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Hepatitis C virus (HCV) persistently infects approximatel71 million people globally. To
prevent infection a vaccine which elicits neutralizing aiftodies against the virus envelope
proteins (E1/E2) which are required for entry into host cslis desirable. DNA vaccines are
cost-effective to manufacture globally and despite recentandmark studies highlighting
the therapeutic ef cacy of DNA vaccines in humans against cevical cancer, DNA
vaccines encoding E1/E2 developed thus far are poorly immugenic. We now report

a novel and highly immunogenic DNA vaccination strategy thancorporates secreted

E1l and E2 (sE1 and sE2) into oligomers by fusion with the oligeerization domain
of the C4b-binding protein, IMX313P. The FDA approved plasid, pVax, was used

to encode sE1, sE2, or sE1E2 with or without IMX313P, and intidermal prime-boost

vaccination studies in BALB/c mice showed that vaccines enading IMX313P were
the most effective in eliciting humoral and cell-mediatedimunity against the envelope
proteins. Further boosting with recombinant ELE2 proteindut not DNA nor virus-like
particles (VLPs) expressing E1E2 increased the immunogeity of the DNA prime-boost
regimen. Nevertheless, the antibodies generated by the honlogous DNA prime-boost
vaccinations more effectively inhibited the binding of VL$?o target cells and neutralized
transduction with HCV pseudoparticles (HCVpp) derived fra different genotypes
including genotypes 1, 2, 3, 4, 5, and 6. This report provideshe rst evidence that

IMX313P can be used as an adjuvant for E1/E2-based DNA vaco@s and represents a
translatable approach for the development of a HCV DNA vacee.

Keywords: hepatitis C vaccine, viral hepatitis, HCV envelo
immune response, liver disease, IMX313P
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Masavuli et al. DNA Vaccine to Neutralize HCV

INTRODUCTION broad NAb against several HCV genotypes were generated
following immunization with a recombinant HCV E1E2 vaccine
Current estimates have shown that more than 71 million peoplg1g 21).
are living with chronic hepatitis C and a large proportion offee  The removal of the respective transmembrane domains
individuals are at risk of developing cirrhosis that may pregs (TMD) of E1 and E2 can result in the secretion of truncated
to hepatocellular carcinoma(2). In 2015, viral hepatitis caused forms of these proteins into the extracellular milieB8( 39).
1.34 million deaths and surpassed human immunode ciency/accination with the secreted form of the E1/E2 antigens led
virus (HIV) as a cause of mortality worldwidel)( The to an increased antibody response in mi&s,(40) as secretion
introduction of direct acting antivirals (DAA), developed t of the antigens increase their chances of capture by antigen
disrupt the function of critical non-structural (NS) HCV pretns  presenting cells (APCs), resulting in increased immunogjéni
involved in viral replication, has been highly e ective, régly  (41-43). However, it is di cult to elicit anti-E1 responses which
in a reduced duration of treatment and high cure rates in moshave been reported to require the separation of the E1E2
patients, compared to pegylated interferon plus ribavirt). ( heterodimer, suggesting that the E2 protein is immunodomina
However, the high cost of the DAA limits their use particularl or that E2 expression masks the immunogenic epitopes on E1
in low- to middle-income regions 4-6). Furthermore, it is (18). Furthermore, a recent study using a vaccine candidate
believed that only 20% of HCV-infected persons are awarpased on chimeric hepatitis B virus (HBV)-HCV envelope
of their diagnosis while approximately 7.4% (or 1.1 millionparticles, showed that E1- and E2-specic antibody responses
persons) of those diagnosed receive treatment and an estimatyere profoundly impaired in animals immunized with VLPs
1.75 million new HCV infections occurred worldwide in 2015 expressing a E1E2 heterodimer Compared to animals vaccinated
(1). An additional challenge to DAA treatment includes thewith VLPs expressing E1 and E2 separaték).(Additionally,
potential for reinfection after treatment). For these reasons, the the E1- and E2-speci ¢ antibodies were able to cross-neméal
development of an inexpensive, safe and e ective HCV vaccine fumerous other HCV genotypes, emphasizing the signi cance of
required to control the HCV epidemic worldwide and reduce thejncluding E1 and E2 as separate immunogens to induce both E1-
nancial stress on healthcare systems. and E2-speci ¢ antibody responsé4).

The development of a prophylactic HCV vaccine has been DNA-based vaccination o ers a unique alternative method of
dicult due to several factors including the high genetic jmmunization. DNA vaccines can induce both CMI and antibody
heterogeneity of the virus and its ability to escape the immunresponses, result in persistent expression of heterologdigean
defense of the infected host. The early induction of broac&nd elicit a memory response toward the antigett, (46).
neutralizing antibodies (NAb) and CD4 and CD& T cell  additionally, DNA vaccines are safe in humans, and are eady an
responses directed against HCV structural and NS proteins aggst e ective to produce on a large-scale’ However, DNA
thought to correlate with recovery from acute HCV infecti®  vaccines often induce poor immune responses in large animals
11). The HCV envelope glycoproteins (E1 and E2) interact withdespite being e ective in mice4f), and require adjuvants for
several receptor proteins, including CD81 and the tight jimtt  maximum e ect @6). Co-administration or co-expression of
proteins claudin (CLDN) and occludin (OCLN)1@, 13) to 3 DNA vaccine with a plasmid encoding immunomodulatory
facilitate virus entry into host celld.¢, 15). Consequently, E1 and proteins, such as interleukin (IL)-12:9) or cytolytic adjuvants
E2 have been the targets of various trials which aimed todedu such as perforinz(9_53) represent Strategies empioyed to boost
protective NAb 0.6—23) Previous studies have shown that NAb antigen_speci c immunity foiiowing DNA vaccination.
to epitopes in the HCV E1 and E2 are protective against several Qligomerization is used by various proteins to increase
genotypes of HCVA4-29). Besides NAb, numerous studies haveprotein valency, structural stability and binding a nity 54).
shown that the induction of cell-mediated immunity (CMI) is Recently, fusion of protein antigens to a chimeric version &f th
linked to the clearance of HCV infectior8() and depletion of  gligomerization domain from the chicken complement inhitnit
CD4C or CD8® T cells has been reported to lead to persistent4b-binding protein (C4 bp) (termed IMX313), was reported to
infection in chimpanzees3(, 32). Therefore, a vaccine capable of result in self-assembly into soluble heptameric structiuatter
eliciting NAb and T-cell immunity is desirable. expression, resulting in improved antibody responses compared

The vaccine ecacy data from HCV challenge studiesto the same dose of monomeric antigesb¢57). Furthermore,
in chimpanzees [reviewed in3p)], further highlighted the mjce vaccinated with the malaria vaccine candidate MSP119
importance of NAb in providing protection against HCV. fysed to IMX313 were protected against challenge with a
Previous reports have demonstrated that NAb present in HCVethal dose ofPlasmodium yoetiparasites 5). Other reports
patient sera are protective against homologou84) (and  have shown that vaccination of mice with ti\dycobacterium
heterologous- HCV challenge in passively immunized chimerityberculosisintigen 85A fused to IMX313 in both viral vector
human liver SCID/uPa mice 3, 36). Vaccination of these and DNA vaccines resulted in consistently increased €@ad
mice with a recombinant vaccinia virus vaccine encoding thecpg® T cell responses in mice and increased magnitude of
HCYV structural proteins was also shown to generate protectiohe immune response in mice and non-human primatés)(
against HCV challenge3(). Chimpanzees vaccinated with Fyrthermore, a recent phase | clinical trial of a viral vector
recombinant E1 and E2 proteins produced in mammalian cellgncoding 85A-IMX313 in healthy BCG (Bacillus Calmette-
were protected against persistent infection after homolsgou  Guerin)-previously vaccinated adults revealed that the inacc
heterologous HCV challengé ). Furthermore, cross-reacting, was well-tolerated and immunogenigd) (clinicaltrials.gov ref.
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NCT01879163). More recently a DNA vaccine, encoding avernight at 4C followed by the addition of the appropriate
secreted form of the HIV Tat protein fused to IMX313, elicited uorophore-conjugated secondary antibody for 1h at 87
anti-Tat NAb, Tat-speci ¢ CMI and protection against challeng in the dark. Primary antibodies used include mouse anti-E1
with a chimeric HIV, EcoHIV, in mice §9). (MyBiosource, Cat. No. MBS310203), goat anti-E2 (Virostat,
Therefore, the aim of this study was to examine theCat. No. 2851), pooled sera collected from vaccinated mice or
immunogenicity of a DNA vaccine encoding secreted HCV Elhuman MAb (kindly supplied by Heidi Drummer). Secondary
and/or E2 after fusion with a modi ed form of IMX313, namely antibodies were Alexa Fluor (AF) 488-conjugated anti-n&us
IMX313P. Since the adjuvanticity of IMX313 or IMX313P AF488-conjugated anti-human and AF555-conjugated anti-
requires the protein to be e ectively secretesb{57), a tissue goat (all from Invitrogen). Nuclei were stained with Hoeths
plasminogen activator (tPA) leader sequence was introduce®B342 (Life Technologies). Cells were visualized by umerse
upstream of the truncated E1 or E2 proteins (sE1 or sE2nicroscopy (Zeiss LSM-700) and the data digitized using the Zen
from which the TMDs were removed. Additionally, because thesoftware (Zeiss).
optimal approach of processing and presenting these proteins for
potent immunization is yet to be de ned, the e cacy of DNA Western Blotting Analysis
vaccines encoding sE1 and sE2 proteins as separate immunog@&iescon rm E1/E2 expression, supernatant uids were harvested
or as a single truncated sE1E2 polyprotein fused to IMX313Rom HEK293T cells transfected with p-sgl1, p-sE2, p-sE1E2,
was assessed in BALB/c mice after intradermal prime-boogt DNp-sE1-IMX313P, p-sE2-IMX313P, or p-sE1E2-IMX313P and
immunizations or after boosting DNA immunized mice with 50 mg of protein was analyzed for antigen expression in

sE1E2 proteins or VLPs expressing E1E2. 10-12% (v/v) SDS-PAGE under reducing or non-reducing
conditions as described previouslys57, 59, 62). Mouse anti-

MATERIALS AND METHODS E1 (MyBiosource, Cat. No. MBS310203) and human anti-E2
MAb HCV1 were used as primary antibodies to detect E1 and

DNA Plasmid Construction E2 expression followed by followed by anti-mouse-AF488 and

Codon-optimized genes (Gene Art, Germany) encoding gtllanti-human AF555 (both from Invitrogen). The membrane was
HCV E1 and E2 (GenBank accession number AF139594.%phaged using the LAS4000 digital imaging system (Fuji Im)
were used in a series of overlapping PCRs to remove the Ehd the resultant images were overlaid using ImageJ software
and E2 TMD and introduce the signal peptide sequence ofNational Institutes of Health, USA) to obtain colocalizatidata.
the tissue plasminogen activator (tPA) upstream of E1 or/and

E2. These genes were inserted into pVax downstream of tHérotein Puri cation

cytomegalovirus (CMV) promoter and the tPA leader sequencéfter transfection of HEK293T cells with p-sE1E2-Histag, the
to generate p-sE1, p-sE2, or p-sELER)¢re 1A). Similarly, the histidine-tagged recombinant SE1E2 complex was puried by
codon optimized IMX313P gene was introduced downstreana nity chromatography from the cell culture medium using a
of the E1 and/or E2 genes to generate p-sE1-IMX313P, pNickel-agarose column (Ni-NTA column; Qiagen) accordiryg t
SE2-IMX313P, or p-sE1E2-IMX313P. p-sE1E2-Histag plasmithe manufacturer's recommendations. Briey, the cell crdtu
encoding secreted E1/E2 fused to al8is tag was used to express uids were collected and clari ed 48 h post-transfection |foVed

E1 and E2 in HEK293T cells for ELISA. The bicistronic plasmidy ultra Itration through a 70,000-molecular-weight cut-olter
p-CE1E2-PRF(DA), encoding full length HCV (gtlb) core, El(Amicon). The concentrated proteins were applied to the Ni-
and E2 proteins under the control of the CMV promoter and aNTA column. Following three washes with buer B (30 mM
non-cytolytic version of perforin [PRF(DA)] containinga D388  imidazole, pH 8), puried protein was eluted with 300 mM
mutation (50-61) under the control of the simian virus 40 (SV40) imidazole elution bu er (pH 8). Puri ed SE1E2 proteins were
promoter, was used to express the native structural proteins iquanti ed using the Bradford protein assay (Bio-Rad) and
HEK cells as an antigen target in immuno uorescence. DNAanalyzed by PAGE and Western blot.

constructs used in immunizations were prepared using the

Endotoxin Free Plasmid Giga Kit from Qiagen following theAnimal Immunizations

manufacturer's instructions. Six to eight weeks old female BALB/c migel) 7 per group)
were obtained from University of Adelaide Laboratory Animal
Immuno uorescence Services and maintained under PC2 conditions in individigal

Human embryonic kidney 293T (HEK293T) cells were culturedventilated HEPA- Itered cages (Aero 80; Tecniplast, Itayjhe

in 96 well plates in Dulbecco modied Eagle's mediumQueen Elizabeth Hospital animal facility. All experimentseve
(DMEM, Life Technologies) supplemented with 1% penicillin-conducted according to guidelines and protocols approved by th
streptomycin (Life Technologies) and 10% fetal calf serum dbtniversity of Adelaide Animal Ethics Committee (AEC; approval
37 C in 5% CQ. The cells were transfected with 200 ng ofnumbers: M-2018-30 and M-2015-135) and SA Pathology AEC
DNA using Lipofectamine LTX (Life Technologies) according t (approval numbers: 2-18 and 29-15). For immunizations, mice
the manufacturer's protocol. Thirty-six hours post-transfien, were anesthetized with iso urane and received r&§ of total

the cells were xed in 4% paraformaldehyde then permeabilize®NA per dose per animal of endotoxin-free DNA injected
with 100% methanol. The cells were then incubated with théntradermally (ID) as described previoushpl 52). This is
appropriate primary antibody at 3T for 2-4h at 37C or because the ID route is more e ective than intramuscular or
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FIGURE 1 | Construction and validation of DNA vaccine constructs(A) Schematic diagram of the DNA constructs used in the study. DM vaccines encoding sE1,
sE2, or sE1E2 were produced by fusion to an N-terminal signaleptide, tPA, including one construct with a C-terminal heahistidine (His6) tag. Constructs encoding
secreted envelope proteins fused to the IMX313P domain werelso generated. The numbering coincides with the amino acid gsitions in the polyprotein of the HCV
genotype 1b strain (GenBank accession number AF139594.2PNA plasmid sizes are shown on the right. Western blot analys of HCV proteins in concentrated cell
culture media harvested from HEK293T cells transfected wWitDNA constructs encoding secreted envelope with or withoutMX313P under(B) reducing and (C)
non-reducing conditions, and probed with mouse anti-E1 or lmman anti-E2 MAb HCV1 primary antibodies, followed by mousanti-AF488 (green signal) or human
anti-AF555 (red signal). The yellow signal represents thealetection of E1 and E2. Molecular weight (MW) markers aradicated on the left in kilodaltons and HCV
protein oligomers are indicated on the right. pVax-transfeted cells represent controls to show non-speci ¢ bands. (D) Immuno uorescence analysis HEK293T cells
transfected with the different DNA vaccines and controls we stained with human MAbs. Scale baD 50 mm.
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even subcutaneous DNA delivery [reviewed i3], likely 4-5 pooled peptides per well, blocked with 4% BSA/PBS,
due to a higher proportion of dendritic cells (DC) in the incubated with mouse sera (1:50 dilution) for 4h at G7
dermis/subdermis than other anatomical sité8,64). The DNA  and antibody binding was assessed using an ELISA setup as
vaccines were administered 5-6 times at 3-weeks intervals.  described above.

ELISpot Analysis

The frequency of mouse IFN-secreting E1 or E2-specic T HCV Neutralization of Binding Assay
cells was measured by ELISpot assay as described previtisly ﬁ'he HCV neutralization assay to measure the inhibition of

51). Brie y, red blood cell-depleted splenocytes from vacaiaat HCV VLP binding and entry into Huh7 cells was performed

mice, at 5 1 cells per well, were stimulated withndy/ml as described previoushs§ 67). Briey, 50 ng of uorescein

of eilther E1 or !EZ peptides (HCVI genotype _1b J4 Peptides_, Erguthiocyanate (FITC) labeled gtlb HCV-VLPs were incubate
catalog number: NR3738, E2 catalog number: NR3739, prov!d%th serial dilutions of sera from vaccinated or non-vaatied

by the National Institutes for Health Biodefense and Eneggi ice for 1h at 37C. The complex was then allowed to
Infectious Research Resources Repository (NIAID), Bethes nd to Huh 7 ceIIs; for 1h at 4. then incubated at
MD) for 36h at 37C. The E1 peptides consisted of one IOOOIB? C for 1h to promote entry. The cells were then washed

of 28. overlapping 15.—19 mer pe.pFides .spanning the enti.re. ED remove unbound HCV-VLPs and xed in BD Cyto
protein. The E2 peptides were divided into 2 pools Contam'nQ{Becton Dickinson, USA). Inhibition of VLP binding/entry

28 (5% 189 and 2|7 (E276 333) overle:jpping d15__19 MeT was determined by ow cytometry using FACS Calibur ow
peptides, respectively. Secreted I§vas detected using antl- cytometer (Becton Dickinson) and analyzed using WinMDI I

modussg IFNg-biotinécIc;ne R4_§A2; MabTech), Streptavi;din-AP, software. As a positive control, inhibition of entry of FITC-
and SigmaFast BCIP/NBT (Sigma). An ELIspot reader (Al CV VLPs into Huh7 cells was also determined using an anti-

f . formi . F $cells. th b &bs1 antibody (Abcam). Normal mouse serum was used as a
of speci ¢ spot-forming units (SFU) per 2Ccells, the number negative control.

of spots in unstimulated splenocytes was subtracted from the
number of spots in the peptide-stimulated splenocytes. Data are
presented as mean the standard error of the mean (SEM).

Responses to E2 peptide pool 1 and 2 were combined to giveH;\CVpp Production and Neutralization

cumulative value for E2. Assay
) Retroviral HCV pseudoparticles (HCVpps) were prepared and
ELISA for HCV E1/E2 Specic IgG the neutralization assay performed as described previously

Nunc MaxiSorp ELISA plates were coated withmg Ni-NTA  (68). Briey, heterologous HCVpp harboring HCV envelope
Agarose chromatography puri ed sE1E2 proteins infd®.1 M  glycoproteins representing the 6 main HCV genotypes
sodium bicarbonate bu er overnight at €. The wells were then including H77.20 (GenBank accession AF011751), UKN1A20.8
blocked with 2.5% BSA/PBS (blocking bu er) for2h at87and (EU155192), UKN1B5.23 (AY734976), UKN2A1.2 (AY734977),
washed four times with 0.01% Tween 20 in PBS (PBS-T). Mou&éKN2A2.4 (AY734979), UKN2B1.1 (AY734982), UKN2B2.8
sera were serially diluted in blocking bu er then added to the(AY734983), UKN3A1.28 (AY734984), UKN3AL.9 (AY734985),
plate overnight at 4C, followed by four washes in PBS-T. TheUKN3A13.6 (AY894683), UKN4.11.1 (AY734986), UKN4.21.16
Secondary antibody, goat anti-mouse immunoglobulin (IgGYAY734987), UKN5.14.4 (AY785283), UKN6.5.8 (EF427671),
HRP (Invitrogen), was diluted 1: 3,000 in blocking bu er and and UKN6.5.340 (AY736194) were titrated to standardize the
added to the plate for 1 h at 3€, followed by four washes with infectivity of all HCVpp to be 5 to 20-fold more infectious tha
PBS-T. 1-Step Ultra TMB-ELISA substrate (ThermoFisher mock pseudoparticles lacking HCV E1/E2. Mouse serum samples
Scienti c) was added and the reaction was stopped with 2 Miiluted at 1:5 or 1:10 were incubated with equivalent amsunt
sulfuric acid. The absorbance was measured at 450 nm usingPh the titrated HCVpp for 1h at 37C and added to Huh7.5
FLUOstar OPTIMA plate reader (BMG LabTech). HCV E1 andcells (Apath, New York, NY, USA). The cells were lysed after
E2-speci ¢ 1gG endpoint titers were determined as the highest2 h and Bright Glo reagent (Promega) was added, followed by
reciprocal dilution of serum with an optical density (OD) réag ~ luminescence measurement on a CLARIOstar microplate reader
above the cut-0, set as 2 standard deviations (SD) above tH&MG Labtech). The percentage neutralization was calcukxed

mean OD of serum samples from pVax-vaccinated mice. (1 = RLUest mouse serum RLUpre immune mouse seruth  100.
Peptide ELISA for Mapping of E1 and E2
Epitopes Statistical Analyses

HCV peptide ELISA was performed using overlapping peptidePata are presented as means the standard errors of the
representing the E1 or E2 region of the HCV J4 isolateanean (SEM). Statistical analysis was performed using unpaired
(gtlb) as described previouslgg 65). The peptides consisted Mann-Whitney tests, withP  0.05, P 0.01, P 0.001,

of 18-mers with an overlap of 11 amino acids covering theand P 0.0001 considered signi cant. The analysis was
E1 or E2 HCV glycoprotein region (BEI Resources, NIAID,performed using GraphPad Prism 7 for Windows (GraphPad
Bethesda, MD). Briey, plates were coated witim@ml of  Software, La Jolla, CA).
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RESULTS mice served as a mock control and pVax was included in some

. vaccine cocktail regimens to ensure that all animals redeawe
Secreted HCV-E1/E2 Proteins Form equimolar amount of DNA.

Oligomers Following Fusion to IMX313P Interferon (IFN)-g enzyme-linked immunospot (ELISpot)
DNA vaccines, each encoding a dierent form of sE1 and/orassay was conducted to assess the induction of cellular irrmun
sE2, were constructed in pVAX: p-sE1, p-sE2, p-sE1E2, p-sEksponses against the E1 and E2 proteins. Four weeks after
IMX313P, p-sE2-IMX313P, and p-sE1E2-IMX313®y(re 1A).  vaccination, splenocytes were harvested and stimulatetl it
To con rm expression, secretion and oligomerization of EHan and E2-speci ¢ peptides. Mice vaccinated with p-sE1, p-sE2, or
E2, cell culture supernatant uids were collected from tri@used  p-sE1E2 resulted in the lowest IFNspot forming unit (SFU)
HEK293 cells and western blot analysis was performed undegsponsesHigure 2A), while mice vaccinated with the constructs
reducing Figure 1B and non-reducing Eigure 1Q conditions.  encoding sE1/sE2 fused to IMX313P induced the highesgIFN
The protein expressed from the p-sE1E2-Histag construct tha8Fu responsesFigure 2B). Although the p-sE1-IMX313FC
was used to coat ELISA plates was puri ed using a Nickel-agarogvax group elicited minor responses to E2 peptides, this was
column before western blot analyskgure 1B). not signi cant and can be assumed to represent background.
Oligomers of sE1- and/or SE2-IMX313P were only detectabl@s the data inFigures 2A,B were obtained in independent
in non-reducing conditions and accordingly, under redugin experiments, we pooled the data from these two experiments
conditions, proteins that migrated as monomers of 37 kDaand calculated the IFN- SFU in each animal vaccinated with
for E1 and 68 kDa for E2 were detected using E1 andpvax encoding E1 and/or E2 as the fold increase over the
E2-speci ¢ antibodies Rigure 1B). As the coding sequences mean responses observed in the respective pVax control group
for the E1 and E2 TMDs were removed from the DNA (Figure 20). This analysis revealed that vaccination with p-
constructs and the proteins no longer contained a canonicadE1E2-IMX313PG pVax) elicited the greatest CMI responses to
protease cleavage site, the SE1E2 proteins were not cleawed ia1 and E2. In general, fusion of IMX313P to SE1, SE2, or SE1E2
El and E2 but migrated as a sE1E2 complex &0 kDa in DNA vaccines enhanced the frequency of IgNsecreting
(Figure 1B). The sE1 and/or E2 proteins fused to IMX313PT cells compared to the respective DNA vaccine counterparts
fusion proteins migrated under non-reducing conditions as aacking IMX313P Figure 2C). However, statistically signi cant
broad oligomeric band of molecular mas250 kDa Figure 10).  dij erences were only obtained when comparisons were made
As expected, oligomers were not detected in supernatant uidpetween p-sE1EZ pVax vs. p-sE1E2-IMX313RC pVax
from cells transfected with p-sE1, p-sE2, p-sE1E2, or p-sE1EZnd p-sE1C psE2 vs. p-sE1-IMX313FC p-sE2-IMX313P
Histag Figure 1Q). These proteins migrated under non-reducing (Figure 20). Overall, the results shown iffigure 2 revealed
conditions as monomers. No HCV-speci ¢ bands were detecteghat vaccination with a DNA construct encoding sE1 and/or
from proteins isolated from cells transfected with the pVaxsg2 proteins fused to the IMX313P domain induced superior
control. The expression of E1 and E2 was also assessed d&l mediated immune responses with the most immunogenic

immuno uorescence $upplementary Figure SL vaccine being p-sE1E2-IMX313P.
Folding of these di erent forms of the HCV envelope proteins

was assessed by a set of human MAbs including HC33 . . . .

(69, HCV1 (70, AR3C (1), 2A12 (2, and HC84.27 {3 Vaccination With DNA Encoding SE1

(kindly provided by Heidi Drummer), capable of binding to and/or sE2 With IMX313P Induces Superior

the E2 protein Figure 1D). These MAbs, except 2A12, block Antibody Responses in Mice

the interaction of E2 with CD81 by binding to the regions To determine the antibody responses elicited following
of E2 that form the CD81 receptor binding sit8% 69-73)  vaccination with the dierent DNA vaccines, mouse serum
and demonstrated that the respective neutralizing epitopes wewas collected at intervals after each vaccination and aadly
exposed following protein expression. As expected, these MARsr E1E2-speci ¢ antibodies by ELISA using a nity puried
were unable to bind to cells transfected with constructsoeiity  E1E2. As we showed that this E1E2 target contained both E1
E1l only Figure 1D) These results demonstrate that fusion Ofand E2 proteins Eigures lB,Q, antibody responses detected
IMX313P to sE1, sE2, or sE1E2 resulted in oligomerization afy ELISA are referred to as anti-E1E2 responses. As shown
each of these proteins and con rmed that the di erent formsin Figures 3A,B the antibody levels peaked and plateaued
of the envelope proteins encoded in pVax were expressed afgllowing the 4th immunization for all groups although the

detected as predicted. antibody levels in the groups exposed to IMX313P were only
modestly above those elicited by vaccines lacking IMX313P.

. . However, vaccination with  DNA constructs encoding E1

DNA Vaccines Encod!ng_ElEZ Fused to induced minimal levels of E1E2-specic responses. The anti-
IMX313P Generate S'_gm lcant T-Cell E1E2 antibody levels were higher in groups vaccinated with
Immune Responses in vivo DNA encoding secreted envelope proteins and IMX313P

Groups of mice were vaccinated with (i) p-sElpVax, (ii)) p- compared to pVax, with the exception of mice vaccinated with
SE2C pVax, (iii) p-sE1C p-sE2, (iv) p-SE1-IMX313 pVax, p-sE1-IMX313PC pVax (Figure 3Q. The end point titers for
(V) p-sE2-IMX313RC pVax, (vi) p-sE1E2-IMX313E pVax, or anti-E1E2 antibodies determined after the 4th immunizatio
(vii) p-sE1-IMX313PC p-sE2-IMX313P. pVax only vaccinated also support this trend and showed that vaccination with
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FIGURE 2 | IMX313P adjuvanted DNA vaccination elicits higher HCV-spéc cellular immune responses in BALB/C mice. Mice were vacciated six times at 3-week
intervals with DNA constructs encoding(A) sE1, sE2, sE1E2,(B) sE1 and/or sE2 fused to IMX313P. Splenocytes were harvested 28ays after the nal vaccination,
re-stimulated in duplicate with overlapping HCV peptide pols representing gtlb E1 and E2 proteins and IFNy secretion was measured by ELISpot assay. The data
are expressed as meanif D 7) SFU per 16 cells responses to different peptide pools and presented ashe mean SEM per group. The number of SFU in
unstimulated cells was subtracted from the number in cellstsmulated with peptides to generate the net HCV response(C) ELISpot data plotted as mean SFU fold
increase CSEM) relative to pVax control for comparison. Signi cance t&ed against respective controls. p  0.05; **p  0.01; ***p  0.001; and ***p  0.0001
(Mann-Whitney test non-parametrid-test).

p-sE1-IMX313PC p-sE2-IMX313P resulted in the highest elicit robust HCV E1E2-specic antibody responses and that
average titer of 1/1749, followed by p-sE2-IMX313P-vacenhat these responses were superior to those induced by immunizatio
mice (average titer 1/1707), and p-sE1E2-IMX313P (averagéth DNA vaccines encoding secreted envelope proteins only.
titer 1/1346). By comparison, vaccination with p-se1E2, p-sE2

or p-sEl induced titers of 1/113, 1/67, and 1/18, respectivelElEZ Protein Boost Increases Anti-E1E2

(Figure 3Q). Vaccination with p-s1 or p-se1-IMX313P induced . . . .
the lowest antibody titers (average titer1/10; Figure 30). Responses in Mice Vaccinated With DNA

Additionally, antibodies generated following vaccinatiwith ~ Vaccines Encoding Secreted Envelope

these DNA constructs were also capable of binding to th¢’roteins and IMX313P

full-length E1E2 heterodimer as shown by immuno uorescgnc The above studies suggest that the p-sE1-IMX3C3B-sE2-
analysis Figure 3D). Collectively, the data indicate that DNA |MX313P and p-sE1E2-IMX313P vaccination regimens were the
vaccines encoding secreted envelope proteins and IMX313P caibst robust in eliciting CMI and antibodies against E1E2. filex
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FIGURE 3 | IMX313P adjuvanted DNA vaccination also induces higher HCsfpeci c antibody responses. Serum from mice vaccinated with(A) p-sE1, p-sE2, or
p-sE1E2 or (B) p-sE1-IMX313P, p-sE2-IMX313P, or p-sE1E2-IMX313P was dilute(1/50) and anti-E1E2-speci ¢ antibodies were measured by EISA at the indicated
(Continued)
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FIGURE 3 | time points. The arrows indicate when the vaccines were admistered. (C) SE1E2-speci ¢ serum IgG titers 4 weeks after the nal immunizaon (week
19). Titers are expressed as the reciprocal of the serum difion and plotted as Log10. The data represent mean responsefn each group 6D 7) SEM. *p < 0.01,
and **p < 0.001 (Mann-Whitney non-parametrid-test). (D) Immuno uorescent analysis of antibodies speci c for full-legth E1 and E2 proteins in immune sera.
HEK293T cells were transfected with a bicistronic construg pVax-coreE1E2-PRF(DA) encoding full length gtlb core,JEand E2 proteins and PRF(DA) (a non-cytolytig
version of perforin containing a D483A mutation0—61); and pooled sera from immunized-mice were used as the primg antibody at a 1:50 dilution.(E) A schematic
diagram of the pVax-coreE1E2-PRF(DA) DNA construct.

we evaluated whether the immunogenicity of these vac@nati generated similar anti-E1E2 responses with an average titer
regimens could be improved following booster immunizationsof 1/446 Eigure 4B. These antibodies were also capable of
with sE1E2 protein or VLPs expressing E1E2g(res 4A,B.  binding to full length E1E2 as shown by immuno uorescence
The puried sE1E2 poly-His-tagged fusion protein describedFigure 4F. Collectively, the data indicate that recombinant
above constituted the E1E2 protein boost. The production an&1E2 protein provides a superior boost compared to DNA or
puri cation of the genotype 1 (gtl) HCV VLPs have beenHCV VLPs and is capable of enhancing HCV E1E2-specic
described elsewherég, 67). As shown above ifrigures 3A,B  antibody responses in p-sE1E2-IMX313P or p-sE1-IMX3C3P
the antibody response plateau was reached following four DNA-sE2-IMX313P-vaccinated mice.

vaccinations, therefore mice were vaccinated with fouredos o ) )

of p-sE1-IMX313PC p-sE2-IMX313P or p-sE1E2-IMx313P, Prime-Boost Vaccinations With Vaccines

before receiving a boost with DNA, sE1E2 protein or theEncoding or Expressing Monomeric or

VLPs Figure 4B). Oligomerized Secreted Envelope Proteins

To compare CMI elicited by the dierent regimens, the . : : :
IFN-g ELISpot assay was performed using E1 and E2 pepti licit Antibodies That Recognize E1 and E2

pools to stimulate the splenocyteBigure 40). As shown in =PItOPES
Figure 4C, comparable IFNg responses signi cantly above Overlapping peptide ELISA was conducted to map the reactivity
the pVax control were observed after all vaccination regisnenOf serum antibodies to continuous and discontinuous epitopes
(Groups 2-7) which encoded secreted envelope immunogend? E1E2. ELISA plates were coated with E1 or E2 overlapping
However, p-sE1-IMX313PC p-sE2-IMX313P prime/E1E2 peptides to assess the serum antibody responses to continuous
protein induced the highest responses, 178.5 SFULIIs, epitopes Figure 5. There was little di erence in reactivity to
following stimulation with E1 peptides and 579.3 SF/tells the E1 peptides between all the immunized groups, although
following stimulation with E2 peptidesF{gure 40), although S€ra from animals immunized with the p-sE1E2-IMX313P DNA
these were not statically signi cant compared to the othefPfimeé/ E1E2 protein boost regimen or the DNA prime/ HCV
vaccine groups. VLP boost regimen showed a slightly higher reactivity corepar

To determine the antibody responses, mouse serum samplé Other immunized groupsKigure 5A). In contrast, the sera
were collected and analyzed for E1E2-speci ¢ antibodies b§howed greater reactivity against E2 and reacted with peptide
ELISA. As previously observed, the antibody levels peaked affianning aa 412-522 and aa 541-7&gdre 5B), while the
plateaued following the 4th immunization in all groups excepthighest reactivity was seen toward aa 481-522, 607-649, and
for the pVax group (Group 1) which as expected did not elicit639—680; All vacqnated groups showed limited reactiviyatia
speci ¢ antibodies to E1E2F{gure 4D). Vaccination with p- hypervariable region (HVR) 1, aa 384-411, and the TMD,
SE1E2-IMX313P followed by a boost with E1IE2 protein (Grou@ 716-747, but some reactivity against HVR2, aa 460-485,
5) resulted in the highest E1E2-speci ¢ antibody level$iaalth and aa 570-580 representing the intergenotypic variablemegi
these levels were similar to those observed for the p-sE{i@VR; also known as HVR3)Hgure 5B). As the TMD was
IMX313PC p-sE2-IMX313P prime/ E1E2 protein boost (Group NOt included in the vaccine immunogen, the level of reatyivi
4) followed by the p-sE2-IMX313P prime/ HCV VLP boost against peptides representing this region can be assumed to
(Group 7) (Figure 4D). represent background.

The antibody titers were measured 4 weeks post th ..
nal vaccination and showed that the DNA prime/ElEZ%‘DNA Boost Induced CrOSS'NeUtrallzmg

protein boost vaccination regimen induced signi cantly heg  Antibodies in Mice Vaccinated With

titers compared to boosting with DNA or the HCV VLPs p-SE1/sE2-IMX313P

(Figure 4. Boosting with the sE1E2 proteins following To assess the neutralizing ability of the antibodies getrdrhy
immunization with p-sE1E2-IMX313P or p-sE1-IMX313P the di erent vaccination regimens, we investigated theigbof
p-sE2-IMX313P resulted in the highest anti-E1E2 antibodyhe sera to inhibit binding of genotype 1b HCV VLPs to Huh7
responses (average titer of 1/4,678 and 1/2,004, respeltivedglls. Fluorescent-labeled HCV VLPs were incubated with th
(Figure 4B. This was followed by responses from animalserum at 1/5 and 1/25 dilutions, and the binding of the VLPs
vaccinated with p-sE1E2-IMX313P and boosted with VLP$o Huh7 cells was monitored by ow cytometry as described
(average titer: 1/1,386) or p-sE1E2-IMX313P DNA (averaggse, 67). Incubation of the HCV VLPs with PBS (VLP only)
titer: 1/768). Animals vaccinated with p-sE1-IMX31%P p- or normal mouse serum (NMS; Sigma) resulted in minimal
sE2-IMX313P and boosted with the same DNA or HCV VLPsinhibition of HCV VLP binding to hepatocytes (8%), whereas the
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FIGURE 4 | Boosting with recombinant SE1E2 protein augments the cellar and humoral immunity elicited in mice previously vaccited with IMX313P adjuvanted
DNA vaccines encoding secreted envelope proteins(A) Vaccination groups and(B) immunization schedule of animals. The arrows indicate whethe vaccines were
administered. Female BALB/C micer{ D 7/group) were vaccinated at 3 weeks intervals via the ID route ith 50 mg of p-sE1E2-IMX313P or p-sE1-IMX313FC
p-sE2-IMX313P and boosted with DNA or E1E2 recombinant proti@ or HCV VLPs 3 weeks later. pVax was included in the vaccineocktail to ensure that all animals
were vaccinated with an equimolar amount of DNA(C) IFN-g ELISpot assay to examine E1- or E2-speci ¢ CMI in splenocytestimulated with E1- or E2-peptides for
36 h. (D) Anti-E1E2-speci ¢ antibodies levels measured by ELISA (at %0 dilution) at the indicated time points(E) SE1E2-speci ¢ serum IgG 4 weeks after the nal
immunization. Titers are expressed as the reciprocal of thdilution factor of the serum and plotted as Logg. The data represent mean responses in each groupn(D
7) SEM.* < 0.05 *p 0.01,*p 0.001;and **p 0.0001 (Mann-Whitney non-parametrid-test). (F) Immuno uorescence analysis of antibodies speci ¢ for
full-length E1 and E2 proteins in immune sera. HEK293T wereansfected with pVax-coreE1E2 encoding full length ELE2 pteins and pooled sera from mice
immunized were used as the primary antibody at a 1:50 dilutim
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FIGURE 5 | Reactivity of sera from DNA prime/DNA boost, DNA prime/E1E2 ptein boost or DNA prime/HCV VLP boost-immunized animals to EE2 peptides.
Serum antibody responses speci c to a library of overlappindA) E1 or (B) E2 peptides, supplied by BEI Resources, in ELISA 4 weeks afténe last vaccination.
Serum from vaccinated mice was diluted (1/50) and added to wéd coated with HCV peptides. Values represent mean respongein each group 6 D 7) C SEM. Data
are representative of 3 independent experiments performeth duplicate.

addition of anti-CD81 antibodies on the other hanBigure 6), neutralization Figure 6). However, the neutralization levels
inhibited VLP binding to Huh7 cells by 90% con rming that were comparable between groups 2-5. Surprisingly the lowest
these particles use CD81 to bind to target cells, in a similanhibitions were observed in groups 6 and 7 with 41% and
manner to HCV (74, 75). 30.5% neutralization, respectivelfFigure 6). Although these

Dose-dependent inhibition of binding of the HCV VLPs results were not statistically signicant, they suggesatth
by serum from the vaccinated mice was observed across alhtibodies generated against HCV genotype 1b E1/E2 proteins
vaccination groups although most of the samples showepossess neutralizing properties and could neutralize the bindi
some non-specic inhibition at a 1/5 dilution (data not of genotype 1b VLPs to target cells, and that homologous
shown). At a 1/25 dilution which was considered to represenDNA prime-boost vaccination with p-sE1-IMX313€ p-sE2-
speci ¢ inhibition, the highest neutralization of HCV VLPs IMX313P (group 2) resulted in the highest neutralizationiaty
binding to Huh7 cells was detected in group 2 with 71.5%o0 prevent HCV VLP binding/entry into hepatocytes.
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FIGURE 6 | p-sE1/sE2-IMX313P DNA prime/DNA boost vaccination elicits @t E1E2 antibodies with HCV VLP neutralizing activity. Némalization of VLP binding was
determined by pre-incubating uorescent-labeled VLPs withpooled serum from vaccinated mice followed by incubation wih Huh7 cells. The cells were then
harvested, and uorescence levels analyzed by ow cytometryAll bar graphs show the percentage reduction in VLP entry flowing incubation with mouse sera at
1:25 dilution. The percentage values are indicated at the fwof each bar. Y-axis depicts the percentage inhibition of oiding of HCV-LPs to Huh7 cells; X-axis
represents the different vaccine or control groups.

Additionally, the mouse sera were tested for their capacityeutralization at 1/5 serum dilution across all genotypeso{(p
to neutralize HCVpp pseudotyped with envelope proteins from3, Table 1). The cross-neutralizing properties of antibodies
di erent genotypes including genotypes 1a, 1b, 2a, 2b, 3a,0t, 5, generated following vaccination with the DNA prime/ VLPs
6 (Table 1). Although a range of serum dilutions was tested, onlyboost were generally similar to those produced by vaccination
the 1/5 and 1/10 dilutions showed evidence of neutralizatio with the DNA prime/ E1E2 protein boost, although the latter
Essentially, all anti-E1- and/or anti-E2- antibody positsamples elicited higher antibody titers. However, at 1/10 dilutjidghe sera
showed dose-dependent cross-neutralizing properiiesitro  from DNA prime/VLPs boost vaccinated mice were generally less
against the di erent HCVpp genotypes and showed a minimume cient at neutralizing the HCVpp compared to sera from mice
of 70% neutralization (at 1/5 dilution) against HCVpp from that received the DNA prime/E1E2 protein boost regimen. In
genotypes la, 1b, 2a, 3a, andrdkle 1). However, serum from contrast, the antibodies generated by the DNA prime/DNA boost
these animals (groups 2-7) showed lower neutralizing agtivi regimen still showed high HCVpp cross-neutralizing activat
against genotypes 2a, 2b, 4, and 6, and were less e cient &t10 dilution.
neutralizing HCVpp from genotypes 5 and @able 1). Serum Overall, the data show that vaccination with a DNA vaccine
from mice vaccinated with pVax generally showed minimumencoding a secreted, oligomerized form of ELE2 can signilga
neutralization of the HCVpp except for pseudotyped particlesaugment E1E2-specic immune responses, and importantly
from a few genotypes with the 1/5 serum dilution. generate antibodies with cross-neutralizing activity.

Similar to the results observed Figure 6, vaccination with
the homologous DNA prime/DNA boost regimen induced the D|SCUSSION
highest NAb responses (Groups 2 andTaple 1). Antibodies
generated after vaccination with p-sE1E2-IMX313P were than e ective vaccine is the optimal long-term, cost-e ective
most e ective at cross-neutralizing the HCVpp with 50%  solution to combat HCV globally. Studies in humans and
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non-human primates have provided insight into the possibleresponse is a characteristic feature of persistent infecB6y86,
correlates of protection, although the actual correlatasai@  87-89). All groups immunized with the DNA vaccines encoding
poorly understood. It is generally accepted that an e ectiveHC E1E2 heptamers induced signi cant IF§lresponses compared
vaccine should at least induce NAb targeting envelope prsfeinto animals immunized with the monomeric DNA constructs as
but it is likely that CMI against the non-structural proteins determined by ELISpot. The number of SFUs detected in the
will also be required. HCV envelope proteins are involved inE1/E2-speci ¢ ELISpot reported in this study compared favorabl
essential initial steps in the virus replication cycle inchgd with those reported in other studies using viral vectors, (77,
viral attachment/entry or membrane fusion. Therefore, Etia 90), DNA (91), or VLPs €7, 91).
E2 represent signi cant vaccine immunogens and have been a A DNA prime-protein boost strategy is a promising method
major focus of various HCV vaccine development studieg ( to increase the e ectiveness of DNA immunizatiorDZ.
18, 66, 76, 77). Consequently, these proteins were the focus ofaccination with the DNA prime/DNA, E1E2 protein, or VLP
the vaccine strategies described in this study. Previopsrtg boost vaccination regimens resulted in the induction of hig
have demonstrated that E1 and E2 glycoproteins expressed tmvels of E1E2-speci ¢ antibody- and CMI- responses. Among
the cell surface are more immunogenic than the wild-typehe three immunization strategies, boosting with recombina
antigens {1, 78 and secreted E1E2 proteins have also beeR1E2 protein induced the highest serum IgG levels. Thus,
shown to be signicantly more immunogenic in mice39). the sE1/sE2-IMX313P DNA prime/E1E2 recombinant protein
Antigen oligomerization has also been shown to improve vaeci boost vaccine strategy is consistent with current immunati
immunogenicity 65-57). The work presented in this study aimed regimens involving priming with DNA followed by boosting
to develop a DNA vaccine encoding truncated E1 and E2 fusedith viral vectors or a recombinant protein that have been
with the oligomerization domain of a chimeric C4 binding favored to induce protective immune responses to many diseases
protein, IMX313P, that results in the production of secretedsuch as HCV, HIV and malaria9@ 94). Serum antibody
oligomerized forms of the proteins. The immunogenicity ofcharacterization revealed that the hyperimmune sera showed
DNA vaccines encoding E1 and/or E2 glycoproteins as separageeater reactivity toward epitopes located in the ectodontdin
immunogens or as a single E1E2 polyprotein was assesded. The E2 HVR1 (aa 384—-410) is an immunodominant region
in mice. that has been reported to be involved in viral escape in intecte
While oligomerization may be an important element, thechimpanzees and human®4 96). However, the mouse sera
mechanism by which the C4b-p enhances immunogenicitshowed little reactivity against this region, similar tosebvation
is still not well-understood %5, 62). Therefore, in addition from previous reports39, 41, 42), perhaps re ecting the nature
to oligomerization, other factors such as increased halfefthe heptamer.
life, improved antigen uptake, and/or prolonged antigen To date, a majority of all e ective viral vaccines work thrdug
processing could be involved in the enhancement of the E1/E2he generation of NAb, typically by targeting viral envelope
Spec c responses. proteins Q7). For HCV, complete neutralization of incoming
All groups immunized with the HCV DNA vaccines virions is dicult to achieve as the virus can be transmitted
encoding E1E2 heptamers elicited signicant levels ofs free virions or associated with dierent lipoproteins and
anti-E1E2 antibodies. This may be the result of increaseshmunoglobulins 08 99. Additionally, the presence of a
capture and processing of the heptamers by both local anquasispecies with variable epitopes in the virus population
distal APCs, consequently increasing the immunogenicitys likely to contribute to evasion of the humoral response.
of the E1E2 antigens4(, 55 57, 79. Moreover, these Nevertheless, neutralization of a proportion of incoming HCV
antibodies were also able to recognize E1E2 proteins wirions might lead to a reduced viral load allowing the
their native (presumably heterodimeric) form as determinedtimely development of CMI, promoting viral clearance. The
by immuno uorescence analysis of cells transfected with aeutralization assayT@ble 1) data suggested that vaccination
DNA construct encoding the full-length coreE1E2 polyproteinwith  DNA prime/DNA boost, notably p-sE1E2-IMX313P,
(80, 81). However, only limited anti-E1-specic antibody induced the highest cross-NAb responses while vaccinatitim wi
responses were generated, in accordance with previous 1©dinddNA prime/E1E2 protein boost or DNA prime/VLP boost
(18, 39, 43 suggesting that the observed antibody responsaggimens generally induced lower inhibition of binding of NC
comprised mainly of anti-E2 antibodies. Nevertheless, th&LPs to Huh7 cells as well as HCVpp neutralization. These
antibody titers generated by vaccination with E2-encodingesults contradict previous ndings which demonstrated that
constructs were comparable to those reported in thémmunization with HCV VLPs induced HCV-speci ¢ NADb, since
literature 66, 77, 82). the envelope proteins are presented on the surface of VLPs in
In addition to strong humoral responses, robust CMI their correct conformation during immunizationg®, 67). Our
responses have been reported to be critical for clearance wdsults also suggest that, despite achieving a plateau @bayti
HCV in humans and chimpanzees during acute infecti@3{ responses following four DNA vaccinations, an additional DNA
86). Fusion of the envelope proteins to IMX313P resulted invaccination was necessary to induce signi cant NAb, most
superior E1 and/or E2-specic antibody and CMI responsedikely re ecting the poor immunogenicity of the HCV envelope
compared to their monomeric counterparts. A robust CD8  proteins. Furthermore, the single dose of VLPs administéned
cell response with IFNS® production has also been associatecthis study might have been inadequate as previous studies hav
with spontaneous clearance of HCV, and the impairment of thislemonstrated that two or more doses of VLPs are necessary to
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induce NADb ©6). Therefore, itis possible that additional boostingthe sE1/sE2-IMX313P strategy to elicit HCV-speci ¢ immune
with the VLPs or E1E2 proteins may have induced even highaesponses after homologous and heterologous prime-boost
NAb. Nevertheless, the neutralization levels reportedisskudy  immunization. These results also support further development
compared well with previous studie3q 44, 66,67, 91) at similar  and testing of these vaccine constructs in larger animals, most
serum concentrations. likely in combination with DNA vaccines which elicit CMI.

The novel p-sEl/sE2-IMX313P DNA vaccine constructs
described in this study represent an attractive candidateafo ETHICS STATEMENT
HCV vaccine that could be readily scaled up. A recombinant
HCV E1E2 glycoprotein (genotype 1la) vaccine was previousl§ix to eight weeks old female Balb/C mice were obtained fim t
reported to decrease the carrier rate in vaccinated chimpgesizeUniversity of Adelaide Laboratory Animal Services. Mice were
and induce protective immune responses in some personsoused in HEPA- ltered individually vented cages in The @ue
following homologous and heterologous gtla virus chakei§,  Elizabeth Hospital animal house and were used in accordance
100. Furthermore, other E1E2 candidate vaccines demonstratavith the SA Pathology and University of Adelaide animal eshic
broad NAb responses in immunized human voluntee2 ( committee guidelines.
101, 102). Secreted forms of E2 can be generated using various
cell lines including mammalian and insect cells and is theAUTHOR CONTRIBUTIONS
focus of the development of a humoral HCV vaccing0§
104. However, cross-neutralizing epitopes representing E1 ankiM designed and performed almost all the experiments
E2 residues are not expressed in secreted E2 protéidy.( and wrote the manuscript. DW helped in data analysis and
Additionally, recombinant E1 protein (gtlb), not E2, protedt reviewing the manuscript. JT, DC, and LE-S performed the
vaccinated chimpanzees from homologous gtlb viral chalengHCV neutralization assays and reviewed the manuscript. AU
(109. Finally, developing an E1E2-speci ¢ NAb response maynd RB performed the HCVpp neutralization assays. BG-B and
be a perquisite to mount a successful CMI response for virgEG conceived the study, helped in data analysis, and revigwin
clearance§ 107). For these reasons, a DNA vaccine encodinghe manuscript.
secreted E1-E2 and IMX313P remains a prime candidate for the
development an HCV vaccine. FUNDING

Thus, far, the correlates of protective immunity against HCV

have not been fully de ned. Nevertheless, itis generallepistl  Thjs research was supported by grants from the National Health
that an e ective vaccine against HCV should induce a robushng Medical Research Council (NHMRC) of Australia, the
antibody response capable of neutralizing the virus as well aspystralian Centrerfor Hepatitis and HIV Virology (ACH2), ah
potent, broad CMI, to restrict virus propagation and spread§  a grant from The Hospital Research Foundation (THRF). MM is

109. We have previously developed novel DNA vaccines capabigipported by a scholarship from The University of Adelaide, DW
of generating robust CO4 and CD& T cell responses against jg supported by a fellowship from THRF.

NS proteins 3, 4A, 4B, and 5B 52) similar to those observed
during resolution of acute HCV infection. We also recently
showed that a multigenotypic DNA cocktail vaccine encodin
gtlb NS5B proteins and gt3§ induced higher CMI TESPONS&Ra  are grateful to Heidi E. Drummer for providing

to gtlb and gt3a NS5B proteins thz_an a DNA_ vaccine encodmgne monoclonal antibodies and Andy Poumbourios for

a glo_bal CONSENsus sequené@),(whue a multiantigenic DNA Ipful discussion. The following reagents were provided by
vaccine CQCk.ta" encpdlng gtlb and gt3a NS3, NS4, and ngﬁe National Institutes for Health Biodefense and Emerging
proteins signi cantly improved the responses to NS3 and N$5 nfectious Research Resources Repository (NIAID): HCV
compared to those_ induced by the individual-genotype vaccine enotype 1b J4 Peptides, E1 catalog number: NR3738, E2 catalog
(49). Further experiments should be conducted to assess wheth imber: NR3739.
a DNA cocktail vaccine comprising the envelope constructs

reported in this study in combination with the DNA vaccine

encoding NS proteins can elicit both anti-E1E2 NAb and cMISUPPLEMENTARY MATERIAL

responses to the NS proteins. This strategy will ensure that the . . .

induced antibodies will either prevent HCV infection of host 1h€ Supplementary Material for this article can be found
cells or reduce the number of HCV-infected hepatocytes thagnline at: https://www.front|er5|n.org{artlcles/10.338nmu.

will in turn be eliminated by the CD8 T cell response. In fact, 2019-01145/full#supplementary-material

the induction of a broad CMI may be seminal to protect againsSupplementary Figure S1| Expression of E1 and E2 by immuno uorescence
infection with heterologous HCV strainiﬂ.Q ll]). analysis. Fluorescence micrograph of HEK293T cells trarsfted with the different

In summar these results have sianicant im IicationsDNA vaccine constructs. Cells were xed and processed 48 h pos-transfection.
Y g P Protein expression was analyzed with anti-E1 (MyBiosourgeand anti-E2 (Virostat)

for t_he deSign and development__of a HC\( proph_ylacncantibodies. Nuclei were stained with Hoechst 33342. Cellsransfected with pVax
vaccine and demonstrate the exibility and unique ability 0 served as controls for non-speci ¢ uorescence. Scale barD 50 mm.
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