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Hepatitis C virus (HCV) infection causes ~290,000 annual human deaths despite the highly effective antiviral treat-
ment available. Several viral immune evasion mechanisms have hampered the development of an effective vac-
cine against HCV, among them the remarkable conformational flexibility within neutralization epitopes in the
HCV antigens. Here, we report the design of epitope-focused immunogens displaying two distinct HCV cross-
neutralization epitopes. We show that these immunogens induce a pronounced, broadly neutralizing antibody
response in laboratory and transgenic human antibody mice. Monoclonal human antibodies isolated from immu-
nized human antibody mice specifically recognized the grafted epitopes and neutralized four diverse HCV strains.
Our results highlight a promising strategy for developing HCV immunogens and provide an encouraging para-
digm for targeting structurally flexible epitopes to improve the induction of neutralizing antibodies.

INTRODUCTION

An estimated 58 million people worldwide are chronically infected
with the hepatitis C virus (HCV), resulting in 290,000 annual deaths,
primarily due to liver cirrhosis and hepatocellular carcinoma (1). Al-
though the approved direct-acting antivirals reach impressive cure
rates for patients with chronic hepatitis C (2), it is apparent that WHO’s
goal to eliminate HCV as a major public health threat by 2030 will not
be achieved. This mainly results from the lack of awareness of patients
with HCV caused by the asymptomatic nature of acute and early
chronic phase of HCV infection together with the absence of nation-
wide screening programs, as this combination renders the implemen-
tation of comprehensive treatment strategies difficult. Consequently,
HCV incidence remains high with approximately 1.5 million
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infections occurring annually. Modeling studies predict this global
epidemic to continue in the absence of a prophylactic vaccine (3).

Accumulating evidence suggests that both B and T cell immunity
are important for the control of an acute HCV infection [reviewed in
(4, 5)], suggesting that an effective prophylactic HCV vaccine likely
requires an immunogen that robustly elicits broadly neutralizing an-
tibodies (bnAbs) in combination with an efficient T cell response (6).
The two HCV glycoproteins E1 and E2 form heterodimers, and this
E1E2 glycoprotein complex interacts with cellular receptor mole-
cules including the scavenger receptor class B type 1 (7) and the tet-
raspanin CD81 (8, 9) during virus entry. This interaction activates
signaling pathways that promote HCV-CD81 movement to tight-
junction regions, where interactions with claudin 1 and occludin
support viral internalization (10, 11).

To date, only two prophylactic vaccine candidates have progressed
to clinical trials in humans but with limited success. An adenoviral
vector-based T cell vaccine candidate encoding the nonstructural pro-
teins of a single HCV isolate failed to protect against chronic HCV in-
fection in a cohort of people who inject drugs at high risk of virus
transmission (12). Although a B cell vaccine candidate comprising
ME-59-adjuvanted viral glycoprotein E1/E2 heterodimers protected
chimpanzees from challenge with HCV of the same genotype, in a
phase 1 trial, bnAbs were only induced in a small fraction of individu-
als (13, 14). In general, HCV vaccine development has been hampered
by the huge genetic and antigenic diversity of HCV, with eight geno-
types differing in their nucleotide sequence by up to 30% that frequent-
ly results in evasion from both B and T cell responses [reviewed in
(4, 5)]. Additional evasion mechanisms include, among others, decoy
epitopes in the glycoproteins, extensive glycosylation, and a remark-
able structural flexibility within conserved neutralization epitopes.

These glycoprotein-related features likely hamper the capacity of
recombinant HCV glycoproteins to induce bnAbs, as observed both
in humans and mice (14, 15). The wealth of available structural data
together with recent progress in protein design methodology offers
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a strategy to overcome these limitations by transplanting important
neutralization epitopes onto preexisting or de novo protein scaffolds
(16). Such an epitope-focused immunogen will present the grafted
neutralization epitope on the surface of a multimeric nanoparticle
(NP) and shape the induced antibody response (17). This strategy
has been successfully applied to several important viral pathogens
such as HIV-1, respiratory syncytial virus, and Ebola virus (17-19).
While structure-based immunogen design was previously applied to
HCV (20-23), the designed immunogens either did not induce a
potent nAb response, were not evaluated in vivo, or were based on
engineering of a soluble E2 ectodomain.

The major determinants for the induction of a humoral immune
response against HCV are located on the glycoproteins E1 and E2
(24-32). They include the composite CD81-binding site and the
metastable E2 domain presenting antigenic region 4 [AR4, (33)],
which are targeted by potent bnAbs. These two regions and their
interactions with bnAbs have been structurally characterized in de-
tail (9, 34-42). Together with biophysical studies including hydro-
gen deuterium exchange combined with mass spectrometry (43, 44),
these structural data reveal that, in particular, the composite CD81-
binding site adopts multiple conformations—an intrinsic structural
flexibility that likely hampers the induction of bnAbs [reviewed in
(44, 45)]. Epitope I (residues 412 to 423) is a prime example of such
a structural flexibility, as epitope peptides comprising this segment
have been crystallized in complex with nAb fragments in three dis-
tinct conformations (37, 40, 46). This suggests that the conforma-
tion of this amino acid segment follows an “induced-fit” binding
mode to the antibody, and this conformational flexibility could ex-
plain the limited immunogenicity to the epitope I observed in pa-
tients with HCV (47).

To address these limitations, we generated epitope-focused im-
munogens based on two antigenic regions including one on HCV
El (residues 314 to 324) and one on HCV E2 (epitope I). We dem-
onstrate that a cocktail of these immunogens induced a robust anti-
body response both in laboratory mice and mice with a human
antibody immunoglobulin G (IgG) locus [human antibody mice,
(48)]. These antibodies neutralized a diverse panel of HCV strains in
cell culture and monoclonal human antibodies isolated from im-
munized human antibody mice, closely reflecting a human antibody
response, neutralized the same virus panel, and recognized the
grafted epitope. Our approach demonstrates that epitope-focused
immunogens are a versatile alternative to develop vaccines for cases
like HCV where glycoprotein engineering remains challenging.
Moreover, our NPs represent a promising candidate to develop into
an effective B cell vaccine.

RESULTS

Computational design of E1 epitope or E2 epitope
limmunogens

One possible approach to overcome the structural flexibility is
structure-based, epitope-focused vaccine design, which has recently
been successfully used to design immunogens mimicking epitopes of
important human pathogens (16-19). Two HCV neutralization epit-
opes, one within E1 [E1_Epi; amino acids 314 to 324; Protein Data
Bank (PDB) 4N0Y] adopting an a-helical conformation (38) and
epitope I within E2 (E2_Epil; amino acids 413 to 423; PDB 4DGV)
in p-hairpin conformation (28, 41, 49-52) were selected as epitopes
of interest because they comprise linear amino acid segments
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encoding defined secondary structure elements, suggesting high
amenability to computational immunogen design procedures. The
crystal structures of the two epitopes were used as templates to iden-
tify scaffolds closely matching the backbone conformation among a
database of 238,276 monomers from the PDB (fig. S1). Initial bioin-
formatic analysis together with a visual inspection of the superposi-
tion onto the complex identified three unique scaffolds for E1_Epi
(PDB 2HFQ, 176U, and 1W4K) and five for E2_Epil (PDB 1KRI,
2EXN, 2K6Z, 4CIL, and 2CY2; Fig. 1 and fig. S1).

Twenty-three individual variants derived from these unique
scaffolds were further characterized with respect to antibody bind-
ing and their oligomerization state. Pull-down assays with the re-
spective Fab fragments together with size exclusion chromatography
(SEC) identified three promising immunogen candidates, including
designs 1W4K_08 (targeting E1_Epi, hereafter referred to as E1_
S1), 2K6Z_01, and 4CIL_03 (both targeting E2_Epil, hereafter re-
ferred to as E2_S2_1 and E2_S3_3, respectively) (fig. S2 and table
S2). All three designs were subjected to in silico thermostabilization
(see Materials and Methods) to further improve their physicochem-
ical properties. In this manner, one to three in silico thermostabi-
lized variants (denoted as “I”) were generated from each of the
parental scaffolds. Thermostabilized designs alongside the parental
scaffolds were biophysically characterized allowing for identifica-
tion of one lead immunogen candidate for each epitope (Fig. 1).

The secondary structure and thermal stability of individual de-
signs was analyzed by circular dichroism (CD) spectroscopy. Both
thermostabilized variants of E1_S1 displayed a typical a-helical
spectrum in line with the reported crystal structure of the parental
scaffold and a melting temperature (Ty,) of ~70°C (Fig. 2 and fig. S3).
In contrast, the CD spectrum of E2_S2_1,E2_S2 2,and E2_S2_1T1
variants suggested a P strand—-dominated secondary structure in
agreement with the reported structure and a Tj, of >90°C. Of note,
design E2_S2_1 exhibited a superior expression level when com-
pared with other E2_S2-derived designs (Fig. 2 and fig. $3). The CD
spectra of E2_S3_1, E2_S3_3, E2_S3_3T1, and E2_S3_3T?2 variants
indicated a mixed o/p secondary structure and showed a lower Ty,
compared to the three E2_S2 variants (fig. S3). SEC combined with
multiangle light scattering (MALS) revealed a single oligomeric spe-
cies for each of the designs in agreement with a theoretical molecular
weight of ~6.5 kDa (E1_S1), 14.2 kDa (E2_S2), and 32.8 kDa (E2_S3;
fig. S4). In summary, secondary structure and thermal stability anal-
ysis revealed all three lead immunogens to be monomeric proteins
with an overall fold resembling their parental scaffold.

To determine the kinetic binding parameters of individual im-
munogens, we carried out surface plasmon resonance analysis of the
interaction between individual designs and the respective Fabs.
E1_S1 and Fab IGH526 as well as E2_S2_1 and both Fab AP33 and
Fab HCV1 (Fig. 2, fig. S2, and table S5) interacted with nanomolar
affinity. Comparative analysis of the kinetic binding parameters of
the latter interactions with the interaction between the two Fabs and
a soluble HCV E2 ectodomain (sE2) revealed similar binding kinet-
ics, underscoring that the computational design process succeeded
in mimicking the interface accurately. In contrast, design E2_S3_3
bound only to Fab HCV1, but not to Fab AP33, suggesting different
binding requirements for both Fabs to this scaffold (figs. S2 and S5).

Crystallographic analysis of E1_S1 in complex with the Fab
IGH526 revealed unambiguous electron density only for parts of the
four design molecules within the asymmetric unit. Density was only
observed in two complexes for the N-terminal o helix comprising
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Fig. 1. Pipeline for characterization of lead immunogen candidates. (A) Epitopes were extracted from crystal structures of the respective epitope within E1 (residues
314 to 324) and E2 (residues 412 to 423, epitope |) in complex with their cognate Fab fragments (PDB 4NOY and 4DGV). Multiple designs were generated for each of the
epitopes by grafting their side chains onto suitable scaffolds followed by in silico structure-based design to optimize epitope display and antibody recognition. Side
chains of epitopes were transplanted onto suitable scaffolds followed by further structure-based design to optimize epitope display and antibody recognition. (B and
C) Fusion with the fluorophore mNeonGreen allowed rapid identification of soluble monomeric scaffolds that expose an accessible epitope by pull-down assay. Promising
candidates were subjected to more extensive computational design to increase protein stability (i.e., thermostabilization). (D) Thermostabilized designs together with the
parental scaffolds were subjected to biochemical and structural characterization, resulting in the identification of promising lead immunogens. (E) The latter were dis-
played on hepatitis B virus core antigen capsid-like particles to augment immunogenicity and used for immunization of mice. Neutralization potency of mouse antisera
was evaluated against a representative panel of HCVcc. (F) Antigen-specific B cells were isolated from mice encoding a fully human IgG locus (human antibody mice) that
were immunized with the immunogen NPs and monoclonal antibodies were isolated that broadly neutralize a more extensive reference panel comprising HCVcc of 13
distinct HCV strains (56) and specifically bind to the two displayed target epitopes.

the epitope. In contrast, in two complexes, density for both the N-
and C-terminal o helices was visible, albeit lacking the linker region
connecting them. While these results suggest that stability of the
scaffold can be improved, this conformational flexibility within the
scaffold did apparently not affect binding to Fab IGH526. This was
further demonstrated by the conformation of the 2.5-turn a helix
carrying the epitope, which is identical in all four individual com-
plexes and resembles the structure of the peptide in complex with
the Fab (PDB 4NO0Y; Fig. 2) (38).

The crystal structure of E2_S3_3T1 in the absence of Fab (fig. S5)
reveals a conformation closely resembling the designed model, with
the B-hairpin epitope located in the Ig-like inter-repeat domain. Su-
perposition of AP33 and HCV1 Fab complexes onto the designed
E2_S3_3T1 structure revealed steric hindrance of Fab AP33 but not
Fab HCV1 with juxtaposed loops. The steric clashes are caused by a
variation in the angle of approach of the two Fabs to the epitope,
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which differs by 22° between HCV1 and AP33 (51). Together with
the low thermostability profile of E2_S3 variants, a scaffold size that
might hinder the assembly of multivalent NPs for immunization
and the apparent limited antibody binding of E2_S3 variants, these
results identified E1_S1 and E2_S2_1 as the most promising immu-
nogen candidates.

Characterization of multivalent scaffold immunogen NPs

Multimerization of immunogens in form of regular NPs is known to
improve their immunogenicity via improved B cell receptor cluster-
ing, antigen presentation, and T follicular helper cell engagement
(53). Multimerization of the relatively hydrophobic HCV epitopes
was attempted on several self-assembling protein NP platforms
(e.g., Ferritin, Lumazine synthetase, Ficolin-2, or SpyCatcher-Spy
Tag system) but did not give rise to immunogen NPs, likely due
to aggregation induced by the molecular crowding of scaffold on
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Fig. 2. Characterization of lead immunogen candidates for NP production. (A) Grating-coupled interferometry (GCl)-derived kinetic binding parameters for Fab (ligand)-scaffold
(analyte) interactions. Sensorgrams are shown with data in red and their respective fitting in black. The dissociation constants Ky for a 1-to-1 binding model or a mass transport
binding model of the immunogen candidates—cognate Fab interactions are shown). Binding kinetics of E2_Epil scaffolds E2_S2_1 and E2_S3_3 against Fabs AP33 and HCV1 using
sE2 as control are shown. (B) Similarly, binding kinetics was also assessed for E1_S1 scaffold against Fab IGH526. (C and D) CD spectra reported as mean residual ellipticity (MRE)
were measured for E1_S1 (C) and E2_S2_1 (D) at different temperatures. The data points extracted from negative maxima from each of the CD spectra are indicated as black dots
and fitted with a curve in red; the apparent CD-Ty, is derived from the slope. Typical positive maxima or negative minima of proteins with a-helical or p strand secondary structures
are indicated with gray dotted lines. (E) Crystal structure of scaffold E1_S1in complex with heavy chain (HC) and light chain (LC) of the IGH526 Fab fragment. (Right) A close-up view
of the grafted epitope from the scaffold is overlaid with the reported epitope structure (PDB 4NOY). Epitope residue side chains of the scaffold complex structure (purple) or the
reported PDB model (pink) are highlighted as sticks, Ca atoms as spheres. The sequence of the grafted epitope in the scaffold highlights the mutated residues in purple (E1_S1).
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the NP surface. We therefore further optimized the hepatitis B
virus core antigen NP platform to allow for scaffold display at
lower occupancy on the NP surface (fig. S6) (54). The chosen
coexpression approach making use of the solubility enhancer
GB1 allowed production of soluble NPs presenting E1_S1 or
E2_S2_1, respectively, with an occupancy of ~25 to 38% on the
NP surface (fig. S7). GB1 was proteolytically removed from ico-
sahedral T-3 or T-4 capsids (delGB1), and kinetic binding pa-
rameters of these particles to the respective Fab fragment revealed
almost no dissociation, indicating a high-affinity interaction due
to a strong avidity effect caused by the multivalent nature of the
scaffold NPs (Fig. 3, A to C). The NP integrity was assessed by
negative-stain electron microscopy, indicating an average diameter
of <50 nm (Fig. 3).

Induction of bnAbs by epitope-focused immunogens in mice
To evaluate the capacity of the scaffold NPs to induce glycoprotein-
reactive antibodies, we immunized mice following different proto-
cols involving scaffold NPs and a soluble E2 ectodomain [the
patient-derived genotype 2a glycoprotein 2a-3; sE2; (55)]. Seven-
teen mice were immunized with either scaffold NPs [equivalent to a
total of ~9 pg scaffold; E1_S1_HBc (hepatitis B core) (NP E1 Epi),
E2_S2_1_HBc (NP E2 Epil), or a combination of both NP popula-
tions (NPmix)], a prime-boost strategy (3X with sE2, boost with
E2_S2_1_HBc), sE2 alone, or HBc_GFP (green fluorescent protein)
particles lacking scaffold and GB1 as control.

Serum enzyme-linked immunosorbent assay (ELISA) analysis
revealed that the two groups immunized with sE2 alone or in com-
bination with E2_Epil as a prime-boost strategy developed a strong
antibody response targeting a UKN2b_2.8 sE2. In contrast, scaffold
NPs induced very low levels of antibodies binding to sE2 at the stan-
dard serum dilution used in this ELISA (fig. S8A), which became

more apparent in a lower serum dilution, indicating that very low
antibody levels were induced by scaffold NPs (fig. S8B).

To quantify the fraction of nAbs within immune sera, we per-
formed a single-dose neutralization assay using cell culture-derived
HCV particles (HCVcc) from a panel of four different HCV isolates
(Gt1b_J4, Gt2a_Jcl, Gt3a_S52, and Gt5a_SA13) that differ in geno-
type and their degree of neutralization resistance (56). We quantified
neutralization efficiency as individual % infectivity normalized to
mice immunized with sE2. A statistical analysis of the proportion of
total variance due to inter-mouse variability as opposed to variability
due to the immunogen revealed that ~54% of the total observed vari-
ability in % infectivity was accounted for by this inter-animal vari-
ability (tables S3 and S4) (57). Despite this considerable noise level
and the low levels of sE2-reactive antibodies described above, we
observed a significant cross-neutralizing activity for postimmune
sera of mice immunized with epitope-focused immunogens normal-
ized against control NPs (Fig. 4). The induced cross-neutralizing ac-
tivity was observed with higher statistical power when alternatively
analyzed as neutralization ratio (together with the animal-specific
preimmune sera; fig. $9). On the other hand, immunization with sE2
did not induce a considerable nAb titer (Fig. 4) despite high sE2-
reactive antibody titers (fig. S8A) and in line with previous reports
describing a limited capacity of sE2 to induce nAbs (15). Serum neu-
tralization titers for the individual NPs remained modest, with NP
E2 Epil consistently showing better induction of bnAbs. This result
was in line with the fact that several monoclonal Abs (mAbs) (e.g.,
AP33, HCV1, and HC33.8) targeting epitope I are potently nAbs and
in a direct comparison nAb AP33 neutralized HCVcc more efficient-
ly than nAb IGH526 targeting the epitope within E1 (58). Of note, a
single dose of NP E2 Epil used as boost after sE2 priming was suffi-
cient to considerably improve the nAb response, suggesting that the
epitope-focusing effect works in a prime-boost scenario. The highest
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Fig. 3. Characterization of capsid-like immunogen NPs. (A to C) GCl-derived binding kinetics for Fab-NP interactions. Sensorgrams are shown with data in red and their
respective fits in black. Kinetic parameters for a 1-to-1 binding model or a mass transport binding model did not yield any productive values because of the absence of
observable dissociation due to the avidity effect caused by the multivalent nature of the NPs. (D) Negative stain electron microscopy of NPs presenting either scaffold

lacking GB1 (delGB1). Scale bar, 200 nm.
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Fig. 4. NP mix induces bnAbs in C57BL6 mice. A single-dose neutralization assay was used to investigate the induction of nAbs against a panel of four different viruses
that differ in neutralization sensitivity (Gt1b_J4, Gt2a_Jc1, Gt3a_S52, and Gt5a_SA13). (A to D). Female C57BL6 mice were immunized with the indicated immunogen(s) in
two batches [N1 =5 (dark blue), N2 = 12 (light blue)], and the neutralization efficiency of the individual mouse sera is reported as % infectivity (defined as the % infectivity
normalized to mice immunized with control NPs). Colored horizontal bars indicate the arithmetic mean per immunization protocol. Warm colors indicate immunization
protocols with a significant mean change in % infectivity (two-sided one-sample t test against a value of 100% infectivity, false discovery rate-corrected for multiple com-
parisons). Neutralization efficiency was analyzed with linear mixed-effects regression indicating that inter-mouse variability accounted for 54% of total variance (intra-class
correlation coefficient, ICC = 0.54). Neutralization of NPmix was compared to sE2 and control by general linear tests with Dunnett-correction for multiple comparisons. To

satisfy linear model assumption, raw % infectivity values were Box-Cox transformed (A = 1.4) for statistical analysis. n.s., P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

neutralization was achieved by immunizing with a mix of two NP
populations displaying one epitope each—implying that activation
of naive B cells with two epitopes results in an additive effect when
compared with the individual NP populations as well as the sE2 used
in this study (Fig. 4). Antibodies induced by the NP mix cross-
neutralize different HCV genotypes including strain J6 (GT2a),
which is reported to be highly resistant to neutralization (56).

Of note, these results illustrate the minute amounts of E2-reactive
antibodies that are required for efficient in vitro neutralization and
highlight that most antibodies induced by a soluble glycoprotein
bind but do not neutralize HCV in vitro. It will be important to ad-
dress the physiological relevance of these antibodies in infected pa-
tients or vaccinated individuals in the future.

Stimulation of relevant germline genes in human antibody
mice via an NP mix displaying two distinct epitopes

To evaluate the capacity of our NP combination described above to
induce a potent nAb response also in the context of a human antibody

Nagarathinam et al., Sci. Adv. 10, eado2600 (2024) 6 December 2024

repertoire, we immunized human antibody mice with NPmix or
GT2a-3 sE2. All 44 human variable region of Ig heavy chain (Vy) re-
gions with all Dy and Ji gene segments and 39 Vi segments with all Ji
gene segments are used in these animals instead of the cognate mouse
genes, thereby creating an antibody repertoire that closely mimics the
human antibody repertoire (48, 59). Induction of bnAbs was evaluated
by single-dose serum neutralization assay using the same panel of four
viruses described above. Sera from animals immunized with NPmix
showed a marked reduction in infectivity (~50%) compared to control
sera (Fig. 5A), indicating induction of bnAbs also in the context of a
human antibody repertoire. Of note, similar to the results observed for
C57BL6 mice, a direct ELISA of human antibody mouse sera revealed
that scaffold NPs induced very low levels of antibodies binding to sE2
at the standard serum dilution (fig. S8C).

To examine the human antibody response to immunization in
more detail, we isolated single HCV-reactive memory B cells from
the spleen of immunized human antibody mice by magnetic cell
separation and flow cytometric cell sorting (FACS; fig. S10). We
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Fig. 5. Neutralization of HCVcc genotypes with sera from Human antibody mice and isolated mAbs from B cell sequencing immunized with NPmix or sE2 and
ELISA. (A) Human antibody mice were immunized with sE2 GT2a_3 or NPmix. Sera from individual mice were evaluated in a single-dose neutralization assay against the
panel of viruses described in Fig. 4. (A) Scatterplots show individual % infectivity (normalized to mice immunized with sE2) along with the arithmetic mean per immuniza-
tion protocol as in Fig. 4. Neutralization efficiency was analyzed with linear mixed-effects regression indicating that inter-mouse variability accounted for 40% of total
variance (ICC = 0. 4). Follow-up linear models per genotype compared mean % infectivity of mice immunized with NP mix versus sE2. *P < 0.05 (B) A single-dose neutral-
ization assay at 50 pg/ml against a reference panel of 13 HCVcc strains (56) was performed with human mAbs isolated from mice immunized with NPmix (NO1 to N15) and
two well-characterized reference bnAbs (dark gray). Individual % infectivity (normalized to infection in the presence of phosphate-buffered saline) is shown, and each dot
represents an independent HCVcc strain mean value (scatterplot) and the median is highlighted. mAbs with the broadest neutralization capacity are colored (N08, orange;
N15, cyan). Human bnAbs were further analyzed in ELISA against (C) wt (1W4K/2K6Z) or epitope scaffolds E1_S1 (1W4K_08) and E2_S2_1 (2K6Z_01). Parental nAbs IGH526
and HCV1 were used as positive controls and an unrelated human IgG1 antibody as negative control. (D) Broad recognition of sE2 via bnAbs N08 and N15 was tested by
ELISA using sE2 H77¢ (GT1a), J8 (GT2b), ED43 (GT4a), and UKN2b_2.8 (GT2b). As sE2 UKN2b_2.8 was not recognized by bnAb NO08, the well-characterized bnAb HCV1 was
used as positive control in this assay. ELISA results are presented as the mean of three biological replicates with three technical replicates each.

obtained 174 productive paired heavy- and light-chain sequences neutralization assay against a panel of 13 HCVcc strains (Fig. 5B)

that passed the quality control (fig. S11). Sequence analysis revealed
a polyclonal response derived from multiple germlines, with few
clonally related sequences (~2 to 7%). Clonotype analysis revealed
that VH chains originating from Vy3-33 were enriched, which is
also used by other HCV bnAbs such as HCV1 (fig. S11), suggesting
that the designed antigen activates similar germline precursors as
the native viral antigen. We selected 15 sequences based on barcode
frequency (fig. S11), expressed and purified the corresponding
mAbs, and analyzed their neutralization activity via a single-dose
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(56). Two mAbs (N0O8 and N15) showed broad cross-neutralization
capacity, albeit at moderate potency when compared to the well-
characterized reference bnAb AP33 and AR4A (60) with a cross-
neutralization index of 36.6 and 40.7%, respectively.

We analyzed the specificity of both bnAbs in more detail by
ELISA against monomeric scaffold proteins E1_S1and E2_S2_1 as well
as the corresponding wt scaffolds lacking the HCV epitope. BnAb
N15 recognized E1_S1 but did not interact with the corresponding
wt 1W4K protein or with E2_S2_1, whereas bnAb NO08 recognized
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E2_S2_1 but did not interact with the respective wt 2K6Z scaffold or
with E1_S1. A comparative sequence analysis revealed that both
NO08 and N15 drastically differ in heavy chain CDR3 and germline
light chain V-gene from the respective parental bnAbs IGH526 and
HCV1 used for immunogen design (fig. S12), thereby explaining the
observed differences in neutralization potency.

These results were complemented by an ELISA against intact sE2
glycoproteins derived from genotypes ED43 (GT4a), H77c (GT1a),
and J8 (GT2b), which were recognized by bnAb NO08 targeting epit-
ope I within E2, but not bnAb N15 recognizing an epitope within E1
(Fig. 5). In summary, these data demonstrate that our epitope-
focusing immunogens induce epitope-specific bnAbs in the context
of a human antibody repertoire and that these antibodies broadly
neutralize a representative panel of HCV viruses.

DISCUSSION

Despite the undisputed medical need for an efficient HCV vaccine
that protects against chronic HCV infection, the specific approach
to develop such a vaccine remains elusive to date. Several strategies
aiming either at an efficient T cell response or a robust nAb response
have been tested with limited success (4, 61). This is likely due to the
numerous immune evasion mechanisms used by HCV such as its
high antigenic diversity, extensive glycosylation and lipid shielding
of glycoproteins, and an unprecedented conformational flexibility
within the HCV neutralization epitopes (62-64).

Here, we have demonstrated that small thermally stable protein
scaffolds that accurately mimic the structure and specific conforma-
tion of two HCV neutralization epitopes in complex with a human
bnAb can induce nAbs in the context of a murine and a human an-
tibody repertoire. This study represents a proof of concept that
bnAbs targeting conformationally flexible epitopes can be induced
by constraining the conformation of the respective epitope in a con-
formationally more rigid scaffold. Our NP mix induces a bnAb re-
sponse in the murine and human antibody context.

Overall, the observed neutralization titers can still be im-
proved. However, it is important to note that the obtained results
are highly reproducible and significantly exceed the relatively
high noise constituted by the high inter-animal variability. The
neutralization epitopes targeted by epitope-focusing immunogen
design in this study were primarily selected because they are ame-
nable to in silico immunogen design, implying that they might
not necessarily be the epitopes that induce the most potent bnAb
response. Most anti-HCV plasma neutralizing activity targets
known epitopes that are structurally more complex [e.g., the front
layer epitope/AR3 (65, 66) or an epitope at the E1/E2 interface/
AR4 (33, 42)] and therefore less amenable to the approach used in
this study. Recent advances in deep-learning methods to design
proteins that contain prespecified functional sites (67) might al-
low designing of immunogens mimicking such complex epitopes.
A combination of our NP populations with scaffold NPs display-
ing additional epitopes is likely to extend the induced bnAb re-
sponse both in breadth and potency. Eventually, although due to
mismatched human leukocyte antigen and antibody genes, Tri-
anni mice might not be ideal for quantifying antibody responses,
in a pairwise comparison, the bnAb titers induced in human an-
tibody mice exceeded those induced in C57BL6 mice, suggesting
that the efficacy of the NPs to induce bnAbs could be superior in
a human antibody context.
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Previous vaccination studies suggest that a single-shot vaccina-
tion approach will likely be insufficient, and, instead, a prime-boost
strategy will be necessary to induce robust cross-nAb responses. In
such a setting, glycoprotein-based vaccine candidates—independent
of the priming strategy [e.g., mRNA-based approaches (68) ver-
sus mono- and multivalent protein-based approaches (69)]—are
likely to also induce non-nAbs. These results highlight that focusing
of the polyclonal immune response to specific neutralization epit-
opes using scaffold NPs will likely improve potency and breadth of
the induced antibody response, as suggested in the basic prime-
boost protocol reported here. In addition, using epitope-specific im-
munogen designs displaying distinct epitopes in the analysis of
polyclonal sera allows precisely quantifying binding antibodies of
different specificities and thereby offers an accurate approach to fur-
ther analyze the composition of glycoprotein-reactive antibodies in
polyclonal sera in more detail. A deconvolution of a polyclonal se-
rum response has already been performed on the basis of neutral-
ization data (65) but has not been possible to date based on binding
data for glycoprotein-reactive antibodies due to the lack of epitope-
specific immunogen designs. Such an analysis would enable a more
detailed understanding of the correlates of protection for HCV and
thus constitute an important step for rational vaccine design.

In summary, our study shows that structure-based immunogen
designs represent a versatile strategy to induce antibodies against
conformationally flexible neutralization epitopes in general and a
promising alternative for HCV vaccine development. It will be par-
ticularly advantageous to create immunogens that focus the antibody
responses onto specific HCV neutralization epitopes. Our findings
emphasize how such immunogens can be useful in a prime-boost
scenario, where the immune system is primed with a glycoprotein-
based immunogen and subsequently boosted with the scaffold NPs.
In parallel, such epitope-specific scaffolds can also be used as diag-
nostic tool to qualitatively and quantitatively assess a given polyclonal
antibody response and therefore better understand the determinants
of efficient neutralization of HCV.

MATERIALS AND METHODS

Computational design of epitope-focused immunogens

To identify suitable protein scaffolds, 238,276 monomeric proteins
from the PDB (70) were queried for protein backbones in agreement
with the individual epitopes using the Rosetta macromolecular
modeling suite (71, 72). Scaffold candidates were exhaustively ana-
lyzed for segments matching the epitope using protein backbone
root mean square deviation (RMSD) evaluation.

The E1 epitope (residues 314 to 324) was extracted from the crys-
tal structure of the epitope in complex with nAb IGH526 [PDB ID:
4NOY; (38)], and protein scaffolds with a C,-RMSD deviation of
<0.5 A were selected if no atomic clashes were present and the pre-
dicted binding energy to the corresponding antibody was ~20 to 35
Rosetta energy units (REU). In total, nine unique scaffolds were
identified, three of which were selected after visual inspection [PDB
IDs: 2HFQ, 176U, and 1W4K; (73)].

The E2 epitope I (residues 411 to 423) was extracted from the
crystal structure of the epitope-HCV1 antibody complex [PDB ID:
4DGV; (37)]. Putative scaffolds were filtered at <1.0 A backbone
RMSD, less than five clashing atoms, and a predicted binding affin-
ity of <35 REU, resulting in 14 scaffold candidates of which five were
retained after visual inspection [PDB IDs: 1KRI (74), 2EXN (75),
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2K6Z (76), 4CIL (77), 2CY2]. We performed side-chain grafting for
each epitope using the MotifGraft protocol (78) to transplant the
epitope side chains onto the selected scaffolds. Rational design was
implemented to resolve steric clashes between epitope residues and
scaffold residues, as well as scaffold residues and antibody residues
by mutating clashing scaffold positions to appropriate residues, i.e.,
biochemical properties of wild-type residues were retained if possi-
ble. In addition, unnecessary or potentially destabilizing mutations
were reverted. Unpaired cysteines were mutated to alanine or serine
in all scaffolds based on surface exposure. In designs based on scaf-
fold 2K6Z, the native copper-binding site was removed by introduc-
ing mutations at functional residues. Similarly, the catalytic site in
scaffold 2CY2 and the zinc-binding site in scaffold 1Z6U were mu-
tated. Furthermore, extraneous domains were trimmed in several
scaffolds as well as long loop regions at the N or C terminus that
could potentially interfere with antibody binding.

With the described in silico modeling, we arrived at two variants for
each of the unique designs (E1_2HFQ and E1_1Z6U) and eight vari-
ants for E1_1W4K design all presenting E1 epitope; two variants for
each of the four unique designs (E2I_1KRI, E2I_2EXN, E2I_2K6Z,
and E2I_2CY?2) and three variants for the design E2I_4CIL all carrying
E2 epitope I, which were all subjected to in vitro characterization (fig.
S1). Promising design candidates from this first round of selection
were subjected to additional computational design to increase the ther-
mostability of epitope scaffolds E1_1W4K_08 (E1_S1), E2I_2K6Z_01
(E2_S2_1), and E2I_4CIL_03 (E2_S3_3). We followed a previously
described computational procedure (79). Briefly, multiple sequence
alignments (MSAs) were constructed on the basis of the wild-type
amino acid sequence of the epitope scaffolds. The BLASTP algorithm
(80) was used to collect homologous sequences, and hits were removed
if they covered less than 60% of the query sequence or had a sequence
identity of less than 30% of the query sequence. In total, a maximum of
500 hits were retrieved at an e-value cutoff of 107, On the basis of
these sequences, an MSA was generated using MUSCLE (81), and the
resulting MSAs were translated to position-specific scoring matrices
(PSSMs) using PSI-BLAST (82). To identify potentially stabilizing mu-
tations, we used the generated PSSMs alongside Rosetta design (83)
allowing all amino acids to mutate except residues within 7 A of the
corresponding antibody, thus not introducing mutations to the bind-
ing interfaces of the epitope-focused designs. During the design pro-
cess, only mutations that scored higher than the current residue type in
the PSSM were considered as nonnegative scores are likely to occur
during evolution. To keep the number of introduced mutations mini-
mal, we selected mutants only if they improved the overall Rosetta en-
ergy of the epitope scaffold by at least 2 REUs.

Scaffold expression and purification

Codon-optimized computationally designed scaffolds carrying epitopes
of HCV were cloned into the pET28a vector by restriction-free cloning.
The scaffolds were C-terminally tagged with an mNeonGreen-8x
histidine tag connected via a tobacco etch virus (TEV) protease
cleavage site and overexpressed in Escherichia coli BL21(DE3)-
Gold strain. Cells were grown to an optical density at 600 nm
(ODggo) = 0.4 to 1.5 at 220 rpm, 37°C in 1 liter of LB or TB me-
dia and induced with 1 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) at 18°C for further 16 hours of overexpression. The cells were
harvested at 4500¢ with JLA 8.1000 rotor and resuspended in 30 ml
of buffer A [50 mM tris (pH 8), 500 mM NaCl, and 40 mM imidaz-
ole] containing 1X Roche cOmplete EDTA-free protease inhibitor
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cocktail, deoxyribonuclease I (DNase I, 10 pg/ml) for 5 g of wet cell
pellet. The slurry was lysed using a cell disruptor at 1.5 kbar in two
successive rounds, and the lysate was centrifuged at 75,000¢ using a
JA25.50 rotor to remove cell debris and membranes. The lysate was
filtered through a 0.22-pm filter before subjecting to immobilized
nickel affinity chromatography (INAC). HisTrap FF 1 or 5 ml col-
umn was washed with 5 CV of buffer A and loaded with the filtered
supernatant. The column was washed with 10 to 20 CV of buffer A
together with 2% of buffer B to remove unspecifically bound pro-
teins. Further, the scaffolds were eluted in one step with 250 mM
imidazole and subjected to gel-filtration chromatography using Su-
perdex 200 Increase 10/300 GL column in GF buffer [10 mM tris
(pH 8) and 100 mM NacCl]. Scaffold fusions were cleaved with TEV
protease at a ratio of 1:0.25 and mNeonGreen was removed by
reverse-INAC to obtain scaffold alone. Cleaved scaffolds were puri-
fied by gel filtration chromatography using Superdex 75 10/300 GL
in GF buffer. Ten % glycerol was added to all the buffers where required.
The proteins as a fusion or apo-form were concentrated to ~5 mg/ml
using Amicon 5 or 10 kDa molecular weight cut-off (MWCO)
centrifugal filter units. The scaffold fusion or protein alone were
spun for 10 min at 18,213g and 4°C, and the supernatant was flash-
frozen in liquid nitrogen for further analysis or crystallization trials.

Expression and purification of Fab regions of nAbs

Heavy and light chains of the Fab regions of nAbs IGH526, AP33,
and HCB84.1 were cloned as codon-optimized synthetic genes into a
Drosophila S2 Fab expression vector containing two N-terminal
BiP-signal sequences and a C-terminal double Strep tag for the
heavy chain as reported previously (84). For the expression of the
HCV1 Fab, synthetic genes for heavy and light chains were cloned
into two separate Drosophila S2 expression vectors equipped with
N-terminal BiP-signal sequences and in the case of the Ig heavy
chain with a C-terminal double Strep-tag. The sE2 codon-optimized
synthetic gene was cloned into the Drosophila S2 vector containing
the N-terminal BiP-signal sequences and a C-terminal enterokinase
cleavage site followed by a double Strep-tag.

Drosophila S2 cells were transfected with the plasmids together
with a resistance marker puromycin for selection as described previ-
ously (85). Stable transfected S2 cell lines were induced at a density
of ~6 to 8 x 10° cells/ml for 6 to 7 days with 4 uM CdCl, for large-
scale production. Fabs and sE2 were subsequently purified from the
supernatant by affinity chromatography Strep Tactin XT Superflow
resin (IBA, Gottingen, Germany) in a self-packed column followed
by an SEC step (HiLoad 26/600 Superdex 200 pg) in 10 mM tris (pH 8.0)
and 100 mM NaCl. The double Strep-tag was proteolytically re-
moved from the sE2 protein using EKmax enterokinase.

IgGs expression and purification

Synthetic genes of paired heavy and light chain variable regions of
antibodies were bought from Twist Biosciences, which were cloned
as IgG1 into a pcDNA3.1 expression vector under the control of a
cytomegalovirus promoter. Human embryonic kidney ExPi293F
cells were transfected using ExpiFectamineTM 293 transfection re-
agent (both Thermo Fisher Scientific) following the manufacturer’s
recommendation with minor modifications. Briefly, a plasmid-DNA
cocktail containing also expression-enhancing plasmids encoding
the large T antigen of the SV40 virus as well as the cell cycle inhibitors
p21 and p27 (p21 + p27 + SV40 at ratios of 0.69:0.05:0.25:0.01, respec-
tively), was prepared in 5 ml of Opti-MEM (Gibco) at a concentration
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of 1 pg/ml of final culture volume. The ExpiFectamineTM 293
transfection reagent was also diluted in 5 ml of Opti-MEM and
incubated for 5 min at room temperature (RT) followed by mixing
with the plasmid DNA cocktail, incubation for 20 min at RT, and
dropwise addition to the cells. Enhancers were added the next day
between 16 and 18 hours, and, after a 5-day expression, the cells
were pelleted and IgG was purified by affinity chromatography from
the supernatant using a Protein G column (Cytiva) followed by SEC
using a Superdex 200 Increase 10/300 GL (Cytiva) equilibrated in 1X
phosphate-buffered saline (PBS). Purified mAbs were concentrated
and stored at 4°C.

HBc-immunogen CLPs

For the production of capsid-like particles (CLPs) for immunization,
hepatitis B core (HBc) plasmid pRSF-T7-HBc149-GFPopt presenting
GB1 protein alone or together with the plasmid pET28a2-HBc149-
GFP-H6 carrying scaffold in the position of GB1 were cotransformed
into E. coli BL21-CodonPlus(DE3)-RIPL strain (54). Preculture was
inoculated at 0.05 ODgg in 1 liter of media with appropriate antibiot-
ics and were grown to 0.6 to 0.8 ODgq at 220 rpm, 37°C and induced
with 1 mM IPTG at 20°C for further 12 to 16 hours of overexpression.
The cells were harvested at 4500¢ using JLA 8.1000 rotor and resus-
pended in 5 ml of TN300 buffer [25 mM tris-HCI (pH 7.5), 300 mM
NaCl, and 1 mM EDTA] for 3 g of cell pellet. Before cell disruption,
the resuspended cells were treated with 0.5% Triton X-100, lysozyme
(2 mg/ml), and 1X Roche cOmplete EDTA-free protease inhibitor
cocktail for 10 to 15 min at 4°C until the solution becomes viscous
because of the release of the E. coli genomic DNA. Further, the vis-
cous material was incubated for 10 min at RT with DNAse I (0.1 mg/
ml) and 5 mM MgCl, and then disrupted at 1.5 kbar in two successive
rounds. The lysate was centrifuged at 35000¢ for 30 min using JA25.50
rotor, and the supernatant was filtered through a 0.22-pm filter before
sucrose gradient centrifugation. HBc particles presenting both GB1
and the scaffold or GB1 alone were separated by ultracentrifugation
using SW32Ti rotor at 28,000 rpm for 3.5 hours layering on a 10 to
60% sucrose gradient bed prepared in TN300 buffer. Fractions of 2 ml
were fractionated for SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis, and the fractions containing capsid-like immunogen
NPs were pooled together and subjected to gel filtration chromatog-
raphy using HiLoad 26/600 Superdex 200-pg column in capsid buffer
[25 mM tris (pH 8), 500 mM NaCl, and 10% glycerol]. TEV protease
was used at a ratio of 1:0.25 to cleave GB1 off the CLPs left behind
only with scaffold and separated from TEV protease by a second
round of gel filtration chromatography as before. Diluted capsid-like
immunogen NPs were concentrated by sandwiching 5 g of Aquacide
IT powder on either side of a 10-cm length 50-kDa MWCO SnakeSkin
dialysis tubing filled with 30 ml of NP pool. The concentration was
performed at 4°C under constant shaking at 200 rpm until the capsids
reached a concentration of 1 mg/ml. Dialysis was performed twice in
a 3-kDa MWCO SnakeSkin tubing at 4°C for 4 hours against capsid
buffer at a ratio of 1:100 to remove excess of Aquacide II. Alternatively,
CLPs were also concentrated using Amicon stirred cell concentrators
with a 500-kDa MWCO membrane filters. CLPs were spun for 10 min
at 18,213g, 4°C to remove aggregates, and the supernatant was flash-
frozen in liquid nitrogen for further analysis or immunization.

Pull-down assay to detect promising immunogens
Multiple computationally designed scaffolds proteins carrying unique
epitopes of HCV (E1 epitope and epitope I within E2) were assessed
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for lead immunogen candidates by Strep-Tactin XT sepharose pull-
down assay. nAbs antigen-binding fragments (IGH526, HCV1, and
AP33) of the respective HCV epitopes were loaded at quantities of
~100 pg onto to a 0.2-ml bed gravity flow Strep-Tactin sepharose col-
umn previously washed with 10 CV of A1 buffer [10 mM tris (pH 8),
150 mM NaCl, and 1 mM EDTA]. Fabs remain bound to the column
via C-terminal Twin-Strep-Tag. The column was washed with 10 CV
of Al buffer and loaded with 500 pg of scaffold-mNeonGreen protein.
The column was rewashed with 2 CV of A1 buffer and eluted with B1
buffer (Al buffer + 50 mM biotin). The eluate was analyzed using
SDS-PAGE gel electrophoresis followed by Coomassie staining to as-
sess the complex formation of the immunogen with the Fab.

CD spectroscopy and thermostability measurements
Experiments were performed using a Chirascan V100 CD spectrom-
eter (AppliedPhotonics). Far-ultraviolet CD spectra of designed scaf-
folds were collected between a wavelength of 190 and 250 nm in a
1-mm path-length quartz cuvette. Proteins were dissolved in PBS
buffer (pH 7.4) at concentrations between 20 and 40 pM. Wavelength
spectra were averaged from two scans with a scanning speed of 20 nm
min~" and a response time of 0.125 s. The thermal denaturation
curves were collected by measuring the change in ellipticity at 218 or
222 nm over a temperature range from 20° to 95°C with 2° or 5°C
increments. The resulting data were converted to mean residue el-
lipticity, fitted to a two-state model, and apparent melting tempera-
tures (T,,) were obtained.

Size exclusion chromatography multiangle laser

light scattering

Concentrated proteins were further purified by SEC on a HiLoad
16/600 Superdex 75 pg (GE Healthcare) column in 1x PBS buffer.
Protein concentrations were determined by measuring the absor-
bance at 280 nm on a Nanodrop (Thermo Fisher Scientific) by using
the protein’s corresponding extinction coefficient.

MALS was used to assess the monodispersity and molecular
weight of the proteins. Samples containing between 50 and 100 pg of
protein in PBS buffer (pH 7.4) were injected into a Superdex 75
10/300 GL column (GE Healthcare) using an HPLC system (Ulti-
mate 3000, Thermo Fisher Scientific) at a flow rate of 0.5 ml min~!
coupled in-line to an MALS device (miniDAWN TREOS, Wyatt).
Static light-scattering signal was recorded from three different scat-
tering angles. The scattering data were analyzed by ASTRA software
(version 6.1, Wyatt).

Crystallization of immunogen-Fab complexes

Purified scaffold and their respective Fab fragments (E1_S1 + Fab
IGH526, E2_S3_3T1 alone) were mixed at a ratio of 1:1.5 and incu-
bated overnight at 4°C allowing the formation of scaffold- Fab com-
plex. The scaffold excess was removed by gel filtration chromatography
using a HiLoad 26/600 Superdex 200- pg column in GF buffer. The
peak fractions were pooled and concentrated to 10 mg/ml for E1_
S1-Fab complex and E2_S3_3T1 scaffold alone. All the crystalliza-
tion trials were performed in SWISSCI MRC 96- well plates. Crystals
of the complex and the scaffold alone were grown by the vapor-
diffusion sitting drop technique with each drop formed by 100 nl of

the precipitant solution and 100 nl of protein equilibrated against 50
pl of the precipitant solution. Crystals of E1_S1-Fab complex grew in
the condition, H10 from JCSG+ (Molecular Dimensions) and E2_
S3_3T1 crystals grew in the condition, F8 JBScreen Wizard 3 and 4
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HTS. Protein crystals were fished from the 96-well sitting drops
through 0.5 pl of 20% glycerol cryoprotectant solution layered on top
of the crystal drop and directly flash-frozen in liquid nitrogen for x-
ray data collection. Data statistics are tabulated in table S1.

Structure determination and refinement

Diffraction data were integrated by XDS (Kabsch, 1988). The crys-
tals structures were solved using molecular replacement method
with phenix.phaser using the appropriate search models; PDB ID:
1W4K, 4CIL for the designed scaffolds and PDB ID: 4N0Y (IGH526)
for the Fab region (86). Subsequent model building was performed
using COOT and further refined using phenix.refine program (86).
Refinement statistics are provided in table S1. All crystal structure
figures were generated with PyMol.

Grating-coupled interferometry

Experiments were performed with the Creoptix WAVE delta instru-
ment (Creoptix AG) using 4PCH WAVE chips. Fresh 4PCH WAVE
chips were conditioned with borate buffer [100 mM sodium borate
(pH 9.0) and 1 M NaCl], and then StrepTactin XT (IBA GmbH) was
immobilized on the surface to levels of 5600 to 5800 pg/mm?® using
the standard direct amine coupling approach and a flow rate of
10 pl/min. Briefly, the surface was activated for 7 min with 1:1 (v/v)
mix of 365 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride and 100 mM N-hydroxysuccinimide (Amine cou-
pling kit, GE Healthcare), followed by the injection of StrepTactinXT
(25 pg/ml) in 10 mM sodium acetate (pH 4.5) and finished with a
final quenching step with 1 M ethanolamine (pH 8.5) (Amine cou-
pling kit, GE Healthcare) for 7 min.

Multicycle kinetic measurements were performed at 25°C at a
flow rate of 120 pl/min with a 1:2 dilution series of the analyte.
Therefore, the respective twin strep-tagged Fabs (25 to 200 pg/ml)
were captured in every cycle on the surface until the desired density
was reached. After the injection of the analyte, the surfaces were re-
generated with (i) 10 mM NaOH and 500 mM NaCl or (ii)) 3 M
guanidinium hydrochloride (HC84.1 Fab-binding experiments).
Kinetic analyses were performed in a running buffer containing
10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.05% v/v
Tween 20 with 1:2 dilution series for scaffolds and particles in dupli-
cates. Blank injections were used for double referencing and a di-
methyl sulfoxide calibration curve for bulk correction. Analysis and
correction of the obtained data were performed using the Creoptix
WAVE control software using a 1-to-1 binding model for kinetic
analysis. A mass transport binding model was used for the IGH526
Fab-E1_S1 binding experiments.

Quantification of capsid-like immunogen NPs in SDS-PAGE
gel for immunization by densitometry analysis

The amount of the scaffold present in the sample of individual capsid-
like immunogen NPs was quantified as follows. Flash-frozen aliquots
of NPs adjusted to a concentration of 1 to 1.5 mg/ml were thawed to
RT and spun at 18,213g for 10 min. Five microliters from the unboiled
mix of capsid-like immunogen NPs (25 pl) with 5x SDS-PAGE sam-
ple bufter (5 pl) were loaded onto the SDS-PAGE well and subjected
to SDS-PAGE electrophoresis. In-gel fluorescence imaging was per-
formed with an excitation wavelength of Alexa Fluor 488 using
Chemidoc MP to identify the monomer and homodimer_HBc_GFP
bands. Densitometry analysis was performed on the Coomassie-
stained gel using Image Lab Software from Bio-Rad to normalize the
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scaffold concentration for immunization in mice, i.e., 50 pl of the con-
centrate consisted of 15 to 25 pg of scaffold for the individual NPs and
for the NP mix, 4 to 6 pg of each of the scaffold, which is equivalent to
total protein content of 75 pg per dose. The quantities of scaffold were
calculated by considering the molar mass percentage of an intact
HBc_homodimer flanked with GFP molecules, one protomer depleted
of GBI and the other flanked with the respective scaffold.

Negative stain electron microscopy of capsid-like
immunogen NPs

Grids (Ultrathin carbon film on a copper support grid, 400 Mesh,
Electron Microscopy Science) were plasma cleaned for 30 s with the
PDC-32G-2 Basic Plasma Cleaner (Harrick Plasma). Five microliters
of the sample at a concentration of 0.15 mg/ml in 25 pM tris (pH 7.5)
and 500 mM NaCl was applied onto the grid and incubated for 2 min
at RT. Then, the grids were washed three times with water and stained
afterward with 2% (w/v) uranyl formate for 30 s. The grids were im-
aged on a Morgagni 268 microscope operated at 80 kV equipped
with a Wolfram filament. Images were taken with a Side-Mount Veleta
camera 2x2K (Olympus Soft Imaging Solutions, Miinster).

Immunization of C57BL6 and human antibody mice
Seventeen female C57BL6 mice (5 to 6 weeks old) or 10 human an-
tibody mice were immunized each with ~9 pg of scaffold based on
densitometric analyses shown in fig. S7 and the expected occupancy
of the scaffold per HBc NP within 50 pl of individual CLPs (control -
delGB1_HBc, NP Epi El, or NP E2 Epil) or 100 pl of combination
of both scaffold capsid-like NPs (NP Epi E1 and NP E2 Epil) or with
2 pg of soluble E2 ectodomain (genotype 2a-3). The latter dose was
selected in view of two recent studies demonstrating an efficient an-
tibody induction using doses of 1 to 2 pug (87) and 1 pg (88). Fresh
NP aliquots were thawed on ice for each vaccination and spun at
18,213g, 10 min using a tabletop centrifuge at 4°. After centrifuga-
tion, the supernatant was transferred to a fresh tube and used for
vaccination studies. Each animal was vaccinated four times at a
2-week interval (weeks 0, 2, 4, and 6), thereby allowing for a straight-
forward evaluation of prime-boost strategies by switching antigens
between weeks 0 and 6. Antigens (NPs or soluble proteins) with
cyclic-di-adenosine monophosphate (7.5 pg per dose) were mixed
with equal volume of alum and injected either intraperitoneally
(NPs) or intramuscularly (soluble protein). For the latter, for each
animal, the inoculum was split into two equal doses, which were
applied to the right and left thigh muscles. Preimmunization sam-
ples were collected at week 0 before the first injection. Terminal
bleeds were performed at week 9. Blood samples were centrifuged at
4000g, and the serum collected was stored in aliquots at —80°C until
use for ELISA, neutralization, and antibody purification assays. All
procedures were performed according to European and German
legislation and were approved by the local Animal Ethics Commit-
tee in Regensburg for C57BL6 mice (animal study approval num-
bers 54-2532.4-04/14 and 55.2.2-2532.2-953-20) and in Erlangen
for human antibody mice, respectively (animal study approval num-
ber 55.2.2-2532.2-961).

Flow cytometric sorting of B cells, sequencing, and analysis

Frozen splenocytes from four human antibody mice immunized
with NPs and four mice immunized with recombinant HCV E2
were thawed and enriched for CD19™ cells using CD19 MicroBeads
(mouse) and LS column (both Miltenyi Biotec). Fc receptors of the
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CD19" splenocytes were blocked using rat anti-mouse CD16/CD32
(1/100). Next, the splenocytes were stained with rat anti-mouse
CD8a (1/400), CD4 (1/400), F4/80 (1/100), and Ly6G/Ly-6C (Gr-1;
1/400) (all four antibodies were containing eFluor 450 fluorophore),
CD83 (1/400, Alexa Fluor 700), CD45R (1/200, APC), IgM (1/200,
PerCP-eFluor 710), and IgG1 (1/400, Brilliant Violet 750, BD
Biosciences). All the antibodies except rat anti-mouse IgG1 were
purchased from eBioscience. Last, the equimolar amounts of pHA4
sE2_GT2a_3, E1_S1, E2_S2_1 antigens fused to mRuby2 fluores-
cent protein (all 0.73 pM) and of E1_SIWT, E2_S2WT antigens
fused to GFP (both 4.7 pM) were added to the staining mixture.
DAPI (4',6-diamidino-2-phenylindole) staining was used to identi-
fy dead cells. CD19" splenocytes from both immunized mice groups
exhibiting DAPI™, CD8a™, CD4", F4/80, Ly6G/Ly-6C~, IgM ™, E1_
SIWT_GFP~, E2_S2WT_GFP~, CD83*, CD45R", IgG1*, pHA4_
sE2_GT2a_3 mRuby2+ E1_S1 mRuby2+ and E2_S2_1_mRuby2*
phenotype were sorted at Central Research Facility Cell Sorting,
Hannover Medical School on a BD Bioscience FACSAria III Fusion
sorter (fig. S11). The sorted cell suspensions were processed with the
Chromium Next GEM Single Cell V(D)] Reagent Kits v1.1. Se-
quencing of the scBCR libraries was performed on the Illumina
NovaSeq 6000 PE150 platform. The flow cytometry data were
analyzed using the FlowJo software, while the sequencing data were
analyzed with the Loupe V(D)J Browser, and productive sequences
were reannotated with IMGT/HighV-Quest.

HCVcc neutralization assay

For inhibition of HCV infection, 200 pl of a Huh7.5 cell suspension
was seeded into each well of a 96-well plate 24 hours before inocula-
tion (10,000 cells per well). Luciferase reporter viruses of strains
Gtlb_J4, Gt2a_Jcl, Gt3a_S52, and Gt5a_SA13 were mixed with in-
dicated mouse sera (sera have been heat inactivated at 56°C for 30 min
and used in a final dilution of 1:20) and preincubated for 45 min
at 37°C. This mixture was used to inoculate cells for 4 hours in trip-
licates per serum. Thereafter, 170 pl of cell culture medium was
added onto the cells. Viral infection was determined 72 hours after
infection. Therefore, the supernatant was removed, and the cells
were washed with PBS and subsequently lysed by addition of 35 pl
of MilliQ water, one freeze/thaw cycle and resuspension of cells. Af-
ter addition of luciferase substrate (1 pM colenterazine; PJ.K.,
Kleinbittersdorf, Germany; in PBS), relative light units were mea-
sured ina plateluminometer (Lumat LB Centro, Berthold, Germany).

Enzyme-linked immunosorbent assay

Nunc-Immuno Maxisorp 96-well plates were coated with 50 pl of sol-
uble E2 glycoproteins or scaffolds at 0.5 to 5 jig/ml concentration incu-
bated overnight at 4°C. Ninety-six—well plates were then washed with
300 pl of 1x PBS supplemented with 0.05% Tween-20 (PBST) and
blocked with 100 pl of 10% milk to minimize unspecific binding. The
plates were then washed once with 1x PBST and further incubated for
1 hour at RT with 50 pl of mice sera or IgGs at appropriate dilutions or
in w/v. Excess or unbound Abs were washed thrice again with 1X PBST
and incubated with the 50 pl of secondary antibody anti-human or
anti-mouse horseradish peroxidase for 1 hour at RT. Unbound 2° Ab
was removed by washing thrice again with PBST before treating with a
100 pl mixture of equal volumes of substrates TMB A + TMB B. The
plates were incubated for 10 min, and peroxidase reaction was stopped
using 50 pl of 1 M H3POy solution. The plates were immediately mea-
sured at 450 nm using a 96-well plate spectrophotometer.
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Statistical analysis

We analyzed differences in neutralization efficiency as a function of
immunization strategy, HCV strains, and experimental batch using
linear mixed-effects models and followed up with planned compari-
sons. Crucially, we used linear-mixed effects models as they explic-
itly account for dependencies in the data, here, repeated measures
per individual mouse across four different HCV genotypes (57). We
quantified the proportion of total variance that is due to inter-mouse
variability by the unadjusted intra-class correlation coefficient [ICC;
(89)]. For consistency, neutralization efficiency was defined as % in-
fectivity relative to the mean % infectivity of mice immunized with
control NPs throughout. We applied a Box-Cox transformation (A =
1.4) to raw % infectivity results of C57BL6 mice to satisfy linear
model assumptions. For C57BL6 mice, we additionally analyzed
neutralization efficiency by the ratio of individual neutralization re-
sponses in post- versus preimmune serum. Note that this post ver-
sus pre within-mouse comparison provides additional compelling
evidence that is higher in statistical power than a between-mouse
treatment versus control analysis. Unfortunately, preimmune sera
were not available for the follow-up study on human antibody mice
for which we therefore only report the established % infectivity met-
ric of neutralization efficiency.

Linear mixed-effect models included immunization strategy,
HCV genotype, as well as their interaction as fixed-effect predictors
of interest, and experimental batch as nuisance regressor. Inter-
mouse variability in neutralization response was accounted for by the
inclusion of mice-specific random intercepts. We summarized the
fixed-effect results by type III analysis of variance using Satterthwaite’s
approximation of degrees of freedom and followed up on significant
interactions of immunization strategy and HCV genotype by run-
ning simple linear models separately per HCV genotype. For the
experiment on laboratory mice, we applied general linear tests for
planned comparisons of NPmix with sE2, and the basic control
group. We applied the Dunnett correction for multiple comparisons
(90). For visualization, group-level neutralization results per immu-
nization strategy and HCV strain were tested against a value of
100% infectivity using two-sided one-sample ¢ tests. P values were
corrected by controlling for the false discovery rate (91). Complete
model results are reported in tables S3 and S4.

Supplementary Materials
This PDF file includes:

Figs.S1to S12

Tables S1to S5
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