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Abstract

Human monoclonal antibodies (HMADbs) with neutralizing capabilities constitute potential
immune-based treatments or prophylaxis against hepatitis C virus (HCV). However, lack of cell
culture-derived HCV (HCVcc) harboring authentic envelope proteins (E1/E2) has hindered
neutralization investigations across genotypes, subtypes, and isolates. We investigated the breadth
of neutralization of 10 HMADbs with therapeutic potential against a panel of 16 JFH1-based
HCVcc expressing patient-derived Core-NS2 from genotypes 1a (strains H77, TN, and DH6), 1b
(J4, DH1, and DH5), 2a (36, JFH1, and T9), 2b (J8, DH8, and DH10), 2c (S83), and 3a (S52,
DBN, and DH11). Virus stocks used for in vitro neutralization analysis contained authentic E1/E2,
with the exception of full-length JFH1 that acquired the N417S substitution in E2. The 50%
inhibition concentration (1Csp) for each HMADb against the HCVcc panel was determined by dose-
response neutralization assays in Huh7.5 cells with antibody concentrations ranging from 0.0012
to 100 pg/ml. Interestingly, ICsg-values against the different HCVcc’s exhibited large variations
among the HMADbs, and only three HMAbs (HC-1AM, HC84.24, and AR4A) neutralized all 16
HCVcc recombinants. Furthermore, the ICgg-values for a given HMADb varied greatly with the
HCVcec strain, which supports the use of a diverse virus panel. In cooperation analyses, HMAbs
HC84.24, AR3A, and, especially HC84.26, demonstrated synergistic effects towards the majority
of the HCVcc’s when combined individually with AR4A. Conclusion: Through a neutralization
analysis of 10 clinically relevant HMADbs against 16 JFH1-based Core-NS2 recombinants from
genotypes 1a, 1b, 2a, 2b, 2c, and 3a, we identified at least 3 HMADbs with potent and broad
neutralization potential. The neutralization synergism obtained when pooling the most potent
HMADs could have significant implications for developing novel strategies to treat and control
HCV.
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Hepatitis C virus (HCV) remains a major health burden, with over 130 million infected
individuals at increased risk of developing liver cirrhosis and hepatocellular carcinomal.
Treatment regimens with interferon-a/ribavirin and direct-acting antivirals show variable
effectiveness against different viral genotypes, induce viral escape, and cause severe side
effects?. Neutralizing antibodies (NAbs) could improve treatment efficacy or be a
prophylactic measure following liver transplantation in HCV patients, as in hepatitis B
patients3. Recently, interest in humoral immunity has increased following studies showing
that HCV-specific NAbs play a protective role against this genetically diverse virus#8. HCV
is divided into six clinically important genotypes and numerous subtypes, which differ on
the nucleotide level by ~30% and 15-20%, respectively®. Genotypes 1-3 account for an
estimated 80% of HCV infections worldwidel?.

The HCV envelope proteins, E1 and E2, form a heterodimer on the virion surface with key
roles in the host-cell infection, being the main target for NAbs. The virus has a high amino
acid (aa) substitution rate in infected patients, providing evasion against host-derived
immune responses!l. Combined with extensive global HCV heterogeneity, this is a major
challenge for the development of treatment and vaccine strategies!. The utilization of
human monoclonal antibodies (HMAbs) with broadly neutralizing capabilities targeting
conserved viral epitopes could constitute novel regimens in HCV prophylaxis and therapy.
In a recent study, we found that HCV isolates that were resistant to polyclonal antibodies
derived from patients with chronic HCV were sensitive to neutralization by HMAbs12,
Several HCV-specific HMADbs with clinical potential have been developed3-18, These
HMADbs demonstrate neutralizing capabilities in vitro and in vivo, with the most efficient
candidates targeting epitopes on E2 or the E1/E2 complex®. Although a number of
neutralizing HMADbs have been tested for their cross-neutralizing capabilities against single
HCVcc isolates from genotypes 1-613:14.16 3 thorough investigation of HMAD efficacy
within and among HCV genotypes has not been performed2°,

Since the discovery of HCV, the lack of cell culture-derived HCV (HCVCcc) panels
comprising strains reflecting global HCV diversity has hampered analyses of emerging
antiviral drugs and HMADbs for efficacy on a broad range of viral isolates. With the
discovery of the 2a JFH1 strain?!, and the subsequent generation of JFH1-based
Core/E1/E2/p7/NS2 (Core-NS2) recombinants, HCVcc systems for all major genotypes and
important subtypes have been developed!222-28 \With the aim of identifying therapeutically
relevant HMAbs with broad HCV neutralization capability across genotypes, subtypes, and
isolates, we tested the efficacy of 10 HMADbs targeting various sites on HCV E1/E213-18.29
against a panel of 16 JFH1-based recombinants comprising Core-NS2 of genotypes
1-312:22,24.26,27,30 Moreover, HMAbs with complementary neutralization profiles were
selected for cooperation analyses in which the degree of neutralization synergy was
evaluated.
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Materials and Methods

Cell culture assays

Culturing of Huh7.5 cells, in vitro transcription and transfection of HCV RNA genomes, and
infection were conducted as described?. The percent infected cells was estimated every 2-3
days by immunostaining using anti-NS5A primary antibody (9E1024) and Alexa Flour 594
goat anti-mouse IgG (H+L) secondary antibody (Invitrogen). Cell supernatants were
collected when HCV infection was >80%, and infectivity titers expressed as Focus Forming
Units per milliliter (FFU/mL) were determined as described?6:27,

JFH1-based recombinants

Previously developed genotypes 1-3 Core-NS2 JFH1-based recombinants were used,
including adapted 1a (H77/JFH1V787A,Q1247L, TN/JFH1R1408W, DH6/
JFH1V157A,V787A,5905C,Q12471)26.27 1b (J4/JFH1F886L,Q1496L, DH1/
JFH1F886L,Q1496L, DH5/JFH1F886L,R1369Q,Q14961)%2:27 and 3a (DBN/
JFH1WB838R,K1398Q, S52/JFH11793S,K1404Q)2227 (aa numbering according to H77
reference, GenBank accession number AF009606), as well as 2a (J6/JFH1, T9/JFH1)12.24,
2b (DH8/JFH1, DH10/JFH1, J8/JFH1)12:22 and 2¢ (S83/JFH1)12 without adaptive
mutations. In addition, we used JFH139. Furthermore, we constructed 3a recombinant
DH11/JFH112.27 In short, we developed a 3078 nucleotide Core-NS2 consensus clone
based on five clones derived from RT-PCR of extracted HCV RNA. The final DH11 Core-
NS2 sequence was identical to the consensus nucleotide sequence. DH11/JFH1 was
generated through ligation of DH11 Core-NS2 consensus into pJFH1 following Agel
(5’UTR) and Spel (NS3) digests. T1089A, identified in another 3a recombinant?’, was
inserted by site-directed mutagenesis. In passaging DH11/JFH1T1089A, V783D was
identified and introduced, thus generating DH11/JFH1V783D,T1089A. In the remainder of
the text, the HCVcc name relates to the isolate-specific Core-NS2.

For each Core-NS2 recombinant and JFH1, stocks were prepared by inoculating Huh7.5
cells with a multiplicity of infection (MOI) of ~0.003. Virus stocks originated from 2" or
3" passage cell culture supernatant. The consensus E1/E2 sequence of virus recovered from
final stocks was determined by direct sequencing of amplicons as described?6:27, For the
E1/E2 alignment, we used Molecular Evolutionary Genetics Analysis (MEGADS).

HCV-specific human monoclonal antibodies

The HMADbs selected for our study were: CBH-5 and CBH-7, which were derived from a
HCV genotype 1b-infected patient'>; HC-11 and the affinity maturated HC-1 (HC-1AM)18,
which are from a la-infected individual?®; HC33.4.10, HC84.24, and HC84.26, which are
from a 2b-infected blood donor;1416 and AR3A, AR4A, and AR5A, which are also from a
la-infected patient!3.17. The R04 and b6 monoclonal antibodies, which target
cytomegalovirus!® and human immunodeficiency virus!’ proteins, were used as isotype-
matched controls. HMAD stocks were obtained from The Scripps Research Institute and
Stanford University School of Medicine. In order to directly compare the antibody
concentrations of individual HMADbs, human IgG content was quantified in-house at
Hvidovre Hospital using Cobas c-systems (Roche/Hitachi).

Hepatology. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carlsen et al.

Page 4

HMADbs dose-response neutralization analysis

The neutralization activity of the HMAbs was quantified in a dose-response assay using
FFUs as a read-out, as described!2. In brief, 6x103 Huh7.5 cells/well were plated in a poly-
D-lysine-coated 96-well plate. The following day, a volume of virus stock corresponding to
a read-out of 15-300 FFU/well was mixed with a given HMADb in 5-fold dilutions ranging
from 0.0012 to 100 ug/ml, incubated 1h at 37°C, and used to infect plated Huh7.5 cells 3h at
37°C. Depending on the HMAD, the isotype-matched antibodies R04 or b6 were included as
controls!®17. Cells were washed and incubated for 45h, before HCV-specific staining and
neutralization quantification by counting FFUs on an ImmunoSpot 5 UV analyzer (CTL
Europe GmbH)?Z’. Prior to the determination of percent neutralization, background FFUs,
which were defined as the mean number of FFUs in six uninfected wells, were subtracted
from all wells. Percent neutralization was then determined by comparing four replicate wells
infected with virussfHMAb mixture relative to six replicate wells infected with virus alone.

The inhibitory concentration for 50% virus neutralization (1C5p-value) was computed in
GraphPad Prism 6 using a Sigmoidal dose-response curve (variable slope) with bottom and
top constraints of 0 and 100. The ICsg-value was only calculated when the 100 pg/ml
concentration resulted in >50% neutralization. The statistical significance of differences
between ICgg-values for a given HMAb was determined using the Chi-squared test and
Fisher’s exact test.

HMAD cooperation analysis

Results

We used the median effect analysis method of Chou and Talalay and the well-established
CompuSyn software (ComboSyn)4. Neutralization assays were performed as described
above, but, for each antibody, a 2-fold dilution series was used, that ranged from 274 to 23-
fold the 1C5q value determined for the given antibodies. Dose-response neutralizations were
done for the selected HMADbs alone and in combination against the HCVcc’s. The calculated
percentage of virus neutralization was fed into CompuSyn as fractional effects (Fa) ranging
from 0.01-0.99. Using Fa-values, dose-response curves for HMADbs, alone and in
combination, were generated in CompuSyn, and the combination index (CI) was calculated
using the Fa-values and curve shape/slope from the dose-response neutralization graph.

Development of a panel of genetically heterogeneous HCVcc genotype 1-3 viruses for
HMAD neutralization analysis

To obtain a panel of genotype 1-3 HCVcc’s encompassing the structural proteins of at least
three patient-derived strains from each major genotype, we used previously developed
JFH130 and JFH1-based Core-NS2 recombinants!2:22:24.26.27 and a novel 3a (DH11) Core-
NS2 recombinant. Thus, 16 HCVcc virus stocks of 1a (H77, TN, DH6), 1b (J4, DH1, DH5),
2a (J6, T9, JFH1), 2b (DH8, DH10, J8), 2c (S83), and 3a (DH11, DBN, S52) were
generated. They had peak infectivity titers ranging from 1033 to 10°-3 FFU/ml and, except
for JFH1, did not harbor E1/E2 aa substitutions. JFH1 had E2 aa change N417S, earlier
identified as an adaptive mutation3Z.
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A phylogenetic analysis of the E1/E2 glycoproteins of the genotype 1-3 HCVcc’s is shown
in Fig. 1. The percent aa difference between the E1/E2 of isolates from genotype 1
compared to isolates of genotypes 2 and 3 ranged from 30-35% and 28-30%, respectively,
and the difference between isolates of genotypes 2 and 3 was 35-39%. Inter-subtype E1/E2
variation within genotypes 1 and 2 was 18-25%, and differences among isolates within
subtypes were >6% (Fig. 1). Thus, the genotypes 1-3 HCVcc panel exhibited significant
genetic diversity at the isolate, subtype, and genotype level, hence constituting a valuable
tool to study the breadth of HMAb neutralization.

Breadth of neutralization of HMAbs against the genotype 1-3 HCV panel

Ten previously identified HMAbs with therapeutic potential were tested for their
neutralization capability by FFU reduction using the genetically diverse genotype 1-3
HCVcc panell3-18.29 \\e tested each HMAD in a dose-response analysis against 16 HCVcc
isolates (Supplemental Fig. 1) and determined 1Csq values (Table 1). Fig. 2 represents dose-
response neutralization using HMAbs HC84.24 (A, C, E) and AR4A (B, D, F), which have
distinct envelope targets.

The neutralization effectiveness against the different HCVcc’s varied greatly among the
HMADbs. Only HC84.24, AR4A, and HC-1AM neutralized at least 50% of the virus for all
genotype 1-3 HCVcc strains at <100 pg/ml, thus conferring full breadth of protection (Table
1). The range of ICgg-values across virus strains for HC84.24, AR4A, and HC-1AM was
0.01-36 pg/ml, 0.07-65 pg/ml, and 0.03-98 pg/ml, respectively. In addition, AR3A had low
ICso-values against most strains (Table 1). Although HC84.26 exhibited poor neutralization
against DH6 and DBN (ICgg-values >100 ug/ml), this HMAb had the most efficient
neutralization (Fig. 3) with an ICgg-value range from 0.01-2.08 pg/ml against the 14
remaining strains (Table 1).

To identify HMAbs with the highest efficacy, we compared the I1Csg-value of each HMAD
against a given HCVcc to the 1C50 values of each of the other HMAbs against the given
HCVcc. We then compiled the data for all the viruses in the panel and determined the
statistical significance using Fisher’s exact test (Table 2). Thus, neutralization using
HC84.26 against specific HCVcc’s was significantly better than 8 of the 9 remaining
HMADbs, HC84.24 was significantly better than 5 of the 9, HC-1AM was significantly better
than 3 of the 9, and AR4A neutralization was significantly better than 2 of the 9 remaining
HMADbs (Table 2).

The HMADb with the least cross-neutralization ability was CBH-7, in which 1Cgy-values for
only 6 of 16 HCVcc (H77, J4, J6, JFH1, J8, and DH8) could be calculated. Moreover,
CBH-5, HC-11, HC33.4.10, and AR5A had a lower degree of cross-neutralization potential
compared to the other HMADbs.

The 1Csp-values identified for each HMADb against the various HCVcc strains were very
diverse. Using Chi-square analysis, the differences in 1C5p-values against the 16 HCVcc
strains for each HMAb were found to be highly statistically significant (p<10~%) supporting
the use of a large panel of HCV isolates (Table 3). The DH6 isolate exhibited the highest
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level of neutralization resistance with the lowest ICsq being 36 pg/ml. In contrast, JFH1 had
the lowest ICsg-value against all HMAbs except HC33.4.10.

1:1 pooling of AR4A with HC84.24, HC84.26 or AR3A induced synergy in neutralization of
genotype 1-3 HCVccC's

We investigated the synergistic potential of the HMAbs with the highest neutralization
capabilities using cooperation analysis'4. HC84.24, HC84.26, and AR4A were selected for
this study based on the observed low 1C5p-values and reported differences in epitope targets
(Supplemental Fig. 2). AR4A was used as the main candidate, since it complemented
HCB84.24 and HC84.26 in HCVcc neutralization efficacy across isolates (Fig. 3) and has a
different epitope target13:16:29 |n addition, selection of these HMADbs for additional
investigation was supported by recent studies, which demonstrated their neutralization
ability across genotypes!3.16. Although, overall, HC84.26 exhibited the lowest ICsg-values,
it was unable to neutralize DBN and DH6. In addition, due to insufficient amounts of
HC84.24, the cooperation analysis against these recombinants could not be performed.
Hence, the AR3A was included to investigate possible synergy against the neutralization
resistant DH6 and DBN. Thus, we performed the cooperation analysis, using AR4A in
combination with HC84.24, HC84.26 or AR3A, respectively, against the genotype 1-3
HCVcc panel.

In general, HCV isolates for which the 1Csp-value was <100 pg/ml in the initial
neutralization (Table 1) were included for investigation. Figure 4A shows a representative
dose-neutralization curve for the cooperation analysis of HC84.26 and AR4A in the
neutralization of DH1. Percent neutralizations at a given antibody concentration were input
into the CompuSyn software as a fractional effect (Fa), and the Fa values were used to
calculate the Combination Index (CI), which represents a quantitative measurement of the
degree of cooperation at a given Fa endpoint. Fig. 4B illustrates a sample Cl-Fa plot of
HCB84.26 and AR4A. Cl-values at essential Fa endpoints (50%, 75%, and 90% effective
dose (ED)) are shown in Table 4 for HMAb combinations against the HCVcc panel.
Interestingly, the majority of the HMADbs tested had Cl-values defined as synergistic in
HCVcc neutralization. The synergistic effect ranged from slight to strong synergism,
although the majority had moderate synergism (Table 4).

Based on the Cl-values at ED75 and EDgg, synergism was identified in 10 of 14 HCVcc’s
when combining HC84.24/AR4A, with Cl-values ranging from 0.20-0.88; in 12 of 14
strains for HC84.26/AR4A, with Cl-values ranging from 0.37-0.89; and in 10 of 15 HCVcc
for AR3A/AR4A, with Cl-values ranging from 0.08-0.85 (Table 4). Only H77, DH1, JFH1,
and S52 (HC84.24/AR4A), JFH1 and DH11 (HC84.26/AR4A), and JFH1, J8, DH8, DH11,
and DBN (AR3A/AR4A) did not exhibit direct synergy at ED75 and EDgg, showing Cl-
values from 0.90-2.80, which define a nearly additive-to-antagonistic effect. At EDgq 9 of
14 (HCB84.24/AR4A), 10 of 14 (HC84.26/AR4A), and 8 of 15 (AR3A/AR4A) HCVcc
isolates exhibited synergism with Cl-values ranging from 0.19-0.90. At EDsg, only a
minority of the HMADs’ cooperative effect against the HCVcc recombinants converted from
synergistic to nearly additive or antagonistic compared to the ED75 and EDgq (Table 4).
Even though synergistic effects of HMAbs were not seen against some viruses in the HCVcc
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panel, pooling of these HMADs still efficiently neutralized these viruses in a dose-response
manner. Interestingly, analysis of AR3A/AR4A cooperation against the neutralization
resistant DH6 showed a synergistic effect ranging from 0.52-0.72 at EDs(, ED75, and EDgg
(Table 4).

Overall, these results indicate synergistic effects of combining AR4A with HC84.24,
HC84.26 or AR3A against genotypes 1-3 HCVcc strains. Thus, the approach for selection of
NADbs for possible synergistic effect, i.e. complementing neutralization efficacy and distinct
epitope targets between HMADbs, seems feasible. Synergism could be identified in the
majority of cases, albeit with a wide range of Cl-values. This further supports the use of a
diverse HCVcc panel.

Discussion

We used a panel of 16 JFH1-based Core-NS2 HCVcc virus stocks representing clinically
important genotypes 1 (subtypes 1a and 1b), 2 (subtypes 2a, 2b, and 2c), and 3 (subtype 3a)
to investigate the neutralization potential of 10 HMADbs that target various epitopes on the
HCV envelope glycoproteins. The HCVcc panel represented the expected genetic
heterogeneity (Fig. 1), thus, enabling identification of differences between genotypes,
subtypes, and isolates. We observed a high level of variation in the neutralization capability
between HMADs in dose-response analyses. Importantly, this diversity extended to the
individual HMADbs, which demonstrated significant differences between 1Csp-values.
Combining highly potent HMADbs, we identified synergistic effects for HC84.24/AR4A,
HC84.26/AR4A, and AR3A/AR4A towards most HCV strains, which may be relevant for
future HCV prophylaxis and therapy.

Identification of conserved immunogenic envelope epitopes has been a challenge in the
development of broadly neutralizing antibodies against HCV. Most epitopes are located in
highly variable domains, such as hypervariable region 1, where NAb efficacy is influenced
by single-isolate specificity and viral escape mutations32. In contrast, antigenic domains B
and D (nomenclature as defined in1®:16) within E2 show a higher level of conservation with
verified immunogenicityl8. In addition, these domains overlap with the CD81 binding site
and feature overlapping conformational epitopes of which one or more amino acids serve as
targets for many of the HMAbs included in this study, which show significant neutralization
ability against multiple HCVcc strains. CBH-5, HC-1AM, and HC-11 target residues in
domain B and HC84.24 and HC84.26 target residues in domain D1516:18.29 and this study
further confirms the broad immunogenicity of these E2 glycoprotein epitopes (Table 1 and
2). These two adjacent antigenic domains are located within the well-defined antigenic
region 3 (AR3) of the E2 crystal structure33. In addition, we found that CBH-7, which
targets antigenic domain C in E219, exhibits the lowest breadth of neutralization (Table 1).
Finally, there are efficient HMADs, such as AR4A and AR5A, with targets outside of
antigenic domains B, C, and D. These antibodies target conserved discontinuous epitopes in
the E1/E2 quaternary structure, which involve residue D698 for AR4A and R639 for
AR5AL,
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It would be natural to ascribe variation in neutralization among the HMADbs to genetic
heterogeneity resulting in epitope differences, particularly between subtypes and genotypes.
However, our data does not support any obvious correlation between the HCV genotype
infecting the patient from whom the antibody was derived and their neutralization capability
against the genotypes of the HCVcc panel (Table 1). Similar findings were previously
reported using polyclonal antibodies20. In general, genotypes 1b and 2a appeared to have the
highest neutralization susceptibility. However, it should be noted that genotype 3a HCVcc
isolates exhibited the overall highest ICgq values and that none of the included HMAbs
originated from genotype 3-infected patients (Table 1). Moreover, our results did not
suggest that differences in HCVcc neutralization sensitivity could be explained by specific
differences in mapped determinants of the given epitope (Supplemental Fig. 2). S83
represents one such example in which lack of neutralization using HC33.4.10 and AR5A
cannot be explained by differences in mapped determinant residues for these antibodies
(HC33.4.10: L413, G418, W420, and N423; AR5A: R639)13-15, This phenomenon was most
pronounced for DH6, as this isolate was highly resistant to neutralization despite having
intact target epitopes in the consensus envelope protein sequences. Hence, only five HMAbs
were able to neutralize the DH6 recombinant (Table 1). Interestingly, a recent study showed
that introduction of the 1414T and Y444H adaptive mutations into DH6 increased the
HCVcc neutralization sensitivity by several orders of magnitude when tested against patient-
derived polyclonal NAbs34. An HCV genotype 1a isolate containing Y444 in concert with
N501 and A506 has been reported to resist neutralization by all antigenic domain B
antibodies, as well as an antibody to the highly conserved E2 segment spanning amino acids
412-42335. Neutralization sensitivity was restored with Y444H or Y444Q substitutions, in
combination with N501S and A506V, in this 1a isolate. One explanation for this might
involve the unshielding of target epitopes with importance for HMAb neutralization.
Furthermore, secondary and tertiary structures in the HCV envelope proteins, including
variation in co-factor interactions, could influence neutralization.

Our results support the use of a diverse panel of cell culture virus systems expressing
authentic envelope proteins in assessing the neutralization efficacy of MAbs. Except for
genotype 2 recombinants, all HCVcc required adaptive mutations for efficient spread in cell
culture12:22.24.2627 Nevertheless, the envelope proteins in the HCVcc panel used in this
study did not contain adaptive mutations. The JFH1 virus exhibited, in all cases but one
(HC33.4.10), the lowest ICgy-value. However, the N417S E2 substitution, previously
demonstrated to be relevant for virus in vitro viability31, was identified. Since several of the
tested HMADbs target epitopes that encompass or are adjacent to position 417, this aa could
influence neutralization potential. This assumption is supported by the significant increase in
neutralization in a DH6/JFH1 recombinant with 1414T and Y444H34. Positions 414, 417,
and 444 are all located in neutralization epitopes314.16. More importantly, N417 represents
a potential glycosylation site involved in the reported glycan shield of HCV36. As JFH1 is
one of the most frequently used isolates in HCV neutralization analyses, these findings
could have implications on the conclusions derived from these studies.

Based on the pattern of ICgg-values and the previously mapped epitope targets of the
HMADbs316, we pooled HC84.24/AR4A and HC84.26/AR4A for cooperation analysis
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(Table 4). In addition, we tested AR3A/AR4A in an attempt at attaining synergism against
the neutralization resistant DH6. Our finding that AR4A demonstrates broad synergism
corroborates the study by Giang et al.13, in which AR4A, in combination with AR3A and/or
ARS5A, showed synergism against H77(1a) HCV pseudo-particles. HC84.26 has been shown
to have slight synergism against JFH1 HCVcc, but only at high antibody concentrations and
in combination with HMADbs targeting epitopes in close proximityl4. Contact residues for
HC84.24 include C429, F442 and Y443, while contact residues for HC84.26 include L441
and F442, and AR3A primarily targets S424, G523, P525, G530, D535, V538, and N540 in
the CD81 binding site. In contrast, AR4A requires the presence of D698 on a properly
folded E1E2 complex. Hence, differences in HCV epitope targets could facilitate the broad
synergism observed, perhaps by decreasing competition in antibody binding, thus inducing a
cumulative effect on particle entry inhibition. This could be mediated through direct
inhibition by prevention of host cell receptor binding, or indirectly, by interference with co-
receptors and/or entry factors®.

This study presents, to our knowledge, the most potent synergistic effect demonstrated on
HCV virus particles. Synergism between HC84.24/AR4A, HC84.26/AR4A, and AR3A/
AR4A markedly increases their therapeutic relevance, since few HMADbs have previously
shown cooperative potentiall3-14, The diversity of the HCVcc panel used for these analyses
offers hope that a truly cross-genotype/subtype effective HMAb mixture against HCV can
be found. A previous study demonstrated that the AR4A antibody inhibited HCV genotypes
1b and 2a infection in a mouse model3, thus demonstrating the in vivo relevance of this
HMADb. It would be of great interest to further compare the efficiency of the HMAb
mixtures tested in this study in vivo. Finally, the ability of HCV to escape the neutralizing
effects of these antibodies by the development of specific escape mutations should be
investigated and compared. Clearly, combining escape-resistant HMAbs with a broad and
often synergistic effect against HCV isolates of any genotype/subtype would constitute an
ideal choice in cases where immunotherapy is relevant.

Passive immunity in patients using NAbs has been under much investigation. Although this
strategy against HCV is not yet applicable in humans, previous studies have shown the
ability of neutralizing antibodies to prevent HCV infection in animal models®813:37_n light
of this, the results using HC84.24, HC84.26, AR3A, and AR4A could potentially constitute
the basis for future antibody-based HCV treatments, and prevention of recurrent infection
following liver transplantation. The genotype 1-3 HCVcc panel described herein represents
a valuable tool for further HMAD efficacy analysis as well as for future studies on HCV
envelope proteins, and their use in HCV vaccine development.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Phylogenetic analysis of the E1/E2 amino acid sequences of the genotype 1-3 HCVcc panel

used for in vitro neutralization analysis. Multiple sequence alignment was computed with
Clustalw (MEGADS software). The phylogenetic tree was generated using a neighbor-joining
algorithm. The HCV subtype and isolate names are indicated. A novel genotype 3a JFH1-
based Core-NS2 recombinant (DH11/JFH1) is indicated with a star. Numbers at
phylogenetic branches represent the percentage (=75%) at which the included sequences
cluster together in 1000 replicate multiple alignments through bootstrapping. The scale bar
represents the evolutionary distance expressed as amino acid substitutions per site.
Percentage ranges indicated to the right represent the amino acid differences among isolates
within specific subtypes and genotypes, respectively.
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Fig. 2.

Dgse—response neutralization of the genotype 1-3 HCVcc panel by HMAbs HC84.24 and
AR4A. (A-B) Neutralization of genotype 1 Core-NS2 JFH1-based recombinants including
H77 (1a), TN (1a), DH6 (1a), J4 (1b), DH1 (1b), and DH5 (1b); (C-D) Genotype 2: J6 (2a),
T9 (2a), JFH1 (2a), J8 (2b), DH8 (2b), DH10 (2b), and S83 (2c); (E-F) Genotype 3: DH11
(3a), DBN (3a), and S52 (3a). HMADb concentrations ranged from 0.0012 to 100 pg/ml and
were incubated in a 5-fold dilution series with the various virus stocks in a 96 well format.
Inhibitory concentrations for 50% virus neutralization (ICgg) values for each HCVcc are
indicated. Controls for this experiment were isotype-matched antibodies R04 (for HC84.24)
and b6 (for AR4A) (see Supplemental Fig. 1). All measurements were performed in 4
replicates and error bars show the standard error of the mean (SEM). For data on all HMADbs
see Supplemental Fig. 1.
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Radar chart of HMAD neutralization patterns against the 16 HCVcc JFH1-based Core-NS2
recombinants of the genotype 1-3 panel. Only HMADs exhibiting the most efficient
neutralization ability, i.e. HC84.24, HC84.26, AR3A, AR4A, and HC-1AM are shown.
Values in the radar chart display log1o(ICsp) values, with the maximum measured log(I1Csg)
= 2. HCVcc with 1Cgp >100 pg/ml were defined as 3. Each data point represents an 1Csq-
value against a specific virus isolate. The color code in the connecting lines represents the
various included HMADbs. The selection of antibodies for cooperation analysis was based on
minimizing the area towards the center of the graphs and the differences in epitope targets,
thus suggesting that two given HMAbs would complement their respective 1Cgg-values.
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Fig. 4.
Cooperativity in virus neutralization between HMAbs HC84.26 and AR4A against the

DH1(1b) recombinant. (A) Dose-response neutralization of HC84.26/AR4A alone and in
combination in a constant ratio 2-fold dilution series using concentrations ranging from 274-
to 23-fold of the previously determined ICsg-values. (B) Neutralization percentages,
represented as a fractional effect (Fa) from 0.01-0.99, were input into the CompuSyn
software in relation to the corresponding HMAb dose. The combination index (CI) plot,
displaying the calculated ClI for the combined HC84.26/AR4A in relation to Fa, was
subsequently computed as described previously13:14:38, The ClI value was calculated based
on the Fa values from the HC84.26/AR4A combination relative to the Fa values obtained for
the HMAbs when tested individually. Blue symbols represent combined HC84.26/AR4A.
The various Cl-values for HC84.26/AR4A against the HCVcc panel are shown in Table 4.
Following the CompuSyn recommendations, a Cl-value of 0.1-0.3 was defined as strong
synergism; 0.3-0.7 as synergism; 0.7-0.85 as moderate synergism; 0.85-0.9 as slight
synergism; 0.9-1.1 as nearly additive; 1.1-1.2 as slight antagonism; 1.2-1.45 as moderate
antagonism; 1.45-3.3 as antagonism; 3.3-10 as strong antagonism.
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Table 4
Corporation analysis using HMAb HC84.24/AR4A, HC84.26/AR4A and AR3A/AR4A

HCV isolate | Genotype | HC84.24 + AR4A |

Curve r-values

EDso | EDo | EDy | Hesa2s | ARan | mix
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HCV isolate | Genotype | HC84.26+ AR4A | Curve r-values
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HCV isolate | Genotype | HCB426+AR4A | Curve r-values
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Cl-values of HC84.24, HC84.26 or AR3A combined with AR4A at Fa-values of ED5(, ED75, and EDg(Q are shown.
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Cl-value of 0.1-0.3 was defined as strong synergism; 0.3-0.7 as synergism; 0.7-0.85 as moderate synergism; 0.85-0.9 as slight synergism; 0.9-1.1
as nearly additive; 1.1-1.2 as slight antagonism; 1.2-1.45 as moderate antagonism; 1.45-3.3 as antagonism; 3.3-10 as strong antagonism.
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