209 

vaccine to induce neutralizing antibodies against HCV genotypes 1a and 1b, relative to the 210 

prototype E21aS vaccine. Nevertheless, a cocktail of only two types of particles, bearing HCV 211 

genotype 4 E1 and E2 glycoproteins separately, was identified as the best candidate vaccine 212 

for protection against this particular genotype. It clearly gave the best protection in 213 

comparisons of animals immunized with the E14aS + E24aS particle cocktail and animals 214 

immunized with the prototype E21aS vaccine (p-value = 0.005, Figure 2). However, even 215 

though the median value for neutralization obtained in animals immunized with E14aS + 216 

E24aS particle cocktail was higher than that for animals immunized with the E21aS + E23aS + 217 

E24aS particle cocktail (81.5% versus 70.5%, Figure 2), the difference was not significant, 218 

probably due to the small number of animal.  219 

 220 

4. DISCUSSION 221 
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DAAs have revolutionized the treatment of chronic HCV infection. Nevertheless, it has 222 

become clear that it will be very difficult to eradicate hepatitis C without a prophylactic 223 

vaccine against this virus.10,11 Various vaccination strategies are currently being tested for 224 

HCV,12-14 but the development of such vaccines is difficult, and their place in vaccination 225 

programs remains unclear. In this context, a bivalent HBV-HCV vaccine would be more 226 

likely to be adopted, as its main function would be to provide protection against hepatitis B, 227 

and any additional protection, even if only partial, against HCV would be a bonus. The 228 

relevance of this vaccine approach is reinforced by the capacity of this vaccine candidate to 229 

induce anti-HBsAg responses, although slightly lower than those induced by the 230 

commercially Engerix vaccine. It cannot be excluded that this slight decrease in HBsAg 231 

immunogenicity is due to the fusion of the envelope proteins, but this observation is probably 232 

related to the difference in purity existing between the vaccine prepared in an academic 233 

laboratory and the highly purified industrially produced Engerix vaccine. This approach 234 

would also strengthen the notion of the hepatitis B vaccine being the first anti-cancer vaccine, 235 

as it would result in a new vaccine providing protection against different virus-induced liver 236 

cancers. 237 

Our previous immunization studies, performed with chimeric HBV-HCV envelope 238 

subviral particles, showed that particles containing E21a proteins gave the best neutralizing 239 

coverage, but that particles containing E11a proteins could also induce neutralizing 240 

antibodies against HCV genotype 1a and 1b, and, to a lesser extent, against other HCV 241 

genotypes.8 In a second set of experiments, we showed that the most efficient strategy for 242 

inducing both anti-E1 and anti-E2 neutralizing antibodies was to mix subviral HBV-HCV 243 

envelope subviral particles containing E11a proteins with particles containing E21a 244 

proteins.9 In the multi-genotype strategy presented here, the addition of a cocktail of 245 

particles bearing E1 proteins to the cocktail of particles bearing E2 proteins clearly 246 
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decreased the positive impact of this multi-genotype approach, probably by reducing the 247 

amount of each immunogen in the dose of vaccine administered and imposing conflicting 248 

selection forces which frustrate the affinity maturation of the B lymphocytes. However, if 249 

limited to a cocktail of multi-genotype particles containing only E2 proteins, this approach 250 

clearly yielded a much better broad cross-neutralizing response to the main HCV 251 

genotypes 1a, 1b, 2a, 3a and 4a. The strength of this broad cross-neutralizing response was 252 

greatly amplified by the fact that antibodies produced in response to vaccination with this 253 

cocktail were capable to neutralize HCV of genotype 2a, and this also for high serum 254 

dilutions.  Nevertheless, a cocktail of particles bearing HCV E1 or E2 glycoproteins of a 255 

particular genotype separately would be the best strategy for protection against a given 256 

genotype (reference 9 for the genotype 1; this study for the genotype 4). These data 257 

suggest that a set of HBV-HCV envelope subviral vaccine particles bearing HCV envelope 258 

glycoproteins of different genotypes could be used, in various combination strategies, to 259 

induce a broad neutralizing protection against different HCV genotypes or to provide 260 

protection against a particular genotype being prevalent in a given region. This second 261 

approach would clearly be relevant for genotype 4 in Egypt, which has the highest 262 

prevalence of HCV infection in the world, where more than 90% of HCV-infected subjects 263 

are infected with genotype 4 viruses.15  264 

 265 

In conclusion, the mixing of different envelope-based subviral particles can be used to 266 

optimize the bivalent HBV-HCV prophylactic vaccine, particularly for use in cases of 267 

potential exposure to different HCV genotypes. As the neutralizing breadth of anti-HCV 268 

antibodies was investigated in this study using a limited panel of historical important 269 

reference strains which are known for some to be highly sensitive to neutralization,16,17 and 270 

as the replication-competent cell culture viruses have been described varied widely in 271 



 12 

terms of sensitivity to neutralization by monoclonal antibodies,16,18,19 it will be important in 272 

future experiments to investigate these phenotypic differences. Further studies, including 273 

the immunization of humans, will, of course, also be required before definitive conclusions 274 

can be drawn. In addition, it will be interesting to conduct further studies to analyze 275 

precisely the genotype-specific or more conserved epitopes targeted by the antibodies 276 

induced by the different vaccination strategies. However, this vaccine would be simple to 277 

produce, as it could be processed by industrial procedures adapted from those established 278 

for the HBV vaccine, and it could potentially help to control the global hepatitis C 279 

epidemic. 280 

  281 
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FIGURE LEGENDS 332 

 333 

FIGURE 1 Immunization protocol design and analysis of the antibody responses induced by 334 

various vaccination strategies. (A) Groups of twelve rabbits were immunized three times 335 

subcutaneously with AddaVax-adjuvanted chimeric HBV-HCV envelope subviral particles 336 

harboring a genotype 1a E2 envelope glycoprotein (15 �g) or with different cocktails 337 

consisting of equal amounts of chimeric particles harboring genotype 1a, 3a and 4a HCV E1 338 

or E2 envelope glycoproteins, on days 0, 14 and 28. Groups of six rabbits immunized with the 339 

AddaVax adjuvant alone or with Engerix, a commercially available HBV vaccine (15 μg) 340 

were used as negative and positive controls, respectively. Serum samples were collected from 341 

rabbits at various time points (days 0, 14, 28, 42 and 56), for the characterization of antibody 342 

responses and evaluation of the neutralizing potential of the antibodies induced by 343 

vaccination. (B) Specific anti-E1/anti-E2 and anti-HBsAg responses were evaluated in rabbit 344 

sera with in-house ELISAs8,9 and a routine immunoassay (Abbott Laboratories), respectively. 345 
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Results are expressed as the difference in optical density (anti-E1- or anti-E2-β-Gal) and anti-346 

HBsAg titer (mIU/ml), respectively.  347 

 348 

FIGURE 2 Neutralizing potential of antibodies induced by the various vaccination strategies.  349 

Cross-neutralizing properties against HCVcc of the anti-HCV antibodies induced by the 350 

various vaccination strategies evaluated on the six rabbit serum samples with the strongest 351 

humoral responses to vaccination in each group. Five-fold dilutions of rabbit serum samples 352 

collected on days 0 and 56 were first incubated with HCVcc harboring HCV envelope 353 

glycoproteins derived from genotype 1a, 1b, 2a, 3a and 4a isolates for 1 hour at 37°C, which 354 

were then used to infect Huh7.5 cells for 6 hours. Infection levels were determined after 48 355 

hours of incubation at 37°C, in a FFU staining assay8. FFU were counted under a microscope, 356 

and the percentage neutralization in the presence of the postimmune serum (Day 56) was 357 

compared with that in the presence of preimmune serum (Day 0) from the same rabbit. The 358 

assay was performed once in triplicate, and the results are expressed as mean values. 359 

Statistical analyses were performed with nonparametric Mann-Whitney tests. * p<0.05; ** 360 

p<0.005; ns = nonsignificant. 361 

 362 

FIGURE S1 Comparison of the amino-acid sequences of the E1 proteins harbored at the 363 

surface of the vaccine particles and the HCV in cell culture used to conduct the neutralization 364 

assays. (A) Multiple sequence alignment of the E1 proteins. Amino-acid sequences of the E1 365 

proteins from genotype 1a, 3 and 4 viruses selected for the development of the vaccine 366 

particles (represented in blue) were aligned with the amino-acid sequences of the E1 proteins 367 

presented at the surface of the genotype 1a, 3 and 4 HCV in cell culture neutralized by the 368 

antibodies induced through vaccination (shown in black). Signal sequence responsible for 369 

translocation of the E1 ectodomain into the endoplasmic reticulum lumen is boxed in red. 370 
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Amino-acid identities with the uppermost sequence (.) and substitutions are indicated. (B) 371 

Comparative analysis of the sequence homologies. The numbers indicate the similarities at 372 

the amino-acid level in percentage. 373 

 374 

FIGURE S2 Comparison of the amino-acid sequences of the E2 proteins harbored at the 375 

surface of the vaccine particles and the HCV in cell culture used to conduct the neutralization 376 

assays. (A) Multiple sequence alignment of the E2 proteins. Amino-acid sequences of the E2 377 

proteins from genotype 1a, 3 and 4 viruses selected for the development of the vaccine 378 

particles (represented in blue) are aligned with the amino-acid sequences of the E2 proteins 379 

presented at the surface of the genotype 1a, 3 and 4 HCV in cell culture neutralized by the 380 

antibodies induced through vaccination (shown in black). Signal sequence responsible for 381 

translocation of the E2 ectodomain into the endoplasmic reticulum lumen is boxed in red. 382 

Amino-acid identities with the uppermost sequence (.), gaps (-) and substitutions are 383 

indicated. (B) Comparative analysis of the sequence homologies. The numbers indicate the 384 

similarities at the amino-acid level in percentage. 385 

 386 

FIGURE S3 Neutralizing potential of antibodies induced by the various vaccination 387 

strategies in all immunized rabbits. Cross-neutralizing properties against HCVcc of the anti-388 

HCV antibodies induced by the various vaccination strategies evaluated on all rabbit serum 389 

samples. Five-fold dilutions of rabbit serum samples collected on days 0 and 56 were first 390 

incubated with HCVcc harboring HCV envelope glycoproteins derived from genotype 1a, 1b, 391 

2a, 3a and 4a isolates for 1 hour at 37°C, which were then used to infect Huh7.5 cells for 6 392 

hours. Infection levels were determined after 48 hours of incubation at 37°C, in a FFU 393 

staining assay8. The percentage of neutralization was determined by subtracting the infectious 394 

titer obtained with the pre-immune serum (day 0) from that obtained with the post-immune 395 
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serum (day 56) from the same rabbit. The assay was performed once in triplicate, and the 396 

results are expressed as mean values. Each colored point represents the neutralization value 397 

observed for the serum sample from an individual immunized rabbit. The horizontal line 398 

represents the median value. The conservation of the color code between the main and 399 

supplementary figures allows a close correlation of these data with those resulting from the 400 

evaluation of the antibody responses. 401 

 402 

FIGURE S4 Strengh of the broad cross-neutralizing antibody response. Evaluation of the 403 

cross-neutralizing properties against HCVcc of 5-fold serial serum dilutions of the six rabbits 404 

with the strongest humoral responses to vaccination in each group. Dilutions of rabbit sera 405 

collected on days 0 and 56 were first incubated with HCVcc harboring HCV envelope 406 

glycoproteins derived from genotype 1a, 1b, 2a, 3a and 4a isolates for 1 hour at 37°C, which 407 

were then used to infect Huh7.5 cells for 6 hours. Infection levels were determined after 48 408 

hours of incubation at 37°C, in a FFU staining assay8. FFU were counted under a microscope, 409 

and the percentage of neutralization was determined by subtracting the infectious titer 410 

obtained with the pre-immune serum (D0) from that obtained with the post-immune serum 411 

(D56) from the same rabbit. The assay was performed once in triplicate, and the results are 412 

expressed as mean values.  413 
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                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Genotype 1a E1 vaccine protein   MTGNLPGCSFSIFLLALLSCLTVPASAYQVRNSSGLYHVTNDCPNSSIVYETADTILHSPGCVPCVREGNASKCWVAVAP   
Genotype 3a E1 vaccine protein    .....................IH..ASLEW..V....VL............AD.V...T.......QD..I.T..TS.T.  
Genotype 4a E1 vaccine protein   ...........................VNY..T..I..I............ADHH...L.......KT..R.R....LT.  

 

                                  90       100       110       120       130       140       150       160        
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

  TVATRDGKLPTTQLRRHIDLLVRSATLCSALYVGDLCGSVFLVGQLFTFSPRRHWTTQDCNCSMYPGHITGHRMAWDMMM    
   ...V.YLGAT.ASV.S.V....GA..M........M..A......A...R....Q.V.T....L....LS..........  
   ...APYIGA.LHS..S.V..M.GA..V.....I.....GL..A..V.S.R.............I.T..........G...  

 

                         ....|....|....|....|....|....|....|....|....|....|....|....
  NWSPTTALVVAQLLRVPQAILDMIAGAHWGVLAGIAYFSMVGNWAKVLVVLLLFASVDA

   ....AVGM...HV..L..TLF.I.......I...L..Y..Q......A.IMIM.SG
   ......T..LS.IM.I.GTLV.LL..G.....V.V..Y..QA.....IL..F...G

 

                                 170       180       190       200       210              

Genotype 1a E1 vaccine protein
Genotype 3 E1 vaccine protein
Genotype 4 E1 vaccine protein 

Genotype 1a E1 vaccine protein
Genotype 3 E1 vaccine protein
Genotype 4 E1 vaccine protein 

Genotype 1a H77 E1 protein    A..................................................A..A...T.............R.....T.  
Genotype 1b J4 E1 protein    A.....................I.....E...V..I.......S.......A..V.M.T.......Q...S.R....LT.  

 Genotype 2a JFH1 E1 protein    A......FP...........I...V..A..K.T.SS.M.....S.D..TWQLEAAV..V......E.V..T.R...P.S.  
Genotype 3a S52 E1 protein    A................F...VH..ASLEW..T....VL....S.......AD.V...T.......QDD.T.T..TP.T.  

 Genotype 4a ED43 E1 protein    A..........................VNY..V..I...............ADHH...L...........Q.R....LT.  
 

 Genotype 1a H77 E1 protein    ......................G........................................I................  
Genotype 1b J4 E1 protein    .L.A.NASV...TI...V....GT.AF...M........I...S..........E.V......I....VS..........  

 Genotype 2a JFH1 E1 protein    NM.V.QPGAL.QG..T...MV.M...F...........G.M.AA.V.IV..QY..FV.E....I...T............  
Genotype 3a S52 E1 protein    ...V.YVGAT.ASI.S.V....GA...........M..A......A...R....Q.V.T....L....VS..........  

 Genotype 4a ED43 E1 protein    ...APYIGA.LES..S.V..M.GA..V..G..I.....GL.....M.S.R.............I.T..............  
 

  Genotype 1a H77 E1 protein    .....A.........I....M..................................G...
Genotype 1b J4 E1 protein    ..........S....I...VV..V..........L..Y..........I.A....G..G

 Genotype 2a JFH1 E1 protein    .....ATMIL.YVM...EV.I.IVS......MF.L.....Q.A....I.I...A.G...
Genotype 3a S52 E1 protein    ....AVGM...HI..L..TLF.IL......I...L..Y..Q......AI.MIM.SG...

 Genotype 4a ED43 E1 protein    ......T..L..VM.I.TTLA.LLS.G.....V.V.....QA.....IL..F...G...

...

...

A

B
E1 amino acid sequence (% homology) Genotype 1a vaccine candidate Genotype 3a vaccine candidate Genotype 4a vaccine candidate

Genotype 1a vaccine candidate 69.4 70.8

Genotype 3a vaccine candidate 69.4 67.6

Genotype 4a vaccine candidate 70.8 67.6

Genotype 1a H77/JFH1 HCVcc 94.5 70.3 72.1

Genotype 1b J4/JFH1 HCVcc 78.1 68.5 69.9

Genotype 2a JFH1 HCVcc 63.5 54.8 58.9

Genotype 3a S52/JFH1 HCVcc 67.6 92.7 66.7

Genotype 4a ED43/JFH1 HCVcc 72.6 67.1 92.7



                                  10        20        30        40        50        60        70        80               
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Genotype 1a E2 vaccine protein   MGNWAKVLVVLLLFASVDAETYTTGGSIAKTVQGFTSFFTPGAKQDIQLINTNGSWHINRTALNCNASLETGWIAGLFYY   
Genotype 3a E2 vaccine protein    .......A.IMTM.SG...A..I...TV.H.TNR...I.SM..Q.KL..V.A..............E.IN..F.......  
Genotype 4a E2 vaccine protein   .A.....IL..F...G...N.H....AAGLQTR...GL.L.....NL...................D..N..FL.S...T  

 Genotype 1a H77 E2 protein    V..............G.....HV...NAGR.TA.LVGLL......N.............S......E..N...L.....Q  
Genotype 1b J4 E2 protein    V.......I.A....G..G..H...RVAGH.TS....L.SS..S.K...V................D..Q..FF.A...A  

 Genotype 2a JFH1 E2 protein    Q.A....I.I...A.G...G.T.V..AV.RSTNVIAGV.SH.PQ.N....................D..N..FL.A...T  
Genotype 3a S52 E2 protein    Q......AI.MIM.SG......V....V.HSAR.L..L.SM....KL..V.........S......E.IN..F.......  

 Genotype 4a ED43 E2 protein    QA.....IL..F...G.....HVS.AAVGRSTA.LANL.SS.S..NL....S..............D..N..FL.S...T  
 
                                  90       100       110       120       130       140       150       160               
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Genotype 1a E2 vaccine protein   NKFNSSGCPERMASCKPLAYFAQGWGPIS-HVNGSG-PEQRPYCWHYAPRPCGIVSAQTVCGPVYCFTPSPVVVGTTDKL   
Genotype 3a E2 vaccine protein    H....T...Q.LS....ITF.K.....LG.DA.IT...ADK.........S.DV...LS...................VR  
Genotype 4a E2 vaccine protein   ...........L...RS.DT.N.....LG.VA.I.D.SDD.......P.......P.RS...................R.  

 Genotype 1a H77 E2 protein    H..........L...RR.TD..........YA.....LDE.......P.......P.KS...................RS  
Genotype 1b J4 E2 protein    H..............R.IDW........T.-YTKPNSSD..............V.P.SQ...................RS  

 Genotype 2a JFH1 E2 protein    .R.......G.LSA.RNIEA.RI...TLQYED.VTNPEDM.......P.K...V.P.RS...................RR  
Genotype 3a S52 E2 protein    H....T...Q.LS....IIS.R.....LT.DA.IT.PSDD............SV.P.SS...................IK  

 Genotype 4a ED43 E2 protein    H.......S..L.C..S.DSYG.....LG.VA.I..SSDD...............P.SS...................HV  
  
                                 170       180       190       200       210       220       230       240               
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Genotype 1a E2 vaccine protein   GAPTYNWGENDTDVFVLNNTRPPLGNWFGCTWMNSSGFTKVCGAPPCAIGG-----VGNNTLRCPTDCFRKHPEATYSRC   
Genotype 3a E2 vaccine protein    ..........E....L.KSL...S.Q....A.......L.T......N..V.......SQ.SC.................  
Genotype 4a E2 vaccine protein   .V...T....ES.A.L..S....Q.A....V....T....A......EVTR.....AN.K.WH...........T..AK.  

 Genotype 1a H77 E2 protein    .....S..A..........................T...........V..............L.................  
Genotype 1b J4 E2 protein    .V...S....E...ML.......Q...........T....T..G...N...........R..I..............TK.  

 Genotype 2a JFH1 E2 protein    .V...T....E....L..S....Q.S.........T....T......RTR-..ADFNASTD.L..........D...IK.  
Genotype 3a S52 E2 protein    .K........E....L.ESL...S.R....A....T..L.T......N.Y.GEGDPENETD.F.................  

 Genotype 4a ED43 E2 protein    .V...T....ES...L..S....H.A....V....T....T......EVN-.....TN.G.WH...........T..AK.  
   
                                 250       260       270       280       290       300       310       320               
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

Genotype 1a E2 vaccine protein   GSGPWITPRCLVDYPYRLWHYPCTVNYTLFKIRMYVGGVEHRLQAACNWTRGERCDLDDRDRSELSPLLLSTTQWQVLPC   
Genotype 3a E2 vaccine protein    .A...V....M...............F....V..F...F...FT............IE......QH...H...ELAI...  
Genotype 4a E2 vaccine protein   ...........I..R....QL.....SSV..V.T.MA.KK..M.P........VLG.EH...V.......T..A..I...  

 Genotype 1a H77 E2 protein    ..........M.............I...I..V...........E.............E......................  
Genotype 1b J4 E2 protein    .....L..................L.FSI..V...........N...........N.E...............E..I...  

 Genotype 2a JFH1 E2 protein    .....L..K...H.............F.I..............T....F...D....E.....Q.....H...E.AI...  
Genotype 3a S52 E2 protein    .A...L....M...............F....V..F...F...FT...........NIE......QH...H...ELAI...  

 Genotype 4a ED43 E2 protein    ...........I........F...A.FSV.N..TF...I...M..........V.G.EH...V.......T..A..I...  
    
                                 330       340       350       360       370       380                      
                         ....|....|....|....|....|....|....|....|....|....|....|....|....|....  

Genotype 1a E2 vaccine protein   SFTTLPALTTGLIHLHQNIVDVQYLYGVGSSIVSWAIKWEYVILLFLLLADARICSCLWMMLLISQAEA    
Genotype 3a E2 vaccine protein    ...PM...S.....................GM.G..L...F...I......R.V.VA..L..M......   
Genotype 4a E2 vaccine protein   ........S.....................AV....L.....V.V........VSA.....FMV..V..   

 Genotype 1a H77 E2 protein    ........S.......................A.........V..........V...............   
Genotype 1b J4 E2 protein    A.......S.....................AF..F......IL..........V.A........A....   

 Genotype 2a JFH1 E2 protein    TYSD....S...L...........M..LSPA.TKYVVR..W.V..........V.A....LI.LG....   
Genotype 3a S52 E2 protein    ...PM...S.....................DM.G..L...F...V........V.VA..L..MV.....   

 Genotype 4a ED43 E2 protein    ........S.....................AV....L.....V.A........VSA.....FMV..V..   
 

E2 amino acid sequence (% homology) Genotype 1a vaccine candidate Genotype 3a vaccine candidate Genotype 4a vaccine candidate

Genotype 1a vaccine candidate 74 72.8

Genotype 3a vaccine candidate 74 67.1

Genotype 4a vaccine candidate 72.8 67.1

Genotype 1a H77/JFH1 HCVcc 86.4 72 75.6

Genotype 1b J4/JFH1 HCVcc 79.2 71.5 74

Genotype 2a JFH1 HCVcc 67.1 65.8 67.4

Genotype 3a S52/JFH1 HCVcc 71.5 86.1 68.1

Genotype 4a ED43/JFH1 HCVcc 71.5 68.1 86.9
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