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The envelope of HCV contains two glycoproteins, E1 and E2, that are membrane-anchored via their
transmembrane domains and heterodimerize as the E1E2 complex, which in turn further multimerizes to form a
trimer of heterodimers on the surface of the virion. The E1E2 complex governs viral entry and is the primary target

of protective antibodies.
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| 1. HCV E1E2 and Vaccine Development

The global burden of hepatitis C virus (HCV) infection is about 71 million or approximately 1% of the world’s
population, with an annual rate of 1.75 million new infections each year . Chronic HCV infection can lead to
cirrhosis and hepatocellular carcinoma, which is the most common type of primary liver cancer . The
development of direct-acting antivirals has improved treatment options considerably, but their high cost restricts
access, particularly in developing countries where the disease burden is greatest. Moreover, other factors such as
viral resistance, the occurrence of reinfections after treatment cessation, and the fact that HCV is largely
asymptomatic until the infected person sustains significant liver damage can diminish the impact of antiviral
treatments. Therefore, the development of an effective preventative vaccine for HCV is imperative to lessen the

burden of infection and transmission and to eliminate HCV globally 2!,

Cumulative evidence has established that both B- and T-cell immunity contribute to the control of acute HCV
infection MBS, |n particular, broadly neutralizing antibodies (bnAbs) infused into humanized mice or chimpanzees
protect against HCV infection [BIE, Moreover, viral clearance is associated with a robust induction of bnAbs early
in the infection [XQILLI2L3] Any protective HCV vaccine will likely require an immunogen that robustly elicits
bnAbs. A major challenge is a high variability in the viral envelope E1E2 glycoprotein complex, the natural target of
protective antibodies 1415 An ideal vaccine should elicit sufficient titers of bnAbs to multiple conserved E1E2
epitopes [EBILEILTII8ILN iy conjunction with cytotoxic and tissue-resident memory T-cells to achieve immunity,

ideally sterilizing immunity, and protection against a high diversity of HCV isolates.

2. Importance of E1, E2, and E1E2 Epitopes In Virus
Neutralization

HCV envelope glycoproteins form a trimer of heterodimers, an assembly driven by their transmembrane domains

(TMDs). The envelope of HCV contains two glycoproteins, E1 and E2 that are encoded as part of the HCV
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polyprotein expressed in infected liver cells. This polyprotein is processed in the endoplasmic reticulum (ER) by
signal peptidases and cellular glycosylation machinery to produce the mature E1E2 complex. These glycoproteins
are membrane-anchored via their C-terminal helices resulting in a membrane-bound E1E2 (mbE1E2) complex.
Biochemical evidence supports the observation that the E1E2 heterodimer (see Figure 2) forms a trimer on the
virion. First, sedimentation analysis shows that ELE2 contained in viral particles migrates consistent with a trimeric
assembly that interacts with the HCV co-receptor CD81. Second, the E1 protein migrates primarily as SDS-
resistant trimers on an SDS-PAGE after mild heating. In addition, studies using both chimeric E1E2 glycoproteins
with strain-swapped ectodomain-TMD combinations and studies using point mutants showed that residues in the
E1l and E2 TMDs impact heterodimer assembly, incorporation into pseudoparticles, and infectivity. Moreover,
mutations in the GxxxG motif in the E1 TMD eliminate the SDS-resistant trimers and the E1 TMD alone can form
SDS-resistant trimers when fused to monomeric thioredoxin. Thus, the E1 TMD appears to be a key driver of EIE2

assembly.

In developing a prophylactic vaccine for HCV, the choice of antigen will be critical for its success. The HCV
envelope glycoprotein complex E1E2, as the target of the protective antibody response, is currently the prime
candidate. A soluble version of the E2 protein (SE2) lacking the transmembrane domain 29 has been the focus of
a number of vaccine studies [21221[23][24][25][26][27]  However, immunological assessment in chimpanzees of an
E1E2 vaccine produced superior immune responses compared to E2 administered alone and resulted in sterilizing
immunity against a homologous virus challenge [28129 pyt with some cross-neutralization capacity against
heterologous isolates (39 Moreover, EIE2 has been tested in humans and is well-tolerated 1. However, due to
the limited neutralization breadth observed in the human clinical trial 2233 ongoing research efforts are now
focused on developing an optimized, modified form of ELE2 (mE1E2) that can elicit more robust, cross-neutralizing

responses against multiple heterologous isolates [221[34135][36]

To develop a vaccine for HCV, the candidate antigen needs to be produced at a large scale, reproducibly, and at a
cost that is not prohibitive. Most antibodies with broad virus-neutralizing (Vn) activities to diverse HCV isolates

recognize conformational epitopes in E2 and some in E1E2 [BI37I381[39][401[41][42][43] | addition, studies with a panel

of El-specific mAbs have shown that E1-specific responses can both protect against virus challenge and broadly
neutralize HCV pseudoparticles (HCVpp) of various genotypes 2445 previous work has identified highly
conserved antigenic regions on E2 that elicit bnAbs “3I48147] These regions are called antigenic domains B, D,
and E (used here). Other groups have designated such regions as epitopes I-I1l 28 or antigenic regions (ARs,
which include epitopes that contain residues from both E1 and E2 BI29)). Domains B and D are conformation-
sensitive, whereas domain E contains a linear epitope 48, However, while not conformation-sensitive in the same

sense as domain B and D NAbs, domain E adopts multiple conformations, as observed when bound to different
anti-domain E mAbs [421201511(52]

3. Structural Characterization of E2 Antigens and a Model of
the E1E2 Heterodimer
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Limited high-resolution structural data are available for the E1 glycoprotein. The E1 ectodomain contains 158
residues (residues 192—-349 of the H77 sequence; NCBI Refseq ID NC_004102), of which 8 are cysteine residues
that form 4 putative disulfide bonds and 5 are N-glycosylation sites. The reported X-ray structure of an N-terminal
fragment of E1 (residues 192-270) exhibits “unexpected” domain-swapped and disulfide cross-linked oligomers
(531 and it is a possibility that the observed structure and oligomerization were influenced by the C-terminal residue
truncation, lack of E2 context, or both. As noted in a recent review 24 smaller, primarily helical fragments of E1

have also been structurally characterized (Figure 1).

A

Figure 1. Structures of the E1 and E2 glycoproteins. (A) The structure of a truncated E1 glycoprotein ectodomain
(PDB: 4UOI), with resolved residues encompassing positions 192-270. An E1 monomer (slate; surface and
cartoon representation) is shown with a second E1 monomer (gray) representing the dimeric partner from the X-ray
structure assembly. (B) The truncated E2 glycoprotein ectodomain structure (PDB: 6MEJ), encompassing E2
residues 405-645, showing the E2 neutralizing face and antigenic domains B, D, and E. Representative residues
from the antigenic domains are colored as indicated by the letters, and resolved residues from hypervariable region
1 (HVR1) (residues 405-410) are colored gray. Other residues in E2 are colored tan. (C) The same E2
glycoprotein structure as in (B), reoriented to show antigenic domains A and C (colored by representative residues
and labeled). Bound antibodies HEPC3 (antigenic domain B antibody) and HEPC46 (antigenic domain C antibody),

both in gray cartoon, are shown for reference. The neutralizing face is colored as in panel (B).
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The E2 glycoprotein has been structurally characterized more extensively than the E1 glycoprotein. The initially
reported structures of the core E2 ectodomain structure 3255 revealed a globular architecture stabilized by
numerous disulfide bonds, which is expected due to the 18 cysteine residues present in the E2 ectodomain. Of
note, different disulfide bonding patterns were observed in the two E2 core structures, possibly reflective of
disulfide bonding heterogeneity on the native viral envelope or different truncations or source genotypes of the E2
sequences used in the two structures B8, Subsequent studies have reported structures of E2 in complex with
various monoclonal antibodies from humans BAB8IEAE gnd, recently, macaques L. These include antibodies
that engage the “neutralizing face” of E2 (Figure 1) that is used to bind the CD81 receptor, and while they exhibit
different engagement strategies, many highlight the structural and mechanistic basis of shared features, such as
biased VH1-69 germline gene usage and a CDRH3 loop disulfide motif 758 Recent studies have provided
insights into the flexibility and dynamics of the E2 neutralizing face through experimental characterization and
computational modeling [B€l62I63]  syggesting possible “closed” and “open” E2 (or E1E2) conformational states
associated with coreceptor binding and antibody neutralization. Analogous states and metastable behavior have

been confirmed for other viral envelope glycoproteins, including HIV Env 4 and the SARS-CoV-2 spike 63,

The structure of the E1E2 glycoprotein, which would provide key insights into HCV and its immune recognition and
enable structure-based vaccine design efforts, has not been experimentally determined to date. To address this
need, independent studies have proposed multiple models of the E1E2 structure B8IE7: however, the lack of
agreement between the E1E2 models 4, as well as inconsistencies between the initial computational models of
E2 [68169] and the E2 structure reported later, highlights the need for additional computational modeling of ELE2 in
the absence of a high-resolution experimentally determined structure of this assembly. Advanced computational
approaches such as the recently described artificial intelligence-based structure prediction algorithm, AlphaFold2,
which was highly successful in a recent CASP13 structure prediction experiment 9, represent a promising avenue

for accurate computational EIE2 modeling.

Structural data are essential for informing vaccine design, and the lack of E1E2 structural data represents a major
deficit in the HCV vaccine development field. These data will aid in the optimization of neutralizing epitope
presentation, engineering the antigen to make it more uniform, and enhancing stability. ELE2 is a complex antigen,

S0 a rigorous biophysical analysis is an important part of the workflow for determining the optimal candidate.
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Figure 2. Expression and processing of mbE1E2. (top) Schematic of the E1E2 signal peptide (SP) plus polyprotein
expression construct. (bottom) Processing pathway for the N-terminal portion of the HCV polyprotein. Signal
peptidase cleavages release E1 and E2 (black and gray arrows). Signal peptide peptidase (SPP) cleavage of HCV
core is indicated by a dark blue arrow. Repositioning of E1 and E2 transmembrane domains (TMDs) is indicated by
curved arrows. Glycans attached to E1 and E2 are depicted as branched structures. Adapted from 1],

References

1. WHO. Global Hepatitis Report 2017; World Health Organization: Geneva, Switzerland, 2017.

2. Ly, K.N.; Hughes, E.M.; Jiles, R.B.; Holmberg, S.D. Rising Mortality Associated With Hepatitis C
Virus in the United States, 2003—-2013. Clin. Infect. Dis. 2016, 62, 1287-1288.

3. Cox, A.L. MEDICINE. Global control of hepatitis C virus. Science 2015, 349, 790-791.

4. Fauvelle, C.; Colpitts, C.C.; Keck, Z.Y.; Pierce, B.G.; Foung, S.K.; Baumert, T.F. Hepatitis C virus
vaccine candidates inducing protective neutralizing antibodies. Expert Rev. Vaccines 2016, 15,
1535-1544.

5. Walker, C.M.; Grakoui, A. Hepatitis C virus: Why do we need a vaccine to prevent a curable
persistent infection? Curr. Opin. Immunol. 2015, 35, 137-143.

https://encyclopedia.pub/entry/10794 5/11



HCV E1E2 Heterodimer | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

. Duncan, J.D.; Urbanowicz, R.A.; Tarr, A.W.; Ball, J.K. Hepatitis C Virus Vaccine: Challenges and

Prospects. Vaccines 2020, 8, 90.

. Keck, Z.Y.; Wang, Y.; Lau, P.; Lund, G.; Rangarajan, S.; Fauvelle, C.; Liao, G.C.; Holtsberg, FW.;

Warfield, K.L.; Aman, M.J.; et al. Affinity maturation of a broadly neutralizing human monoclonal
antibody that prevents acute hepatitis C virus infection in mice. Hepatology 2016, 64, 1922-1933.

. Law, M.; Maruyama, T.; Lewis, J.; Giang, E.; Tarr, A.W.; Stamataki, Z.; Gastaminza, P.; Chisari,

F.V.; Jones, I.M.; Fox, R.1.; et al. Broadly neutralizing antibodies protect against hepatitis C virus
quasispecies challenge. Nat. Med. 2008, 14, 25-27.

. Morin, T.J.; Broering, T.J.; Leav, B.A.; Blair, B.M.; Rowley, K.J.; Boucher, E.N.; Wang, Y.;

Cheslock, P.S.; Knauber, M.; Olsen, D.B.; et al. Human monoclonal antibody HCV1 effectively
prevents and treats HCV infection in chimpanzees. PLoS Pathog. 2012, 8, €1002895.

Bailey, J.R.; Laskey, S.; Wasilewski, L.N.; Munshaw, S.; Fanning, L.J.; Kenny-Walsh, E.; Ray,
S.C. Constraints on viral evolution during chronic hepatitis C virus infection arising from a
common-source exposure. J. Virol. 2012, 86, 12582—-12590.

Logvinoff, C.; Major, M.E.; Oldach, D.; Heyward, S.; Talal, A.; Balfe, P.; Feinstone, S.M.; Alter, H.;
Rice, C.M.; McKeating, J.A. Neutralizing antibody response during acute and chronic hepatitis C
virus infection. Proc. Natl. Acad. Sci. USA 2004, 101, 10149-10154.

Osburn, W.O.; Snider, A.E.; Wells, B.L.; Latanich, R.; Bailey, J.R.; Thomas, D.L.; Cox, A.L.; Ray,
S.C. Clearance of hepatitis C infection is associated with the early appearance of broad
neutralizing antibody responses. Hepatology 2014, 59, 2140-2151.

Pestka, J.M.; Zeisel, M.B.; Blaser, E.; Schurmann, P.; Bartosch, B.; Cosset, F.L.; Patel, A.H.;
Meisel, H.; Baumert, J.; Viazov, S.; et al. Rapid induction of virus-neutralizing antibodies and viral
clearance in a single-source outbreak of hepatitis C. Proc. Natl. Acad. Sci. USA 2007, 104, 6025—
6030.

Cashman, S.B.; Marsden, B.D.; Dustin, L.B. The Humoral Immune Response to HCV:
Understanding is Key to Vaccine Development. Front. Immunol. 2014, 5, 550.

Fuerst, T.R.; Pierce, B.G.; Keck, Z.Y.; Foung, S.K.H. Designing a B Cell-Based Vaccine against a
Highly Variable Hepatitis C Virus. Front. Microbiol. 2017, 8, 2692.

Carlsen, T.H.; Pedersen, J.; Prentoe, J.C.; Giang, E.; Keck, Z.Y.; Mikkelsen, L.S.; Law, M.; Foung,
S.K.; Bukh, J. Breadth of neutralization and synergy of clinically relevant human monoclonal
antibodies against HCV genotypes 1a, 1b, 2a, 2b, 2c, and 3a. Hepatology 2014, 60, 1551-1562.

De Jong, Y.P.; Dorner, M.; Mommersteeg, M.C.; Xiao, J.W.; Balazs, A.B.; Robbins, J.B.; Winer,
B.Y.; Gerges, S.; Vega, K.; Labitt, R.N.; et al. Broadly neutralizing antibodies abrogate established
hepatitis C virus infection. Sci. Transl. Med. 2014, 6, 254ral129.

https://encyclopedia.pub/entry/10794 6/11



HCV E1E2 Heterodimer | Encyclopedia.pub

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Kinchen, V.J.; Massaccesi, G.; Flyak, A.l.; Mankowski, M.C.; Colbert, M.D.; Osburn, W.O.; Ray,
S.C.; Cox, A.L.; Crowe, J.E., Jr.; Bailey, J.R. Plasma deconvolution identifies broadly neutralizing
antibodies associated with hepatitis C virus clearance. J. Clin. Investig. 2019, 129, 4786—-4796.

Mankowski, M.C.; Kinchen, V.J.; Wasilewski, L.N.; Flyak, A.l.; Ray, S.C.; Crowe, J.E., Jr.; Bailey,
J.R. Synergistic anti-HCV broadly neutralizing human monoclonal antibodies with independent
mechanisms. Proc. Natl. Acad. Sci. USA 2018, 115, ES82—E91.

Whidby, J.; Mateu, G.; Scarborough, H.; Demeler, B.; Grakoui, A.; Marcotrigiano, J. Blocking
hepatitis C virus infection with recombinant form of envelope protein 2 ectodomain. J. Virol. 2009,
83, 11078-11089.

Center, R.J.; Boo, |.; Phu, L.; McGregor, J.; Poumbourios, P.; Drummer, H.E. Enhancing the
antigenicity and immunogenicity of monomeric forms of hepatitis C virus E2 for use as a
preventive vaccine. J. Biol. Chem. 2020, 295, 7179-7192.

Guest, J.D.; Wang, R.; Elkholy, K.H.; Chagas, A.; Chao, K.L.; Cleveland, T.E.; Kim, Y.C.; Keck,
Z.Y.; Marin, A.; Yunus, A.S.; et al. Design of a native-like secreted form of the hepatitis C virus
E1E2 heterodimer. Proc. Natl. Acad. Sci. USA 2021, 118, e2015149118.

Law, J.L.M.; Logan, M.; Wong, J.; Kundu, J.; Hockman, D.; Landi, A.; Chen, C.; Crawford, K.;
Wininger, M.; Johnson, J.; et al. Role of the E2 Hypervariable Region (HVR1) in the
Immunogenicity of a Recombinant Hepatitis C Virus Vaccine. J. Virol. 2018, 92.

Li, D.; von Schaewen, M.; Wang, X.; Tao, W.; Zhang, Y.; Li, L.; Heller, B.; Hrebikova, G.; Deng, Q.;
Ploss, A.; et al. Altered Glycosylation Patterns Increase Immunogenicity of a Subunit Hepatitis C
Virus Vaccine, Inducing Neutralizing Antibodies Which Confer Protection in Mice. J. Virol. 2016,
90, 10486-10498.

Pierce, B.G.; Keck, Z.Y.; Wang, R.; Lau, P.; Garagusi, K.; Elkholy, K.; Toth, E.A.; Urbanowicz,
R.A.; Guest, J.D.; Agnihotri, P.; et al. Structure-Based Design of Hepatitis C Virus E2 Glycoprotein
Improves Serum Binding and Cross-Neutralization. J. Virol. 2020, 94.

Urbanowicz, R.A.; Wang, R.; Schiel, J.E.; Keck, Z.Y.; Kerzic, M.C.; Lau, P.; Rangarajan, S.;
Garagusi, K.J.; Tan, L.; Guest, J.D.; et al. Antigenicity and Immunogenicity of Differentially
Glycosylated Hepatitis C Virus E2 Envelope Proteins Expressed in Mammalian and Insect Cells.
J. Virol. 2019, 93, e01403—-01418.

Vietheer, P.T.; Boo, I.; Gu, J.; McCaffrey, K.; Edwards, S.; Owczarek, C.; Hardy, M.P.; Fabri, L.;
Center, R.J.; Poumbourios, P.; et al. The core domain of hepatitis C virus glycoprotein E2
generates potent cross-neutralizing antibodies in guinea pigs. Hepatology 2017, 65, 1117-1131.

Choo, Q.L.; Kuo, G.; Ralston, R.; Weiner, A.; Chien, D.; Van Nest, G.; Han, J.; Berger, K.;
Thudium, K.; Kuo, C.; et al. Vaccination of chimpanzees against infection by the hepatitis C virus.
Proc. Natl. Acad. Sci. USA 1994, 91, 1294-1298.

https://encyclopedia.pub/entry/10794 7/11



HCV E1E2 Heterodimer | Encyclopedia.pub

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Houghton, M. Prospects for prophylactic and therapeutic vaccines against the hepatitis C viruses.
Immunol. Rev. 2011, 239, 99-108.

Meunier, J.C.; Gottwein, J.M.; Houghton, M.; Russell, R.S.; Emerson, S.U.; Bukh, J.; Purcell, R.H.
Vaccine-induced cross-genotype reactive neutralizing antibodies against hepatitis C virus. J.
Infect. Dis. 2011, 204, 1186-1190.

Frey, S.E.; Houghton, M.; Coates, S.; Abrignani, S.; Chien, D.; Rosa, D.; Pileri, P.; Ray, R.; Di
Bisceglie, A.M.; Rinella, P.; et al. Safety and immunogenicity of HCV E1E2 vaccine adjuvanted
with MF59 administered to healthy adults. Vaccine 2010, 28, 6367—-6373.

Law, J.L.; Chen, C.; Wong, J.; Hockman, D.; Santer, D.M.; Frey, S.E.; Belshe, R.B.; Wakita, T.;
Bukh, J.; Jones, C.T.; et al. A hepatitis C virus (HCV) vaccine comprising envelope glycoproteins
gpE1/gpE2 derived from a single isolate elicits broad cross-genotype neutralizing antibodies in
humans. PLoS ONE 2013, 8, e59776.

Stamataki, Z.; Coates, S.; Abrignani, S.; Houghton, M.; McKeating, J.A. Immunization of human
volunteers with hepatitis C virus envelope glycoproteins elicits antibodies that cross-neutralize
heterologous virus strains. J. Infect. Dis. 2011, 204, 811-813.

He, L.; Tzarum, N.; Lin, X.; Shapero, B.; Sou, C.; Mann, C.J.; Stano, A.; Zhang, L.; Nagy, K.;
Giang, E.; et al. Proof of concept for rational design of hepatitis C virus E2 core nanoparticle
vaccines. Sci. Adv. 2020, 6, eaaz6225.

Kong, L.; Giang, E.; Nieusma, T.; Kadam, R.U.; Cogburn, K.E.; Hua, Y.; Dai, X.; Stanfield, R.L.;
Burton, D.R.; Ward, A.B.; et al. Hepatitis C virus E2 envelope glycoprotein core structure. Science
2013, 342, 1090-1094.

Kong, L.; Lee, D.E.; Kadam, R.U.; Liu, T.; Giang, E.; Nieusma, T.; Garces, F.; Tzarum, N.; Woods,
V.L., Jr.; Ward, A.B.; et al. Structural flexibility at a major conserved antibody target on hepatitis C
virus E2 antigen. Proc. Natl. Acad. Sci. USA 2016, 113, 12768-12773.

Allander, T.; Drakenberg, K.; Beyene, A.; Rosa, D.; Abrignani, S.; Houghton, M.; Widell, A.;
Grillner, L.; Persson, M.A. Recombinant human monoclonal antibodies against different
conformational epitopes of the E2 envelope glycoprotein of hepatitis C virus that inhibit its
interaction with CD81. J. Gen. Virol. 2000, 81 Pt 10, 2451-2459.

Bugli, F.; Mancini, N.; Kang, C.Y.; Di Campli, C.; Grieco, A.; Manzin, A.; Gabrielli, A.; Gasbarrini,
A.; Fadda, G.; Varaldo, P.E.; et al. Mapping B-cell epitopes of hepatitis C virus E2 glycoprotein
using human monoclonal antibodies from phage display libraries. J. Virol. 2001, 75, 9986—9990.

Giang, E.; Dorner, M.; Prentoe, J.C.; Dreux, M.; Evans, M.J.; Bukh, J.; Rice, C.M.; Ploss, A.;
Burton, D.R.; Law, M. Human broadly neutralizing antibodies to the envelope glycoprotein
complex of hepatitis C virus. Proc. Natl. Acad. Sci. USA 2012, 109, 6205-6210.

https://encyclopedia.pub/entry/10794

8/11



HCV E1E2 Heterodimer | Encyclopedia.pub

40.

41].

42.

43.

44.

45.

46.

47.

48.

49.

50.

Habersetzer, F.; Fournillier, A.; Dubuisson, J.; Rosa, D.; Abrignani, S.; Wychowski, C.; Nakano, I.;
Trepo, C.; Desgranges, C.; Inchauspe, G. Characterization of human monoclonal antibodies
specific to the hepatitis C virus glycoprotein E2 with in vitro binding neutralization properties.
Virology 1998, 249, 32-41.

Hadlock, K.G.; Lanford, R.E.; Perkins, S.; Rowe, J.; Yang, Q.; Levy, S.; Pileri, P.; Abrignani, S.;
Foung, S.K. Human monoclonal antibodies that inhibit binding of hepatitis C virus E2 protein to
CD81 and recognize conserved conformational epitopes. J. Virol. 2000, 74, 10407-10416.

Keck, Z.Y.; Li, TK.; Xia, J.; Gal-Tanamy, M.; Olson, O.; Li, S.H.; Patel, A.H.; Ball, J.K.; Lemon,
S.M.; Foung, S.K. Definition of a conserved immunodominant domain on hepatitis C virus E2
glycoprotein by neutralizing human monoclonal antibodies. J. Virol. 2008, 82, 6061-6066.

Keck, Z.Y.; Xia, J.; Wang, Y.; Wang, W.; Krey, T.; Prentoe, J.; Carlsen, T.; Li, A.Y.; Patel, A.H.;
Lemon, S.M.; et al. Human monoclonal antibodies to a novel cluster of conformational epitopes
on HCV E2 with resistance to neutralization escape in a genotype 2a isolate. PLoS Pathog. 2012,
8, e1002653.

Rollier, C.; Depla, E.; Drexhage, J.A.R.; Verschoor, E.J.; Verstrepen, B.E.; Fatmi, A.; Brinster, C.;
Fournillier, A.; Whelan, J.A.; Whelan, M.; et al. Control of Heterologous Hepatitis C Virus Infection
in Chimpanzees Is Associated with the Quality of Vaccine-Induced Peripheral T-Helper Immune
Response. J. Virol. 2004, 78, 187-196.

Meunier, J.C.; Russell, R.S.; Goossens, V.; Priem, S.; Walter, H.; Depla, E.; Union, A.; Faulk,
K.N.; Bukh, J.; Emerson, S.U.; et al. Isolation and characterization of broadly neutralizing human
monoclonal antibodies to the el glycoprotein of hepatitis C virus. J. Virol. 2008, 82, 966—973.

Keck, Z.; Wang, W.; Wang, Y.; Lau, P.; Carlsen, T.H.; Prentoe, J.; Xia, J.; Patel, A.H.; Bukh, J.;
Foung, S.K. Cooperativity in virus neutralization by human monoclonal antibodies to two adjacent
regions located at the amino terminus of hepatitis C virus E2 glycoprotein. J. Virol. 2013, 87, 37—
51.

Keck, Z.Y.; Li, T.K.; Xia, J.; Bartosch, B.; Cosset, F.L.; Dubuisson, J.; Foung, S.K. Analysis of a
highly flexible conformational immunogenic domain a in hepatitis C virus E2. J. Virol. 2005, 79,
13199-13208.

Drummer, H.E. Challenges to the development of vaccines to hepatitis C virus that elicit
neutralizing antibodies. Front. Microbiol. 2014, 5, 329.

Kong, L.; Giang, E.; Robbins, J.B.; Stanfield, R.L.; Burton, D.R.; Wilson, |.A.; Law, M. Structural
basis of hepatitis C virus neutralization by broadly neutralizing antibody HCV1. Proc. Natl. Acad.
Sci. USA 2012, 109, 9499-9504.

Li, Y.; Pierce, B.G.; Wang, Q.; Keck, Z.Y.; Fuerst, T.R.; Foung, S.K.; Mariuzza, R.A. Structural
basis for penetration of the glycan shield of hepatitis C virus E2 glycoprotein by a broadly

https://encyclopedia.pub/entry/10794 9/11



HCV E1E2 Heterodimer | Encyclopedia.pub

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

neutralizing human antibody. J. Biol. Chem. 2015, 290, 10117-10125.

Meola, A.; Tarr, AW.; England, P.; Meredith, L.W.; McClure, C.P.; Foung, S.K.; McKeating, J.A.;
Ball, J.K.; Rey, F.A.; Krey, T. Structural flexibility of a conserved antigenic region in hepatitis C
virus glycoprotein E2 recognized by broadly neutralizing antibodies. J. Virol. 2015, 89, 2170-
2181.

Potter, J.A.; Owsianka, A.M.; Jeffery, N.; Matthews, D.J.; Keck, Z.Y.; Lau, P.; Foung, S.K.; Taylor,
G.L.; Patel, A.H. Toward a hepatitis C virus vaccine: The structural basis of hepatitis C virus
neutralization by AP33, a broadly neutralizing antibody. J. Virol. 2012, 86, 12923-12932.

El Omari, K.; lourin, O.; Kadlec, J.; Sutton, G.; Harlos, K.; Grimes, J.M.; Stuart, D.l. Unexpected
structure for the N-terminal domain of hepatitis C virus envelope glycoprotein E1. Nat. Commun.
2014, 5, 4874.

Guest, J.D.; Pierce, B.G. Computational Modeling of Hepatitis C Virus Envelope Glycoprotein
Structure and Recognition. Front. Immunol. 2018, 9, 1117.

Khan, A.G.; Whidby, J.; Miller, M.T.; Scarborough, H.; Zatorski, A.V.; Cygan, A.; Price, A.A.; Yost,
S.A.; Bohannon, C.D.; Jacob, J.; et al. Structure of the core ectodomain of the hepatitis C virus
envelope glycoprotein 2. Nature 2014, 509, 381-384.

Khan, A.G.; Miller, M.T.; Marcotrigiano, J. HCV glycoprotein structures: What to expect from the
unexpected. Curr. Opin. Virol. 2015, 12, 53-58.

Tzarum, N.; Giang, E.; Kong, L.; He, L.; Prentoe, J.; Augestad, E.; Hua, Y.; Castillo, S.; Lauer,
G.M.; Bukh, J.; et al. Genetic and structural insights into broad neutralization of hepatitis C virus
by human VH1-69 antibodies. Sci. Adv. 2019, 5, eaav1882.

Flyak, A.l.; Ruiz, S.; Colbert, M.D.; Luong, T.; Crowe, J.E., Jr.; Bailey, J.R.; Bjorkman, P.J. HCV
Broadly Neutralizing Antibodies Use a CDRHS3 Disulfide Motif to Recognize an E2 Glycoprotein
Site that Can Be Targeted for Vaccine Design. Cell Host Microbe 2018, 24, 703—-716.e3.

Flyak, A.l.; Ruiz, S.E.; Salas, J.; Rho, S.; Bailey, J.R.; Bjorkman, P.J. An ultralong CDRH2 in HCV
neutralizing antibody demonstrates structural plasticity of antibodies against E2 glycoprotein. Elife
2020, 9, e53169.

Tzarum, N.; Giang, E.; Kadam, R.U.; Chen, F.,; Nagy, K.; Augestad, E.H.; Velazquez-Moctezuma,
R.; Keck, Z.Y.; Hua, Y.; Stanfield, R.L.; et al. An alternate conformation of HCV E2 neutralizing
face as an additional vaccine target. Sci. Adv. 2020, 6, eabb5642.

Chen, F.; Tzarum, N.; Lin, X.; Giang, E.; Velazquez-Moctezuma, R.; Augestad, E.H.; Nagy, K.; He,
L.; Hernandez, M.; Fouch, M.E.; et al. Functional convergence of a germline-encoded neutralizing
antibody response in rhesus macaques immunized with HCV envelope glycoproteins. Immunity
2021, 54, 781-796.€e4.

https://encyclopedia.pub/entry/10794 10/11



HCV E1E2 Heterodimer | Encyclopedia.pub

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Augestad, E.H.; Castelli, M.; Clementi, N.; Stroh, L.J.; Krey, T.; Burioni, R.; Mancini, N.; Bukh, J.;
Prentoe, J. Global and local envelope protein dynamics of hepatitis C virus determine broad
antibody sensitivity. Sci. Adv. 2020, 6, eabb5938.

Stejskal, L.; Lees, W.D.; Moss, D.S.; Palor, M.; Bingham, R.J.; Shepherd, A.J.; Grove, J. Flexibility
and intrinsic disorder are conserved features of hepatitis C virus E2 glycoprotein. PLoS Comput.
Biol. 2020, 16, e1007710.

Wang, Q.; Finzi, A.; Sodroski, J. The Conformational States of the HIV-1 Envelope Glycoproteins.
Trends Microbiol. 2020, 28, 655-667.

Lu, M.; Uchil, P.D.; Li, W.; Zheng, D.; Terry, D.S.; Gorman, J.; Shi, W.; Zhang, B.; Zhou, T.; Ding,
S.; et al. Real-Time Conformational Dynamics of SARS-CoV-2 Spikes on Virus Particles. Cell
Host Microbe 2020, 28, 880-891.e8.

Freedman, H.; Logan, M.R.; Hockman, D.; Koehler Leman, J.; Law, J.L.; Houghton, M.
Computational Prediction of the Heterodimeric and Higher-Order Structure of gpE1/gpE2
Envelope Glycoproteins Encoded by Hepatitis C Virus. J. Virol. 2017, 91, e02309—-e02316.

Castelli, M.; Clementi, N.; Pfaff, J.; Sautto, G.A.; Diotti, R.A.; Burioni, R.; Doranz, B.J.; Dal Peraro,
M.; Clementi, M.; Mancini, N. A Biologically-validated HCV E1E2 Heterodimer Structural Model.
Sci. Rep. 2017, 7, 214.

Yagnik, A.T.; Lahm, A.; Meola, A.; Roccasecca, R.M.; Ercole, B.B.; Nicosia, A.; Tramontano, A. A
model for the hepatitis C virus envelope glycoprotein E2. Proteins 2000, 40, 355-366.

Krey, T.; d’Alayer, J.; Kikuti, C.M.; Saulnier, A.; Damier-Piolle, L.; Petitpas, I.; Johansson, D.X.;
Tawar, R.G.; Baron, B.; Robert, B.; et al. The disulfide bonds in glycoprotein E2 of hepatitis C
virus reveal the tertiary organization of the molecule. PLoS Pathog. 2010, 6, e1000762.

Kryshtafovych, A.; Schwede, T.; Topf, M.; Fidelis, K.; Moult, J. Critical assessment of methods of
protein structure prediction (CASP)-Round XIllIl. Proteins 2019, 87, 1011-1020.

Lavie, M.; Goffard, A.; Dubuisson, J. HCV Glycoproteins: Assembly of a Functional E1-E2
Heterodimer. In Hepatitis C Viruses: Genomes and Molecular Biology; Tan, S.L., Ed.; Horizon
Bioscience: Norfolk, UK, 2006.

Retrieved from https://encyclopedia.pub/entry/history/show/25666

https://encyclopedia.pub/entry/10794 11/11



