Supplementary
Supplementary figure S1: Summary of mouse vaccination protocol. A schematic representation of the
time course of immunizations with recombinant E2 variants prepared from 293T cells is shown on top.
The tabular summary below shows the eight different vaccination groups each including five animals.
Group 1 is a control group (PBS treated). Groups 2 to 6 comprise animals vaccinated with indicated
recombinant proteins four consecutive times (E2 WT, E2HVR1, E2HVR1/N534A, Deglycosylated
E2HVR1). Group 7 (Sequence A) and 8 (Sequence B) include animals vaccinated with immunogens that
differ between prime and boost as indicated.
Supplementary figure S2: Cross-binding of vaccine-induced antibodies to recombinant E2 from
293T cells or to E1-E2 heterodimers prepared from cells replicating infectious HCV. (A) Binding of
vaccine induced antibodies to recombinant 293T-derived E2 proteins. Given HCV E2 proteins were
immobilized on ELISA plates and incubated with serial dilutions of mouse sera. Pre-immune and post
vaccinated sera of different animals were probed in three fold or two fold dilution series, respectively.
Bound antibodies were detected by anti-mouse HRP conjugated secondary antibodies and peroxidase
substrate. The OD450 nm values are plotted vs serum dilution. Reactivity of pre-immune sera is given in
red and binding of the mouse monoclonal E2-specific antibody AP33 in blue. (B) Binding of vaccine
induced antibodies to E1E2 complexes purified from cells replicating infectious HCV. E1E2 proteins from
extracts of given HCV transfected cells were captured by using plates coated with galanthus nivalis lectin
(GNA). Upon extensive washing, these plates were incubated with serial dilutions of AP33 or mouse sera
as described above.
Supplementary figure S3: Binding of vaccine-induced and patient-derived polyclonal antibodies to
recombinant E2 or E1E2 on the surface of infectious viruses. (A) Interaction of vaccine induced or
HCV patient-derived antibodies with recombinant 293T-derived WTJ6 E2 immobilized on a CM5 Biacore
chip. Sensorgrams showing the association and dissociation curves following injection of polyclonal
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mouse or human control antibodies (left panels) or of J6 E2HVR1/534 (group VI) vaccinated or patient
D1-69-derived antibodies (right panels) all at a concentration of 40 ng/μl. The flow rate was 30 μl/min to
reduce mass transfer. The arrow marks the end of the injection. The table indicates the different kinetics
parameters obtained for the human antibodies D1-39 and D1-69 and the mouse antibodies using the multicycle kinetic protocol. Due to lack of binding, the kinetic values for the controls cannot be determined. (B)
Interaction of vaccine induced mouse IgG and patient-derived IgG with E1E2 on infectious Jc1 particles.
Equal amounts of Jc1 particles were incubated with 10 µg of given purified mouse or human IgGs. Virus
antibody complexes were precipitated by protein G coupled beads. Efficiency of antibody-mediated virus
precipitation was quantified using a Core ELISA. Polyclonal IgGs from non-vaccinated mice and healthy
human donors served as controls. Fold increased core precipitation relative to these controls is given.
Symbols represent individual IP. Means ± SD (n=3). Abbreviations: RU, resonance units; n.d., not
determined. III mouse, J6-E2HVR1; V mouse, J6-E2 deglycosylated; VI, J6-E2HVR1 deglycosylated.

Supplementary figure S4: Purification of E1E2 complexes from CHO cells and evaluation of their
immunogenicity in mice. (A) WT or N-glycosylation mutant (N417Q or N532Q) E1E2 H77c (Genbank
AF009606) polypeptides were expressed in CHO cells using a lentiviral construct. E1E2 antigens were
purified from CHO cell extracts using GNA agarose and examined by SDS-PAGE and Western blotting
using anti-E2 (H52) and anti-E1 A4 (mAbs). (B) Anti-E2 antibodies induced by vaccination with Nglycosylation mutant E1E2 antigens. N-glycosylation mutant (N417Q and N532Q) recombinant E2 (384661) H77c antigens were coated to ELISA plates in triplicate and probed with sera of vaccinated mice.
Binding of E2-specific antibodies from sera of mice vaccinated with N-glycosylation mutant (N417Q and
N532Q) E1E2 (1000, 2000, 4,000-fold dilutions) compared to sera of control animals (C) (1000-fold
dilution) were detected by anti-mouse HRP conjugated secondary antibody and peroxidase substrate. The
OD450-570 nm values (mean and SEM) are plotted vs serum dilution. Shown is one representative of
three independent experiments.
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Table 1: Overview of IC90 values of given antibodies and the GST-CD81-LEL in neutralization
assays with indicated virus variants. Viruses were mixed with serially diluted antibodies or GST-CD81LEL and used for infection of Huh-7.5 cells. Infection efficiency was determined by luciferase assays and
compared with the one in the absence of antibodies or the GST-CD81-LEL. IC 90 values were calculated
with the Hill-equation and are expressed in µg/ml. The dose range of antibodies or GST-CD81-LEL was
from 0.008-2 µg/ml final concentration. For some antibodies the IC90 was extrapolated based on the fitted
curves.
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Materials and Methods
Antibodies
Monoclonal antibodies used for neutralization assays were provided by Steven Foung from the Stanford
University School of Medicine. These included RO4 (control antibody), HC-1, HC-11, CBH-7, HC84.2022 [1, 2]. Mouse monoclonal antibody anti-E2 (AP33) was provided by Arvind Patel from the University
of Glasgow [3]. Monoclonal antibody AR3B [4] was provided by Mansun Law from The Scripps
Research Institute.

Expression and purification of sLEL
CD81-LEL-GST fusion proteins were prepared as described previously [5, 6]. In brief, expression
constructs were transformed into E. coli rosetta gami. A 1 LL culture of the bacteria was grown to an OD
592 of 0.8 at 37°C. The expression was induced by addition of 1 mM IPTG (Sigma-Aldrich, Steinheim,
Germany) at RT overnight. Bacteria were first lysed with 1 mg/ml chicken egg lysozyme (Sigma) and 500
U benzonase in PBS and in a second step with 0.5% nonidet P-40 (NP40) in PBS (lysis buffer). The
supernatant was incubated with 2 ml of a 1:1 slurry glutathione agarose (Sigma) for 2 h at room
temperature under gentle agitation, washed three times with 25 ml of lysis buffer and afterwards the bound
proteins were eluted with 100 mM glutathione (Sigma-Aldrich, Steinheim, Germany) in PBS and dialyzed
in PBS overnight. Concentrations were determined by Bradford and purity was verified by Coomassie-gel.

Virus production, viral replication, release and infectivity
For generation of viral stocks, Huh7.5 cells were transfected with viral genomic RNA. Virus was
harvested after 48 and 72 h post transfection and stored at -80°C. After inactivation with Triton X-100
(Roth) HCV core antigen was determined in the supernatant with a diagnostic ELISA kit (Architect AntiHCV; Abbott). Viral replication was assessed by transfection of viral RNA in Huh7-Lunet cells lacking
CD81. For transfection, electroporation was performed as described previously [7]. After resuspension
4

with DMEM complete, cells were seeded into a 12-well plate in duplicates. Cells were incubated for 48
hh, the supernatant was removed and cells were lysed by addition of passive lysis buffer (Promega).
Relative light units (RLU) of renilla luciferase were determined by using a tube luminometer [8]. For
assessing specific infectivity, each virus stock was diluted to a concentration of 13300 fmol/L. Then, 100
µl were used to infect Huh7.5 cells in triplicate wells that were seeded at a density of (200 μl, 5 × 10 4 cells
per ml) one day prior to inoculation in a 96-well plate. After 4 h of incubation the virus was removed and
200 µl of fresh DMEM was added to the cells. Viral replication was determined at 48 h after infection,
supernatant was removed, cells were lysed by addition of passive lysis buffer and measurement of RLU in
a 96-well plate reader was performed.

Expression and purification of immunogens used for immunization
Recombinant E2 ectodomain was produced as reported previously [9]. Briefly, the E2 ectodomain from J6
(with and without HVR and with given mutations of glycosylation sites) and Con1 were expressed with an
N-terminal prolactin signal sequence and a C-terminal fusion with Protein A in HEK293T cells, using the
pJG lentiviral vector. Cell supernatant containing E2-Protein A was centrifuged for 10 min at 7,000g,
filtered through a 0.22-mm membrane, and loaded onto an IgG FF column (GE Healthcare). The column
was extensively washed with 20 mM sodium phosphate pH 7.0 and then equilibrated with 20 mM HEPES
pH 7.5, 250 mM NaCl and 5% glycerol. PreScission Protease was added into the column and incubated
over- night at 4° C to separate E2 from Protein A. For deglycosylation, the pH of the protein solution was
adjusted using 1 M sodium citrate pH 5.5 to a final concentration of 100 mM. Recombinant PNGase F
was added at a ratio of 1 mg per 2 mg of E2 and the reaction was incubated at room temperature for 3–4h.
The deglycosylated proteins were purified by heparin affinity followed by size-exclusion chromatography.
Full length recombinant E1E2 (H77c) antigens were expressed in CHO cells using a pTRIP lentiviral
vector bearing an IRES-AcGFP reporter [10]. Mutant primers directed to the first and sixth N-linked
glycosylation sites in E2 were used to generate mutant rE1E2 variants, N417Q and N532Q. E1E2 antigens
were purified from CHO cell extracts using GNA agarose as previously described [11, 12, 13] and the
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final antigens concentrated using a 50,000 molecular weight cut-off centrifugal filter unit (EMD Millipore,
Billerica, MA, USA). Soluble recombinant E2 (rE2) (384-661) H77c wild type WT, N417Q, and N532Q
mutants were constructed and purified in a similar manner to a previous method [14]. Briefly, rE2 (384661) antigens containing a C-terminal Fc tag and a PreScission protease cleavage site were expressed in
CHO cells using a pTRIP lentiviral vector bearing an IRES-AcGFP reporter [10]. E2-Fc proteins from
CHO cell extracts were immobilized on Protein G Sepharose and the Fc tag removed by digestion with
PreScission protease. The rE2 proteins were collected in the flow through fraction and concentrated using
a 50,000 molecular weight cut-off centrifugal filter unit (EMD Millipore, Billerica, MA, USA)

HCV serum samples and IgG Isolation
Serum samples from HCV-infected subjects were collected after informed consent and in accordance with
the Institutional Review Board of the University of Cologne (protocol number 16-054) and the University
of Bonn (protocol number 017/16), Germany. After heat-inactivation (56°C for 40 min), serum samples
were subjected to IgG isolation using Protein G Sepharose 4 Fast flow (GE Healthcare, Life Sciences)
following buffer exchange to 1x PBS using Amicon Ultra-15 Centrifugal Filter Columns (Merck).
Purified IgG samples were sterile-filtered and concentrations determined by nanodrop at 280 nm.
IgG isolation from mouse sera.
Approximately 400-600 µl of pooled sera of vaccinated or unvaccinated animals from each group was
purified using antibody spin trap columns (GE healthcare) according to manufacturer’s instructions.

Virus precipitation assays
To determine the interaction between the monoclonal antibodies or GST-CD81-LEL with virus variants,
500 µl of virus-containing culture fluid (normalized to core protein) were incubated with 1µg/ml protein
(GST or GST-CD81-LEL) or antibodies (HC-1, HC-11 or RO4) for 4 h on a rotor at 4°C. Thereafter the
virus/antibody or virus/protein mixture was added to 20 µl of glutathione- or G-agarose (Sigma-Aldrich,
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Steinheim, Germany) 1:1 slurry which have been blocked with PBS plus 1% bovine serum albumin
(BSA). This mixture was incubated on a rotor at 4°C overnight. Beads were washed three times with PBS
before they were resuspended with 450 µl of 1% Triton. In order to disrupt virion/antibody or
virion/protein interactions these samples were incubated for 10 min on a shaker at 50°C. Thereafter,
centrifugation was performed (9000 g, 1 min) and 400 µl of supernatant was used to determine the
released core proteins by a core-specific ELISA (Architect Anti-HCV; Abbott) [6]. Virus precipitation
with vaccine-induced mouse antibodies or human serum-derived polyclonal antibodies was performed as
above, 20 µg/ml purified mouse or human IgG were incubated with 500 µl of Jc1 virus for 4 hours on a
rotor at 4°C. Thereafter virus/antibody mixtures were added to 25 µl of Protein G Agarose (Sigma) beads
that had been blocked with 1% BSA. Further the washing step and measurement were performed as
described above.

Immunization
Female BALB/c mice (5-6 weeks old) were immunized each with 30 µg of recombinant E2 proteins (WT
or N glycosylated variants). In total eight groups consisting of five mice each was used. Each animal was
vaccinated four times at a 2-week interval (week 0, 2, 4 and 6). Antigens ad-mixed with c-di-AMP (7.5
µg/dose) were mixed with equal volume of alum and injected subcutaneously. Pre-immunization samples
were collected at week 0 at the time of the first injection and bleeds obtained one day prior to boosting.
Terminal bleeds were performed at week 9. Blood samples were centrifuged at 4000 g, and the serum
collected was stored in aliquots at -80 oC until use for ELISA, neutralization and antibody purification
assays. All animal procedures were performed in compliance with animal welfare regulations.
Female CB6F1 mice (Charles River Laboratories, Montreal, QC, Canada) (5-7 weeks old) used for
vaccination experiments were cared for in accordance with the Canadian Council on Animal Care
guidelines. Experimental methods were reviewed and approved by the University of Alberta Health
Sciences Animal Welfare Committee. CB6F1 mice (8 mice per group) were injected intramuscular (IM)
with recombinant E1E2 antigens (0.5 µg/injection) at day 0, 14 and 28. Antigens were mixed on each
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injection day with an equal volume of a squalene-based oil-in-water emulsion formulation similar to
MF59 (total volume: 30 µl/injection). Antigen for the control group consisted of GNA agarose eluate
generated from non-transfected (WT) CHO cells. Pre-vaccination serum was collected at day 0 at the time
of the first injection and test bleeds obtained at 28 days. Terminal bleeds were performed at day 42. Blood
samples were centrifuged at 5000 g, serum collected and heat inactivated by incubation at 56 oC for 30
minutes. Serum samples were stored in aliquots at -80 oC until use for ELISA or HCVpp assays.

ELISA assays for detection of E2 specific antibodies upon vaccination with 293T-derived
recombinant E2 proteins
To evaluate the antibody titers of vaccinated mouse sera Nunc-Immuno plates (Thermo Scientific) were
coated with either recombinant E2 proteins or with cell-lysates of HCV-transfected cells. Briefly, plates
were coated with recombinant E2 proteins (H77, J6, Con1 and J6HVR1) diluted in PBS at a final
concentration of 2 µg/ml (50 µl/well) for 1 h at room temperature. Plates were washed thereafter with
TBST (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween-20, Sigma) and were blocked with 200
µlµl /well of BLOTTO (5% non-fat dry milk, 5% normal goat serum in TBST buffer) for 2 h at room
temperature. Serum samples from mock and vaccinated mice (terminal bleeds) and monoclonal antibody
AP33 were diluted in BLOTTO in three fold dilution series (1:10,000 starting dilution) and were added to
the plates for 1 h (50 μl/well). For cell-lysates, Huh-7.5.1 cells were transfected with WT constructs of
HCV viral RNA and cell lysates were harvested 96 h post transfection with RIPA buffer (50 mM TrisHCl, 150 mM NaCl. 1% Triton, 1 mM EDTA). Plates were pretreated with the Galanthus nivalis (GNA)
(500 ng/well). Wells were washed twice with TBST (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1%
Tween-20, Sigma) and blocked with 200 µl/well of BLOTTO-buffer (2.5% non-fat dry milk, 2.5% normal
goat serum in TBST) and left for 1 h at room temperature. After subsequent washing with TBST, 50 µlµl
of cellular lysate was used to coat the plate. The mice sera and AP33 monoclonal antibody were diluted in
BLOTTO in a two-fold dilution series (starting dilution 1:400 for Jc1 lysates and 1:100 for all other GTs).
The reaction in both assays was developed with the addition of anti-mouse IgG-HRP antibody (sigma
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1:1000) and TMB substrate (Sigma) and quenched with 1 M sulfuric acid; absorbance measured at 450
nm with an ELISA plate reader (BioTech).

ELISA assay for detection of E2-specific antibodies upon vaccination of CHO cell derived
E1-E2 heterodimers
Microtiter plates (Corning) were coated with recombinant E2 (384-661) or H77c antigens (WT, N417Q,
N532Q) (100 ng/well) in carbonate buffer (15 mM sodium carbonate, 35 mM sodium bicarbonate, pH 9.6)
overnight at 4°C. Plates were washed with phosphate-buffered saline containing 0.2% Tween 20 (PBST)
and blocked for 1 h in 4% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in PBST. Antisera
from vaccinated mice (terminal bleeds) were diluted in PBST and added to the plates for 1 h (50 μl/well).
E2-specific antibodies from mice antisera were detected by a horseradish peroxidase (HRP)-conjugated
goat anti-mouse secondary antibody (1:10,000; Cedarlane Laboratories, Burlington, ON, Canada) and
peroxidase substrate (KPL, Gaithersburg, MD, USA). Absorbance was read at 450-570 nm using an
Enspire plate reader (Perkin-Elmer, Waltham, MA, USA).

CD81-LEL binding assay
Microtiter plates (Corning) were coated with recombinant CD81-LEL or BSA (Sigma-Aldrich, St. Louis,
MO, USA) as a negative control (50 ng/well) overnight at 4°C in carbonate buffer (pH 9.6). Plates were
washed with phosphate-buffered saline containing 0.2% Tween 20 (PBST) and blocked for 1 h in 4%
BSA (Sigma-Aldrich, St. Louis, MO, USA) in PBST. The rE1E2 antigens (100, 50 and 25 ng/well) were
incubated for 1 h, washed in PBST and bound antigens detected with anti-E2 (H53) mAb (1 µg/mlµg) and
horseradish peroxidase conjugated goat anti-mouse secondary antibody (1:10,000;

Cedarlane

Laboratories, Burlington, ON, Canada) with peroxidase substrate (KPL, Gaithersburg, Md, USA).
Absorbance was read at 450-570 nm using an Enspire plate reader (Perkin-Elmer, Waltham, MA, USA).
Values were normalized to the WT E1E2 antigen signal at the highest dose tested (100 ng) and
represented as a percentage of binding relative to WT.
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Competition ELISA
Mouse antisera (terminal bleeds) were assessed for competition with conformation-specific E2 mAbs for
E1E2 binding according to a method described previously [15]. Briefly, microtiter plates (Corning) were
coated with GNA purified WT E1E2 H77c in carbonate buffer overnight at 4˚C and blocked in 1% casein
(Sigma-Aldrich) in PBST. Diluted mouse antisera were incubated for 1 h on E1E2 coated wells. HCVspecific (AR3B, 1:7, HC33.4, biotin-AP33) or control (B6 anti-HIV) mAbs were added at a concentration
normally resulting in 70% maximal binding. Binding of HCV-specific mAbs was detected by an antihuman alkaline phosphatase-conjugated secondary antibody (1:10,000; Jackson Immuno Research) or
neutravidin-alkaline phosphatase (Thermo Fisher Scientific) (for biotin-AP33) and p-nitrophenyl
phosphate (Millipore Sigma) substrate. Absorbance was read at 405-495 nm using an Enspire plate reader
(Perkin-Elmer, Waltham, MA, USA). OD values calculated with subtracted control B6 mAb. Data were
expressed as the percentage of mAb binding relative to the mAb bound in the absence of antiserum and
plotted as means ± standard error

Surface plasmon resonance
To determine the interaction kinetics of human or mouse polyclonal antibodies with E2, we performed
SPR with a BIAcore X-100 biosensor (GE Healthcare). All employed chips were purchased from GE
Healthcare. Initial screening and subsequent kinetics experiments to calculate the association and
dissociation constants (ka and kd, respectively) of the interactions were carried out with a CM5 chip where
E2 was immobilized by amine coupling (3843.3 resonance units, R.U.). Affinity purified human or mouse
antibodies were injected at different concentrations in HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3
mM EDTA, 0.005% (v/v) surfactant P20, pH 7.4) at a flow rate of 30 µl/min (180 seconds of contact time,
600 seconds for dissociation) to determine affinity constants by multi-cycle kinetics. When required the
chip surface was regenerated after antibody injection with 10 mM glycine–HCl pH 2.0. All BIAcore
sensograms were analysed with the Biacore X100 Evaluation Software. Bulk refractive index changes
were removed by subtracting the reference flow cell responses, and the average response of a blank
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injection was subtracted from all analyte sensorgrams to remove systematic artefacts. Kinetic data were
globally fitted to a 1:1 Langmuir model.
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Table 1:

Viral Mutants

CBH-7

HC-1

HC-11

HC8420

HC84-21

Jc1-WT

n.d.

n.d.

n.d.

83.16

8.384E+13 n.d.

n.d.

Jc1-N417A

n.d.

n.d.

32.45

101.8

142.3

4555

100.4

Jc1-N423A

6.176

0.853

0.02615

0.01543

0.04108

0.05807

2.228

Jc1-N448A

30.22

4.283

0.2309

0.183

0.1858

0.3419

1254

Jc1-N534A

n.d.

22.34

7.708

5.188

91.49

7.28

18.11

Jc1-N649A

n.d.

11.58

122.9

15.57

229.2

26.99

279.2

Jc1-∆HVR1

4.424

1.249

0.07834

0.01573

0.09663

0.03874

2.12

Jc1-∆HVR1N417A

3.99

1.555

1.28

0.004213 0.06259

0.02163

1.857

Jc1-∆HVR1N423A

2.985

0.9

0.0886

0.01561

0.08099

0.06981

1.721

Jc1-∆HVR1N448A

2.765

3.512

0.1174

0.0178

0.07989

0.5839

7.657

Jc1-∆HVR1N534A

4.431

0.05489

0.02243

0.005501 0.02243

0.01534

0.5214

Jc1-∆HVR1N649A

1.765

0.9926

0.327

0.2909

0.2625

3.884
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0.3266

HC8422

CD81-LEL

