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Introduction

Globally, an estimated 71 million people are chronically
infected with hepatitis C virus (HCV), and 400,000 people
died mostly from HCV-related cirrhosis and liver cancer.
Recent implementation of direct-acting antivirals (DAAs)
targeting HCV nonstructural proteins has greatly increased
the cure rate overall up to 90% of chronic hepatitis C
patients, thus some optimistically consider that HCV is
amenable to eradication and less research interest remain
for HCV. However, such considerations have neglected
several important issues, which includes large number of
HCV-related deaths annually, unawareness of infection,
low access to diagnosis and treatment, limited sterilizing
immunity, risk of reinfection and ceaseless progression
to liver cancer after DAA treatment. Thus, the burden
of hepatitis C will continue to be a major public health
problem. An effective prophylactic HCV vaccine is clearly
and undisputedly required to achieve the global elimination
HCV infection, a part of global hepatitis goals under the
Sustainable Development Agenda 2030 set by the World
Health Organization (WHO) in 2016.
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Vaccine candidates tested with disappointing
results

To date, there is no licensed vaccine for HCV. Since
discovery of HCV in 1989 (1), tremendous efforts have been
invested to test a number of prophylactic vaccine candidates
against HCV infection. Diverse strategies have been
applied to induce humoral and cellular responses, including
DNA vaccines, virus-like particles (VLPs), recombinant
proteins, adenovirus (Ad) vectors, and inactivated whole
HCYV particles in rodents, nonhuman primates, or human
volunteers (2-4). However, only a few have been tested in
clinical trials and unfortunately none are successful.
Full-length E2 or E1E2 recombinant proteins could
induce heterologous neutralizing activity in guinea pigs (5),
and protected chimpanzees against homologous HCV
challenge (6), but only elicited detectable broad neutralizing
antibodies (bNADbs) in a small portion of humans in phase 1a
trials (7). Truncated E2 with deletion of either hypervariable
regions (HVRs) or HVR1 induced moderate titers of bNAbs
in guinea pigs (8). VLPs carrying core, E1, and E2 proteins
of one or multiple genotypes hardly induce antibody
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response (3,9). Inactivated whole HCV particles (J6/JFH-1)
provided limit protection in mice with humanized
hepatocytes (10). Nonstructural proteins (NS3, NS4,
NS5), with or without inclusion of envelope proteins,
were designed to induce cellular immune responses. Such
vaccines composed of a replication-defective chimpanzee
adenovirus (ChAd) vector have been tested in phase I
trials in human volunteers (11). ChAd3 expressing the
nonstructural proteins (ChAd3-NS) was found to induce
long-lasting T- and B-cell memory responses in mice and
macaques, but in phase I trials it induced a higher CD8 T
cell response but a lower frequency of CD4 T cells (12).
The ChAd3-NS vaccine with modified vaccinia Ankara
(MVA)-NS boosting was moved into phase 1/2 study,
however the results were disappointed (2,11). Besides, DNA
vaccines designed to express envelope proteins or other
viral proteins have been tested in various immunization
procedures, including DNA-based immunization, DNA
priming and protein boosting, or recombinant adenovirus
priming and DNA boosting in rodents and chimpanzees (2).
All these vaccine candidates induced disappointing humoral
and cellular responses.

New march from fundamental steps: antigen
selection, modification, and formulations

Accumulating evidences and lessons urge a rethink that
more fundamental work may be required to optimize
vaccine antigens towards an increased antigenicity and
immunogenicity. Previous results have raised the concerns
that the use of recombinant HCV proteins as vaccine may
face incorrect folding and/or undesired modifications of the
proteins (13). Thus, sequence selection, codon optimization,
and protein expression system may be determinants for an
antigen to potentially be a successful HCV vaccine.
Recently, four studies from Huang’s and Zhong’s groups
in Institut Pasteur of Shanghai, China, reported that a
soluble form of E2 (sE2) produced in insect cells possessed
different glycosylation patterns and induced humoral and
cellular responses in mice and macaques; high titers of
bNAbs were elicited with neutralizing activity against HCV
genotypes 1-6 recombinant viruses (14-17). Initially, Li ez a/.
selected E2 sequence from genotype 1b strain Conl and
codon-optimized the truncated form of E2 [amino acids
(aa) 384 to 661, sE2] (15). The sE2 was cloned into the
baculoviral vector pMT/BiP/V5-HisA and transfected into
Drosophila S2 cells. After blasticidin screening, a stable cell
clone expressing sE2, sE2B3, was chosen for large-scale
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production. The sE2 was efficiently secreted and stable in
culture supernatant (100 mg/liter; at least 9 days). The sE2
was readily purified to near homogeneity (45 vs. predicted
34 kDa) and was identified to be fully deglycosylated by
PNGase F and also contain endo H-resistant glycan types.
Such unique glycosylation of insect cell-derived sE2 was
different from mammalian-derived sE2 and proven to be
critical for its superior ability to induce bNAbs. Besides,
the sE2 was properly folded into a conformation that
could be efficiently bound by bNAbs, AR3A (targeting
conformational epitopes) and AP33 (linear epitopes), and
entry receptors, CD81 and SRBI1. The unique glycosylation
patterns of insect sE2 facilitated a better receptor
recognition, thus enabling it to clock cell culture-derived
HCV (HCVcc) infection in vitro.

Insect sE2 was found to exist in three forms of
monomers, dimers, and megamers, different from
mammalian cells-expressed sE2 primarily in monomeric
and dimeric forms. BALB/c mice immunized with insect
sE2 induced sE2-specific antibodies peaked at week 6 and
remained a relative high level (above 1,000, week 22), and
adjuvant FA and a homologous boost increased the titer.
The oligomeric state of insect sE2, as well as deletion of
HVRI, did not affect bNADb induction. Anti-sE2 sera (1/40
dilution) contained both AP33-like and AR3A-like bNAbs
and were able to efficiently neutralize (neutralization 50%)
almost all 12 HCVcc recombinants containing envelope
proteins of genotypes 1-6 in Huh7.5.1 cells. HCVcc
reconstitutes the most properties of those in authentic
virions and has been proven suitable for antiviral drug and
neutralization testing, a feasible platform producing results
with great clinical relevance (18-23). sE2 elicited antigen-
specific IFN-y and IL-4 T cell memory. Furthermore,
protection experiments were performed and found that the
sE2 vaccine of sE2/alum formulation generated high-titer
sE2-specific antibodies and largely protected humanized
Rosa26-Fluc mice (n=6) from BiCre-Jcl (genotype 2a)
challenge. Taken together, this study started from a
fundamental step in obtaining a codon-optimized antigen
and expression of insect sE2 with unique glycosylation
pattern and gained promising results as an HCV vaccine
candidate for further investigation.

Given the success in inducing high-titer bNAbs with
prophylactic effect in mice, Li et a/. proceeded to evaluate
the protective efficacy in non-human primates (14). They
immunized rhesus macaques (10 males and 10 females;
36 years old) with sE2 using different adjuvants at months
0, 1, and 2, and boosted at month 5. Blood was examined
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at months 6, 7, and 8. Both humoral response and T-cell
responses were induced in rhesus macaques, and a shift
from a T-helper type 1 (Thl) response to a Th2 response
and long-lasting T-cell memory responses were observed.
Interestingly, neutralization breadth correlated with sE2-
specific IgG titer. The sE2 with adjuvant alum/CpG and
alum/MPL possessed more AP33-like and AR3A-like
bNADbs, and such bNAbs (month 6; 1/20 dilution) were
able to neutralize the infection of HCVcc recombinants
of genotypes 1-7. Since alum/MPL adjuvants have been
approved for human use, combination of sE2/alum/MPL
has the advantage to be advanced into clinical trials.

Although a sE2 from 1b elicited antibodies and T-cell
responses against various HCV genotypes, it is still a
major hurdle for an HCV vaccine to induce immunity
against highly divergent HCV genotype isolates. To cope
with this issue, Wang et 4/. expanded the studies to cover
more diverse HCV antigens by multivalent sE2 including
genotypes la (stain H77), 1b (Conl) and 3a (S52) (16). All
three insect-derived sE2 preserved the activity to bind E2
receptor CD81 or antibodies AR3A and AP33, as observed
in the early report by Li et 4l. (15). Female BALB/c mice
(n=6) was intraperitoneally injected with monovalent or
trivalent sE2 (weeks 0, 2, 4 and 8). Trivalent sE2-induced
high E2-specific antibody titers and persisted for 44 weeks,
reaching almost the lifetime of a mouse. Monovalent sE2
may induced unique sets of antibodies, which had a stronger
binding activity to homologous than heterologous antigens
but could synergistically inhibit HCV infection. However,
the trivalent sE2-immunised sera displayed strong binding
to each of three sE2 antigens, inferring a better antigenic
breadth than the monovalent sE2. Mice sera (week 10;
1/40 dilution) had the strongest neutralizing activities
against HCVcc recombinants of genotypes 1-7 and
decreasing dosage of each sE2 component in the trivalent
formulation did not reduce neutralization ability. Further,
no apparent interference among individual components of
trivalent vaccine was observed. The trivalent sE2-induced
antibodies may function cooperatively in neutralization,
particularly in the neutralization of genotypes 1b, 2a, and 3a
viruses. Nevertheless, more studies are needed to uncover
mechanisms of synergistic neutralizing effect.

They also investigated the trivalent sE2 in rhesus
macaques (3 male and 2 females per group; 3-5 years old)
by immunization at months 0, 1, 2, 3, 4 and 7 (16). Overall,
the trivalent and monovalent sE2 elicited comparable
levels of E2-specific antibody titers. Anti-trivalent sE2 IgG
purified from sera (month 8) neutralized 14 HCVcc of
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genotypes 1-7, no obvious genotype-specific neutralization
effect, and the ICy, values of the trivalent group was 2-5
folds lower than that of monovalent group (<500 pg/mL)
for most of isolates. Anti-trivalent IgG was more efficient
than the anti-monovalent IgG for neutralizing 1a (H77), 2a
(JFH1 and PR63cc), 3a (S52), 5a (SA13), and 6a (HK6a).
The coefficients of variation of IC;, measurements showed
that the trivalent sE2 vaccine elicited stronger and broader
as well as more equipotent and uniform NAD response
in rhesus macaques with varying genetic backgrounds. A
reduced variability in neutralization is crucial for any vaccine
using in humans. This may be achieved by that multivalent
vaccine has a better ability to buffer the variations of assays
and increasing coverage of T cell epitopes which will
increase the chance of MHC presentation.

T cell response was detected in splenocytes and CD4
and CD8 T cells (month 8) of rhesus macaques, however
some variations existed (16). In general, splenocyte IFN-y
response was stronger than IL-4 response. Both monovalent
and trivalent vaccines elicited TNF-a and IL-2 responses
in Conl-sE2 or cocktail sE2-stimulated CD4 T cells, but
IFN-y response was only seen in cocktail sE2-stimulated
CD4 T cells of trivalent vaccine group. In contrast, CD8
T cell response was much weaker in the both monovalent
and trivalent vaccine groups. In addition, although these
sE2 vaccines are capable of inducing broad and synergistic-
acting polyclonal neutralizing antibodies in mice and
rhesus macaques, the neutralizing titers may be still low
compared with those in chronically infected patients.
Future improvement of multivalent antigens in the balance
of humoral and cellular responses as well as in the increased
titers may be explored.

Besides selection of proper antigens, improvement of
immunogenicity of sE2 and INAD titers were also explored.
Yan et al. designed and produced a fusion protein of Conl
insect sE2 and the Helicobacter pylori ferritin (amino acids
5-167) (sE2-ferritin) which could self-assembled into a
nanoparticle (10 nm) (17). sE2 was displayed on the surface
of sE2-ferritin nanoparticles. Importantly, sE2-ferritin not
only had nearly natural conformation but also had better
affinities than the sE2 alone to neutralizing antibodies
AR3A and AP33 and receptor CD81. The binding activity
to the sera of 36 (genotype 1b) and 18 (2a) patients was
significantly better than sE2 alone. sE2-ferritin nanoparticle
induced anti-HCV bNAbs more potently than sE2, as the
ability of inducing antibody a medium dose (0.217 nmol) of
sE2-ferritin were comparable to high dose (0.65 nmol) of
sE2. Both sE2-ferritin and sE2 induced E2-specific antibody
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titers >10°, which persisted for >30 weeks, and sE2-ferritin
group (week 14, 1/40 dilution) showed significantly higher
neutralization activities against HCVcc recombinants of
genotypes 1-6, with IDjy, values 2-5 times higher than sE2
group. Decreased neutralization titer of the sera from week
30 was less pronounced. Thus, a novel approach of antigen
displaying further increases the immunogenicity of insect-
derived sE2.

Perspectives

These four studies systematically demonstrate that the
selection of appropriate E2 antigens, production in insect
cells with unique glycosylation patterns, formulation in
multivalent, and nanoparticle displaying determine the titer
and breath of neutralization antibodies. Unique glycosylation
patterns of insect sE2 show great advantage in eliciting high
titer of nINADbs in mice and nonhuman primates and protects
the humorized mice from challenge. The coverage and
immunogenetic activity could be increased by multivalent
components and nanoparticles displaying, and importantly
these approaches could be combined and further optimized
in future study to develop, such as, nanoparticle-based
multivalent HCV vaccines. To date, these efforts and
positive results should be emphasized and encouraged,
especially in the present time when clinical trials of various
vaccine candidates have encountered a failure. Although
it is still a need to further optimize the antigen coverage,
immunogenicity, and probably formulation, the results of
these four studies have reached the line where the protection
efficacy should be immediately evaluated in a robust i vivo
infection model. Before such ideal models are available,
existing animal models, for example, chimpanzees (24),
humanized mice (25), as well as common marmosets (26)
could be the alternatives. The immunocompetent common
marmosets were shown susceptible to HCV-CE1E2p7/
GBV-B chimera virus and able to generate specific humoral
and cellular immune responses (26), thus potentiating it
a model for testing the glycosylated E2 vaccines. Taken
together, these studies urge the development of an
immunocompetent animal model that enable to robustly
repopulate the complete HCV life cycle for vaccine
development and the study of HCV pathogenesis.

Acknowledgments

Funding: 'This work was supported by the Natural Science
Foundation of China (No. 81971938) and the Science and

© Annals of Blood. All rights reserved.

Annals of Blood, 2020

Technology Planning Project of Guangdong Province,
China (No. 2017A050506017). Regrettably, we apologize to
those authors whose excellent work could not be discussed
due to space limitations and the focus of this commentary.

Footnote

Provenance and Peer Review: This article was commissioned
by the editorial office, Annals of Blood. The article did not

undergo external peer review.

Conflicts of Interest: The author has completed the ICMJE
uniform disclosure form (available at http://dx.doi.
org/10.21037/a0b-19-77). The author has no conflicts of
interest to declare.

Ethical Statrement: The author is accountable for all
aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

Open Access Statement: This is an Open Access article
distributed in accordance with the Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with
the strict proviso that no changes or edits are made and the
original work is properly cited (including links to both the
formal publication through the relevant DOI and the license).
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Choo QL, Kuo G, Weiner AJ, et al. Isolation of a cDNA
clone derived from a blood-borne non-A, non-B viral
hepatitis genome. Science 1989;244:359-62.

2. Bailey JR, Barnes E, Cox AL. Approaches, progress,
and challenges to hepatitis C vaccine development.
Gastroenterology 2019;156:418-30.

3. Baumert TF, Fauvelle C, Chen DY, et al. A prophylactic
hepatitis C virus vaccine: a distant peak still worth
climbing. ] Hepatol 2014;61:S34-44.

4. Cao], Chen Z, RenY, et al. Oral immunization with
attenuated Salmonella carrying a co-expression plasmid
encoding the core and E2 proteins of hepatitis C virus
capable of inducing cellular immune responses and
neutralizing antibodies in mice. Vaccine 2011;29:3714-23.

5. Stamataki Z, Coates S, Evans MJ, et al. Hepatitis C

Ann Blood 2020;5:17 | http://dx.doi.org/10.21037/a0b-19-77


http://dx.doi.org/10.21037/aob-19-77
http://dx.doi.org/10.21037/aob-19-77
https://creativecommons.org/licenses/by-nc-nd/4.0/

Annals of Blood, 2020

10.

11.

12.

13.

14.

15.

virus envelope glycoprotein immunization of rodents
elicits cross-reactive neutralizing antibodies. Vaccine
2007;25:7773-84.

Choo QL, Kuo G, Ralston R, et al. Vaccination of
chimpanzees against infection by the hepatitis C virus.
Proc Natl Acad Sci U S A 1994;91:1294-8.

Frey SE, Houghton M, Coates S, et al. Safety and
immunogenicity of HCV E1E2 vaccine adjuvanted

with MF59 administered to healthy adults. Vaccine
2010;28:6367-73.

Vietheer PT, Boo I, Gu ], et al. The core domain of
hepatitis C virus glycoprotein E2 generates potent cross-
neutralizing antibodies in guinea pigs. Hepatology
2017;65:1117-31.

Krapchev VB, Rychlowska M, Chmielewska A, et al.
Recombinant Flag-tagged E1E2 glycoproteins from three
hepatitis C virus genotypes are biologically functional

and elicit cross-reactive neutralizing antibodies in mice.
Virology 2018;519:33-41.

Akazawa D, Moriyama M, Yokokawa H, et al. Neutralizing
antibodies induced by cell culture-derived hepatitis C
virus protect against infection in mice. Gastroenterology
2013;145:447-55.e1-4.

Swadling L, Capone S, Antrobus RD, et al. A human
vaccine strategy based on chimpanzee adenoviral and MVA
vectors that primes, boosts, and sustains functional HCV-
specific T cell memory. Sci Transl Med 2014;6:261ral53.
Barnes E, Folgori A, Capone S, et al. Novel adenovirus-
based vaccines induce broad and sustained T cell responses
to HCV in man. Sci Transl Med 2012;4:115ral.

Garrone P, Fluckiger AC, Mangeot PE, et al. A prime-
boost strategy using virus-like particles pseudotyped for
HCV proteins triggers broadly neutralizing antibodies in
macaques. Sci Transl Med 2011;3:94ra71.

Li D, Wang X, von Schaewen M, et al. Immunization with
a subunit hepatitis C virus vaccine elicits pan-genotypic
neutralizing antibodies and intrahepatic T-cell responses
in nonhuman primates. J Infect Dis 2017;215:1824-31.

Li D, von Schaewen M, Wang X, et al. Altered
glycosylation patterns increase immunogenicity of a

subunit hepatitis C virus vaccine, inducing neutralizing

doi: 10.21037/a0b-19-77
Cite this article as: Li YP. Antigen glycosylation broadens

the immunogenicity of E2 subunit HCV vaccines. Ann Blood
2020;5:17.

© Annals of Blood. All rights reserved.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 5 of 5

antibodies which confer protection in mice. J Virol
2016;90:10486-98.

Wang X, Yan Y, Gan T, et al. A trivalent HCV vaccine
elicits broad and synergistic polyclonal antibody response
in mice and rhesus monkey. Gut 2019;68:140-9.

Yan Y, Wang X, Lou P, et al. A nanoparticle-based
hepatitis C virus vaccine with enhanced potency. J Infect
Dis 2020;221:1304-14.

Li YP, Ramirez S, Gottwein JM, et al. Robust full-length
hepatitis C virus genotype 2a and 2b infectious cultures
using mutations identified by a systematic approach
applicable to patient strains. Proc Natl Acad Sci U S A
2012;109:E1101-10.

Li YP, Gottwein JM, Scheel TK, et al. MicroRNA-122
antagonism against hepatitis C virus genotypes 1-6 and
reduced efficacy by host RNA insertion or mutations in the
HCV 5" UTR. Proc Natl Acad Sci U S A 2011;108:4991-6.
Gottwein JM, Scheel TK, Jensen TB, et al. Development
and characterization of hepatitis C virus genotype 1-7
cell culture systems: role of CD81 and scavenger receptor
class B type I and effect of antiviral drugs. Hepatology
2009;49:364-77.

Zhong J, Gastaminza P, Cheng G, et al. Robust hepatitis
C virus infection in vitro. Proc Natl Acad Sci U S A
2005;102:9294-9.

Wakita T, Pietschmann T, Kato T, et al. Production of
infectious hepatitis C virus in tissue culture from a cloned
viral genome. Nat Med 2005;11:791-6.

Lindenbach BD, Evans MJ, Syder AJ, et al. Complete
replication of hepatitis C virus in cell culture. Science
2005;309:623-6.

Bukh J. Animal models for the study of hepatitis C virus
infection and related liver disease. Gastroenterology
2012;142:1279-87.¢3.

Gaska JM, Ding Q, Ploss A. Mouse models for studying
HCV vaccines and therapeutic antibodies. Methods Mol
Biol 2019;1911:481-503.

LiT, Zhu S, Shuai L, et al. Infection of common
marmosets with hepatitis C virus/GB virus-B chimeras.
Hepatology 2014;59:789-802.

Ann Blood 2020;5:17 | http://dx.doi.org/10.21037/a0b-19-77



