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(57) ABSTRACT

Provided are isolated monoclonal antibodies or any antigen-
binding fragment thereof which bind to hepatitis C virus E2
protein (HCV E2). In particular the presently claimed sub-
ject matter concerns neutralizing anti HCV E2 antibodies,
and their use for treating HCV infection. Furthermore, the
presently claimed subject matter concerns methods for pre-
paring neutralizing anti HCV scFv antibodies associated
with HCV clearance.
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ANTI-HEPATITIS C VIRUS ANTIBODIES

TECHNOLOGICAL FIELD

[0001] The invention is in the field of therapeutics for
hepatitis C infections.
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BACKGROUND

[0011] Hepatitis C virus (HCV) is a major public health
concern, with over 70 million people infected worldwide,
and who are at risk for developing life-threatening liver
disease. HCV infection can lead to hepatitis, cirrhosis, liver
failure, and hepatocellular carcinoma (HCC); it is the lead-
ing cause of liver transplantation. HCC is the fifth most
common cancer, and the third leading cause of cancer-
related death worldwide (Parkin, D. M. (2006) Journal
international du cancer 118, 3030-3044). No vaccine is
available, and immunity against the virus is not well under-
stood. Cure rates are expected to increase with the recent
approval of Direct-Acting Antiviral Drugs (DAAs); yet
despite this progress, many challenges remain, such as
limited implementation, efficacy, and protection from rein-
fection (Hayes, C. N., and Chayama, K. (2017) Expert
review of clinical pharmacology 10, 583-594). Thus, global
eradication of HCV by implementing DAAs is currently not
a feasible goal. Since vaccination is considered the most
effective means of eradicating viral infections (Walker, C.
M., and Grakoui, A. (2015) Current opinion in immunology
35, 137-143), a prophylactic HCV vaccine is an urgent,
unmet medical need. However, critical gaps in understand-
ing the correlates of protective HCV immunity have hin-
dered the design of anti-HCV vaccines and novel immuno-
therapeutics.

[0012] Unlike HIV-infections, which are not spontane-
ously cleared, 20-40% of HCV-infected individuals experi-
ence spontaneous recovery (Thomas, D. L., et al. (2009)
Nature 461, 798-801). It is now widely accepted that neu-
tralizing antibodies (nAbs) also play a key role in viral
clearance [1-3]. This point was strengthened by demonstrat-
ing that natural clearance correlates with the early develop-
ment of nAbs [4], and with nAbs that exhibit distinct epitope
specificity [5]. Extensive characterization of monoclonal
HCV-neutralizing antibodies (mnAbs), combined with crys-
tal structures of the HCV envelope protein E2, which is the
target of most HCV-nAbs, has provided valuable informa-
tion regarding the E2 antigenic landscape (Freedman, H., et
al (2016) ACS infectious diseases 2, 749-762). However,
since most HCV mnAbs characterized to date were gener-
ated from Chronically Infected (CI) patients [3], the nature
and epitope specificities of mnAbs in Spontaneous Clearer
(SC) individuals remain to be elucidated. Recent studies
have demonstrated that the early appearance of broadly
nAbs (bnAbs) is associated with spontaneous clearance [4].
Interestingly, bnAbs also protect against HCV infection in
animal models [6]. Very recently, the first panels of bnAbs
isolated from SC infections have been developed [7-8]. The
panel reported by Bailey et al. displayed a low number of
somatic mutations compared with the well-characterized
nAbs from chronic patients exhibiting higher neutralization
breadth, but were similar to nAbs from chronic infections in
terms of clonality and epitope specificities [8]. It remains
unknown whether and how the immune response of SC
individuals is distinct from that of CI patients.

[0013] Comparing the features of antibody repertoires
between distinct patient populations may provide informa-
tion that can be correlated with clinically relevant outcomes.
Indeed, recent studies have found common antibody
sequences in unrelated individuals following Dengue
(Parameswaran, P., et al. (2013) Cell host & microbe 13,
691-700), influenza (Pappas, L., et al. (2014) Nature 516,
418-422), and HIV infections (Sok, D., et al. (2013) PLoS
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pathogens 9, €1003754)), as well as autoimmune diseases
such as celiac (Di Niro, et al. (2012) Nature medicine 18,
441-445) and pemphigus vulgaris (Cho, M. J., et al. (2014)
Nature communications 5, 4167) as well as in chronic
lymphocytic leukemia (Agathangelidis, A et al. (2012)
Blood 119, 4467-4475).

GENERAL DESCRIPTION

[0014] Inone ofits aspects, the present invention provides
an isolated monoclonal antibody or any antigen-binding
fragment thereof which binds to hepatitis C virus E2 protein
(HCV E2), wherein said antibody is selected from a group
consisting of:

[0015] a.a monoclonal antibody comprising a heavy chain
complementarity determining region (CDRH) 1 denoted by
SEQ ID NO. 158, CDRH2 denoted by SEQ ID NO. 159,
CDRH3 denoted by SEQ ID NO. 160, and the light chain
complementarity determining region (CDRL) 1 denoted by
SEQ ID NO. 163, a CDRL2 denoted by SEQ ID NO. 65, and
a CDRL3 denoted by SEQ ID NO. 165, or a variant thereof;
[0016] b. a monoclonal antibody comprising a CDRH1
denoted by SEQ ID NO. 168, CDRH2 denoted by SEQ ID
NO. 169, CDRH3 denoted by SEQ ID NO. 170, and a
CDRL1 denoted by SEQ ID NO. 173, a CDRL2 denoted by
SEQ ID NO. 65, and a CDRL3 denoted by SEQ IDNO. 175,
or a variant thereof;

[0017] c. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 108, CDRH2 denoted by SEQ ID
NO. 109, CDRH3 denoted by SEQ ID NO. 110, and a
CDRL1 denoted by SEQ ID NO. 113, a CDRL2 denoted by
SEQ ID NO. 63, and a CDRL3 denoted by SEQ ID NO. 115,
or a variant thereof;

[0018] d. a monoclonal antibody comprising a CDRH1
denoted by SEQ ID NO. 78, CDRH2 denoted by SEQ ID
NO. 79, CDRH3 denoted by SEQ ID NO. 80, and a CDRLI
denoted by SEQ ID NO. 83, a CDRL2 denoted by SEQ ID
NO. 65, and a CDRL3 denoted by SEQ ID NO. 85, or a
variant thereof;,

[0019] e. a monoclonal antibody comprising a CDRH1
denoted by SEQ ID NO. 59, CDRH2 denoted by SEQ ID
NO. 60, CDRH3 denoted by SEQ ID NO. 61, and a CDRLI
denoted by SEQ ID NO. 64, a CDRL2 denoted by SEQ ID
NO. 65, and a CDRL3 denoted by SEQ ID NO. 66, or a
variant thereof;,

[0020] f. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 69, CDRH2 denoted by SEQ ID
NO. 70, CDRH3 denoted by SEQ ID NO. 182, and a
CDRL1 denoted by SEQ ID NO. 73, a CDRL2 denoted by
SEQ ID NO. 74, and a CDRL3 denoted by SEQ ID NO. 75,
or a variant thereof;

[0021] g. a monoclonal antibody comprising a CDRH1
denoted by SEQ ID NO. 88, CDRH2 denoted by SEQ ID
NO. 89, CDRH3 denoted by SEQ ID NO. 90, and a CDRLI
denoted by SEQ ID NO. 93, a CDRL2 denoted by SEQ ID
NO. 65, and a CDRL3 denoted by SEQ ID NO. 95, or a
variant thereof;,

[0022] h. a monoclonal antibody comprising a CDRH1
denoted by SEQ ID NO. 98, CDRH2 denoted by SEQ ID
NO. 99, CDRH3 denoted by SEQ ID NO. 100, and a
CDRL1 denoted by SEQ ID NO. 103, a CDRL2 denoted by
SEQ ID NO. 104, and a CDRL3 denoted by SEQ ID NO.
105, or a variant thereof;

[0023] i. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 118, CDRH2 denoted by SEQ ID
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NO. 119, CDRH3 denoted by SEQ ID NO. 120, and a
CDRL1 denoted by SEQ ID NO. 123, a CDRL2 denoted by
SEQ ID NO. 124, and a CDRL3 denoted by SEQ ID NO.
125, or a variant thereof;

[0024] j. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 128, CDRH2 denoted by SEQ ID
NO. 129, CDRH3 denoted by SEQ ID NO. 130, and a
CDRL1 denoted by SEQ ID NO. 133, a CDRL2 denoted by
SEQ ID NO. 134, and a CDRL3 denoted by SEQ ID NO.
135, or a variant thereof;

[0025] k. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 138, CDRH2 denoted by SEQ ID
NO. 139, CDRH3 denoted by SEQ ID NO. 140, and a
CDRL1 denoted by SEQ ID NO. 143, a CDRL2 denoted by
SEQID NO. 65, and a CDRL3 denoted by SEQ ID NO. 145,
or a variant thereof; and

[0026] 1. a monoclonal antibody comprising a CDRHI1
denoted by SEQ ID NO. 148, CDRH2 denoted by SEQ ID
NO. 149, CDRH3 denoted by SEQ ID NO. 150, and a
CDRL1 denoted by SEQ ID NO. 153, a CDRL2 denoted by
SEQ ID NO. 104, and a CDRL3 denoted by SEQ ID NO.
155, or a variant thereof.

[0027] In certain embodiments, the invention provides an
isolated monoclonal antibody or any antigen-binding frag-
ment thereof which binds to HCV E2, wherein said antibody
comprises a heavy chain variable region and a light chain
variable region, wherein said heavy chain variable region is
encoded by a nucleic acid sequence which is at least 70%
identical to the nucleic acid sequence denoted by SEQ ID
NO. 156, SEQ ID NO. 166, SEQ ID NO. 106, SEQ ID NO.
76, SEQ ID NO. 57, SEQ ID NO. 67, SEQ ID NO. 86, SEQ
IDNO. 96, SEQID NO. 116, SEQID NO. 126, SEQ ID NO.
136, SEQ ID NO. 146, and wherein said light chain variable
region is encoded by a nucleic acid sequence which is at
least 70% identical to SEQ ID NO. 161, SEQ ID NO. 171,
SEQID NO. 111, SEQ ID NO. 81, SEQ ID NO. 62, SEQ ID
NO. 71, SEQ ID NO. 91, SEQ ID NO. 101, SEQ ID NO.
121, SEQ ID NO. 131, SEQ ID NO. 141, SEQ ID NO. 151.

[0028] In certain embodiments, the isolated monoclonal
antibody comprises a heavy chain variable region compris-
ing the amino acid sequence denoted by SEQ ID NO. 157,
SEQ ID NO. 167, SEQ ID NO. 107, SEQ ID NO. 77, SEQ
ID NO. 58, SEQ ID NO. 68, SEQ ID NO. 87, SEQ ID NO.
97, SEQ ID NO. 117, SEQ ID NO. 127, SEQ ID NO. 137,
SEQ ID NO. 147, or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 162, SEQ ID NO. 172, SEQ ID NO. 112,
SEQ ID NO. 82, SEQ ID NO. 63, SEQ ID NO. 72, SEQ ID
NO. 92, SEQ ID NO. 102, SEQ ID NO. 122, SEQ ID NO.
132, SEQ ID NO. 142, SEQ ID NO. 152, or a variant
thereof.

[0029] In certain embodiments, the isolated monoclonal
antibody is selected from a group consisting of:

[0030] a.a monoclonal antibody comprising a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 157 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 162 or a variant thereof; and

[0031] b.amonoclonal antibody comprising a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 167 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 172 or a variant thereof.
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[0032] In certain embodiments, the isolated monoclonal
antibody is a human antibody.

[0033] In certain embodiments the antibody of the inven-
tion is associated with cleared HCV infections and/or is an
HCV neutralizing antibody.

[0034] In certain embodiments, the invention provides an
isolated nucleic acid molecule comprising a nucleotide
sequence encoding an antibody or any antigen-binding frag-
ment thereof of the invention, as well as an expression
vector comprising the isolated nucleic acid molecule and a
host cell transfected with the expression vector.

[0035] In certain embodiments, the invention also pro-
vides an immunoconjugate comprising the antibody or any
antigen-binding fragment thereof of the invention and an
additional anti-HCV agent.

[0036] In certain embodiments, the invention also pro-
vides a pharmaceutical composition comprising as an active
ingredient the isolated monoclonal antibody or any antigen-
binding fragment thereof of the invention and a pharmaceu-
tically acceptable carrier, excipient or diluent.

[0037] In certain embodiments, the pharmaceutical com-
position further comprises an additional anti-HCV agent.
[0038] In some embodiments, the invention provides an
isolated monoclonal antibody or any antigen-binding frag-
ment thereof which binds to HCV E2, an immunogonjugate
or pharmaceutical composition comprising the same for use
in a method of prophylaxis, treatment or amelioration of
HCV infection.

[0039] In another aspect, the present invention provides a
method of prophylaxis, treatment or amelioration of HCV
infection comprising administering to a subject in need
thereof a therapeutically effective amount of the isolated
monoclonal antibody or any antigen-binding fragment
thereof of the invention.

[0040] In certain embodiments, the method further com-
prises administering to the subject in need thereof an addi-
tional anti-HCV agent.

[0041] In certain embodiments, said antibody is adminis-
tered at a therapeutically effective amount of 10-1000 ng/kg.
[0042] In certain embodiments, the isolated monoclonal
antibody or any antigen-binding fragment thereof of the
invention is for use in a method of prophylaxis, treatment or
amelioration of HCV infection.

[0043] In another aspect, the present invention provides a
method of detecting HCV in a biological sample obtained
from a subject, said method comprising:

[0044] (a) contacting said biological sample with the iso-
lated monoclonal antibody or any antigen-binding fragment
thereof of the invention, wherein said monoclonal antibody
is labeled with a detectable marker; and

[0045] (b) detecting said isolated monoclonal antibody or
any antigen-binding fragment thereof; wherein the presence
of'said isolated monoclonal antibody or any antigen-binding
fragment thereof indicates the presence of HCV in said
biological sample.

[0046] The invention also provides a kit for detecting
HCV comprising:

[0047] (a) at least one labeled isolated monoclonal anti-
body or any antigen-binding fragment thereof of the inven-
tion;

[0048] (b) means for detection of said labeled isolated
monoclonal antibody; and optionally

[0049] (c) instructions for use of said kit.
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[0050] In another aspect, the invention also provides a
method of preparing neutralizing anti HCV scFv antibodies
associated with HCV clearance, comprising the steps of:
[0051] a. constructing a phage display scFv antibody
library from PBMCs obtained from SC individuals;

[0052] b. identifying at least one HCV E2 binder;

[0053] c. comparing the sequence of the at least one HCV
E2 binder with the sequences in stratifying clusters from the
general repertoire that are associated with HCV clearance;
[0054] d. selecting an scFv sequence with high similarity
to a sequence in a stratifying cluster from the general
repertoire that is associated with HCV clearance.

[0055] In certain embodiments, the scFv library construc-
tion comprises the steps of:

[0056] a. amplification of the VH and VL genes sepa-
rately;

[0057] b. combinatorial assembly of the VH and VL
genes; and

[0058] c. cloning into a phagemid vector.

[0059] In certain embodiments, the identification of the at

least one HCV E2 binder comprises screening for phages
that bind to rE2.

[0060] In certain embodiments, the stratifying clusters are
selected from the clusters denoted in Tables 3 and 4.
[0061] In certain embodiments, the method further com-
prises the step of converting the scFv to full-length antibod-
ies.

[0062] In certain embodiments, the full-length antibodies
comprise a light chain of the selected scFv antibody and a
heavy chain of one of the sequences that show high simi-
larity to the scFv heavy chain from the general repertoire.

BRIEF DESCRIPTION OF THE DRAWINGS

[0063] Inorder to better understand the subject matter that
is disclosed herein and to exemplify how it may be carried
out in practice, embodiments will now be described, by way
of non-limiting example only, with reference to the accom-
panying drawings, in which:

[0064] FIG. 1A-1C: Enrichment of the HCV-specific
B-cell population in vitro. For the in vitro proliferation of B
cells, CD19+ cells were isolated from PBMCs of healthy
donors using a FACS sorter. Isolated B cells were labeled
with CFSE, cultured in the presence of 1.2, I1.21, and feeder
irradiated 3T3-msCD40L cells, and activated with a pool of
positive peptides for 8 days.

[0065] FIG. 1A: CFSE profile of CD19+ B cells. CFSE
fading (right panel) indicates the proliferation of the acti-
vated culture, compared with the non-activated culture (left
panel).

[0066] FIG. 1B: Evaluating the proliferation of memory B
cells. In the activated culture, 23% of the population consists
of memory B cells that are positive for CD27+(right panel),
compared with very low numbers of CD27+ cells in the
non-activated culture (left panel).

[0067] FIG. 1C: Evaluating the ability of B cells to dif-
ferentiate and produce IgG. The concentrations of IgG
secreted to the culture medium 3 or 8 days following B-cell
activation were measured by ELISA. (**P<0.003, ***P<(.
0003, ****P<(.00003). Presented are means+SD from three
independent experiments.

[0068] FIG. 2: Scheme of workflow.

[0069] The workflow included the following steps: col-
lection of blood samples from SC, CI, and healthy individu-
als, sequencing of total B-cell repertoires, T-cell repertoires,
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and HCV-specific B-cell repertoires, analysis of repertoires
and identification of antibody clusters and TCR sequences
associated with viral clearance, construction of an antibody
phage display library, isolation of a panel of HCV-binding
antibody sequences that associate with cleared infections,
and integration of all data to construct HCV-broadly neu-
tralizing antibodies associated with clearance. For AIRR
sequencing (upper right panel) the step of sample processing
library preparation refers to separation of HCV-specific B
cells from whole repertoire (RNA extraction, Reverse tran-
scription, PCRs to enrich antibodies and addition of UMI
and adaptors). For construction of HCV-specific antibodies
(lower right panel), the following steps are performed i.e.
integration of phage display and repertoire data to construct
HCV-specific antibodies and characterization of the antibod-
ies. For detection of binding antibodies (lower left panel),
sample processing library preparation relates to RNA extrac-
tion, Reverse transcription, PCR on VH and VL, Cloning
into phage display vectors and Assembly into ScFvs. In
addition, Phage display relates to Incubation with solid
phase antigens, Elution of specific phage, Sequencing and
expression of specific antibodies and Measurement of affin-
ity to HCV E2.

[0070] FIG. 3A-3D: Characterization of sera from HCV-
infected individuals.

[0071] FIG. 3A: HCV antibodies binding to rE2 protein
(0.5 pg/ml) performed with 1:1000 diluted sera of CI (n=52)
and SC (n=18) by ELISA. Each dot represents a patient. The
background of the binding to BSA was subtracted from all
samples. Presented are mean OD (450 nm) values from three
independent experiments.

[0072] FIG. 3B: The HCVcc neutralization assays were
performed with 1:1000 diluted sera of CI (n=52) and SC
(n=18) to screen for antibodies that can neutralize HCV
infection. The Y axis shows the percentage of neutralization
capacity compared with neutralization by sera from a
healthy control. Each dot represents the mean neutralization
for a patient, from three independent experiments.

[0073] FIG. 3C: Characterizing HCV binding and neutral-
izing in sera obtained from two patients (CI21 and CI22)
before and after anti-HCV treatment and following SVR by
ELISA (with 0.5 ng/ml rE2 protein and 1:1000 diluted sera)
[0074] FIG. 3D: Characterizing HCV binding and neutral-
izing in sera obtained from two patients (CI21 and CI22)
before and after anti-HCV treatment by the HCVcce neutral-
ization assay (with 1:1000 diluted sera).

[0075] The HCV-cured blood samples were collected from
six months to one year after achieving a sustained viral
response. **P<0.003, ***P<0.0003. Presented are
means+SD from three independent experiments.

[0076] FIG. 4A-4E: Characterization of B-cell repertoires
in SC, CI, and healthy individuals.

[0077] FIG. 4A: The number of unique sequences per
sample after pre-processing.

[0078] FIG. 4B: The CDR3 length distribution.

[0079] FIG. 4C: The IGHV gene distribution. Only func-
tional V genes that were in the 15 topmost frequent in at least
one sample are shown.

[0080] FIG. 4D: The IGHJ gene distribution.

[0081] FIG. 4E: Feature combinations whose abundance
differ between the SC and CI groups are presented for
sequence clusters grouped by identical IGHV and IGHJ and
by high CDR3 similarity, which were significantly more
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abundant in either SC or CI cohort (I #samplesSC—#sam-
plesCII>3 samples). Sequence logos CDR3 of these clusters
are presented in FIG. 6.

[0082] FIG. 5A-5D: General characterization of T-cell
repertoires of resolved and chronic HCV infection.

[0083] FIG. 5A: The number of sequences per sample
after pre-processing.

[0084] FIG. 5B: TRBJ gene usage, in each clinical group.
[0085] FIG. 5C: CDR3 length distribution per sample, in
each clinical group.

[0086] FIG. 5D: TRBV gene usage, in each clinical group.
[0087] FIG. 6. CDR3 from the SC and CI abundant B cells
clusters.

[0088] Sequence logos of the overall nucleic acid compo-

sition of the CDR3s in copious clusters. The individual
abundance of these clusters is shown in FIG. 4E. The nucleic
acid sequences appearing in the figure at the left side from
the top to the bottom are as denoted by SEQ ID NO: 84, 94,
114,164,174, 154 and 187 and at the right side, from the top
to the bottom are as denoted by SEQ ID NO: 188, 189, 190,
191, 192 and 193.

[0089] FIG. 7A-7D: IGHV mutation characterization in
SC and CI infections. FIG. 7A: Isotype usage distribution.

[0090] FIG. 7B: IGHV mutation distribution, per isotype.
[0091] FIG. 7C: IGHV mutation distribution per isotype
per cohort.

[0092] FIG. 7D: IGHV mutation distribution per isotype

per cohort per IGHV gene.

[0093] Only statistically significant combinations are
shown (P<0.05, t-test).

[0094] FIG. 8A-8D: Machine learning model used to
stratify between SC and CI.

[0095] FIG. 8A: Accuracy was based on the B cells’
repertoire. Original labels represent clustered sequences by
identical IGHV and IGHIJ and the high similarity of the
CDR3 amino acid sequence. For validation purposes, the
model was trained and applied on randomly labeled data.
[0096] FIG. 8B: Prediction model based on the T cells’
repertoire. The training for the T-cell repertoires model is
very similar to the B-cell model, except that the data were
clustered solely by CDR3 amino acid identity.

[0097] FIG. 8C: The top 10 clusters used by the model to
stratify between the cohorts in B-cell clusters.

[0098] Sequence logos of the CDR3 of the B cell clusters
are presented in FIG. 9.

[0099] FIG. 8D: The top 10 clusters used by the model to
stratify between the cohorts in T-cell clusters. The amino
acid sequences of the CDR3 are as denoted by 144, 194, 195,
196, 197, 198, 199, 200, 201 and 184 (from lett to right).
[0100] FIG. 9: CDR3 from the SC and CI B cells clusters
used for the Logistic Regression model.

[0101] Sequence logos of the overall AA composition
across the CDR3s in the top 10 clusters used by the model
to stratify between the cohorts. The individual abundance of
these clusters is shown in FIG. 8C. The sequences appearing
in the figure at the left side, from the top to the bottom are
as denoted by SEQ ID NO: 202, 203, 204, 205 and 206 and
at the right side, from the top to the bottom are as denoted
by SEQ ID NO: 207, 208, 209, 210 and 211.

[0102] FIG. 10A-10E: Isolation of HCV-specific B cells
from resolved and chronic HCV infection.

[0103] FIG. 10A: HCV-specific B-cells isolated from six
CI and three SC individuals, as compared with control
healthy individuals. The fold enrichment of HCV-specific B
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cells from each sample was calculated compared with the
number of B cells isolated from a healthy individual, as
demonstrated in FIG. 11.

[0104] FIG. 10B: HCVcc-neutralization assays using
supernatants of cultured B cells from healthy, SC, and CI
samples after two weeks of activation in vitro. (¥*P<0.03,
**P<0.003, ***P<0.0001, ****P<0.00003, t-test).

[0105] FIG. 10C: Mutation numbers in IGHV genes in the
general repertoire compared with the HCV-specific reper-
toire. Each specific sequence was randomly matched to a
non-specific sequence with the same IGHV and IGHI genes.
The sequences were grouped by isotype and mutations were
compared by Mann Whitney test (IGA p=3.488873e-07,
IGG p=6.849511e-08, IGM p=3.764229¢-04).

[0106] FIG. 10D: Mutation number in the IGHV genes in
the specific repertoire for SC and CI (IGA p=0.000574, IGG
p=0.435930).

[0107] FIG. 10E: Conserved amino acids in CDR3 from
the HCV-specific repertoire (binders as denoted by SEQ ID
NO: 185) compared with the general repertoire (non-binders
as denoted by SEQ ID NO: 186). For each specific sequence,
a non-specific sequence was randomly matched. Sequences
were then grouped by IGHV, IGHJ, and CDR3 length. Cases
where CDR3 amino acids were very conserved for binder
sequences but not for non-binders are shown.

[0108] FIG.11: Isolation of HCV-specific B cells from SC,
CI, and healthy donors by FACS.

[0109] CD19+ B cells from SC17 and CIS8 were grown
with feeder-irradiated 3T3-msCD40L cells and activated
with 5 pg/ml rE2 protein, IL2, and 1L.21 for 13-14 days.
After 14 days, activated B cells were incubated with 5 ng/ml
rE2 and stained with CD19-PE, CD27-BV421, and tagged
rE2 (anti-cMyc, alexa fluor 633). Viable, CD19+, CD27+,
and HCsAg+ were isolated by FACS. The gating region is
shown as a black rectangular.

[0110] FIG. 12A-12D: Identification of HCV-specific anti-
body sequences associated with HCV infection clearance.
[0111] FIG. 12A: Binding of the phage-displayed antibod-
ies to the rE2 protein (5 pg/ml) by ELISA. Each bar indicates
the mean fold change +SD in the OD compared with BSA
binding, from three independent experiments.

[0112] FIG. 12B: Violin plot of the distances between
HCV-specific sequences and the healthy, CI and SC reper-
toires.

[0113] FIG. 12C: Phylogenetic trees of the two closest
clusters to scFv SC11.

[0114] FIG. 12D: Phylogenetic trees of the two closest
clusters to scFv SC28.

[0115] FIG. 13 is a scheme showing sequence alignment
of the isolated antibodies. The sequences of the VH of the
antibodies (top alignment) are as denoted by SEQ ID NO:
58, 147, 117, 97, 87, 127, 137, 68, 77, 167, 107 and 157
(from the bottom to the top). The sequences of the VL of the
antibodies (bottom alignment) are as denoted by SEQ ID
NO: 63, 82, 172, 92, 112, 162, 142, 102, 152, 72, 132 and
122.

[0116] FIG. 14A is a graph showing specific binding of
Abs to rE2 in an ELISA. ELISA plate was coated with rE2.
Binding assays were performed with purified antibodies; CI
16, 81 and 92; SC 1, 3, and 17. Binding was detected with
goat anti human conjugated to HRP.

[0117] FIG. 14B: Specific binding of the antibodies to rE2
compared to BSA in an ELISA.
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[0118] FIG. 14C-14I are graphs showing antibody neu-
tralization assays. Huh7.5 cells were incubated with the
virus and antibodies, CI 16, 81 and 92; SC 1, 3, 17, and 93
(C-I respectively) or irrelevant antibody. Neutralization was
measured by immunofluorescence microscopy and manual
counting of foci stained by human pAb.

[0119] FIG. 15: The distance between scFv antibody
sequences and clusters from B-cell repertoires of SC and CI
infection.

[0120] Each dot represents the average distances between
the scFv antibody sequence and the 10 closest sequences (by
VDI, amino acid sequence) of the B-cell repertoire from
healthy controls (C), CI, and SC. The lower the distance, the
more similar is the scFv antibody sequence.

[0121] FIG. 16A-16D: Construction and characterization
of antibodies correlated with infection clearance.

[0122] FIG. 16A: Binding of antibodies RMS28 and
RMS11 to the rE2 protein (5 pg/ml) compared with the
phage display antibodies SC28 and SC11 by ELISA, using
16 pg/ml Ab. Each bar indicates the mean fold change +SD
in binding, compared with BSA, from three independent
experiments.

[0123] FIG. 16B: Binding of antibodies RMS11 and
RMS28 to the rE2 protein (5 pg/ml), compared with a
well-defined panel of nAbs and a nonspecific control anti-
body RO4 by ELISA, using 16 ng/ml Ab. Presented are
mean OD (450 nm) values +SD, from three independent
experiments.

[0124] FIG. 16C: HCVcc neutralization assays were car-
ried out with genotypes G1-G7 using 20 pg/ml of antibody
RMS11 (SC11).

[0125] FIG. 16D: HCVcc neutralization assays were car-
ried out with genotypes G1-G7 using 20 pg/ml of antibody
RMS28 (SC28).

[0126] The percent neutralization was calculated as the
percent reduction in FFU compared with virus incubated
with an irrelevant control antibody (R04). Presented are
means of % neutralization +SD from three independent
experiments.

[0127] FIG. 17: Schematic representation of the sequences
of the heavy (VH) and light (VL) chains of the antibodies
VHI16618 (RMS11 as denoted by SEQ ID NO: 167 AND
172) and VH510520 (RMS28 as denoted by SEQ ID NO:
157 AND 162) with CDRs highlighted in grey.

[0128] FIG. 18: Schematic representation of the sequences
of the heavy (VH) and light (VL) chains of the antibodies
SC28 (as denoted by SEQ ID NO: 107 AND 112), SC11(as
denoted by SEQ ID NO: 77 AND 82), SCl(as denoted by
SEQ ID NO: 58 AND 63), SC3 (as denoted by SEQ ID NO:
68 AND 72), CI16 (as denoted by SEQ ID NO: 87 AND 92),
SC17 (as denoted by SEQ ID NO: 97 AND 102), SC76 (as
denoted by SEQ ID NO: 117 AND 122), CI81 (as denoted
by SEQ ID NO: 127 AND 132), CI92 (as denoted by SEQ
ID NO: 137 AND 142) and SC93 (as denoted by SEQ ID
NO: 147 AND 152) with CDRs highlighted in grey.

DETAILED DESCRIPTION OF EMBODIMENTS

[0129] The present invention is based on an in-depth
analysis of HCV-specific immune response and the identi-
fication of features that correlate with infection outcome.
The inventors compared the general B- and T-cell reper-
toires, as well as the HCV-specific B-cell repertoires, of
spontaneous clearer (SC) of HCV infection and chronically
infected (CI) individuals. The inventors demonstrated that
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SC individuals and CI patients develop clusters of antibodies
with distinct properties that can accurately stratify between
the SC and CI samples. These clusters were termed herein
“stratifying clusters”. Clones that can accurately stratify
between SC and CI samples were termed accordingly
“stratifying clones”.

[0130] The stratifying clusters in accordance with the
invention are listed in Tables 3 and 4. Strikingly, the
inventors found that enrichment of specific clusters in SC or
CI is indicative of infection outcome, and with an accuracy
of over 90% for B-cell repertoires and 80% for T-cell
repertoires. This may have important clinical relevance as
well as prognostic value for the outcome of an active
infection.

[0131] These unique characteristics were used in a
machine learning framework to accurately predict infection
outcome. Using combinatorial antibody phage display
library technology, HCV-specific antibody sequences were
identified. By integrating these data with the repertoire
analysis, several antibodies were constructed which are
characterized by high neutralization breadth, and which are
associated with infection clearance.

[0132] The effective neutralizing antibodies have an
important clinical implication as post-exposure prophylaxis
for accidental needle-stick or other percutaneous or mucosal
exposure. The second and most relevant application would
be in the prevention of recurrent HCV infection in the liver
which may occur within 24 hours post liver transplantation
and attack the new liver. Reinfection of the transplanted liver
is universal and 20% to 30% of recurrence results in
accelerated progression of fibrosis that can lead to cirrhosis
in 5 years. Passively administered neutralizing antibody,
with or without concomitant antiviral therapy, offers a viable
and promising option to suppress/eradicate HCV before it
infects the naive transplanted liver, as used in the case of
liver transplantation on the background of HBV infections.
[0133] The invention therefore provides a method for
constructing antibodies that are correlated with successful
infection clearance.

[0134] The method generally comprising:

[0135] preparing a panel of anti HCV E2 monoclonal
antibodies (e.g. in a form of a phage display library);

[0136] screening the nucleic acid sequences of said
antibodies to identify sequences with similarity to
sequences of stratifying clusters that are associated
with HCV clearance;

[0137] selecting anti HCV antibodies with high simi-
larity to a stratifying cluster from the general repertoire
that is associated with HCV clearance; and optionally

[0138] combining the light chain variable region of the
selected antibody with the heavy chain variable region
of said highly similar antibody from the stratifying
cluster that is associated with HCV clearance.

[0139] High sequence similarity is defined herein as hav-
ing 95% or higher (e.g. 96%, or 97%, or 98%, or 99% or
100%) of total sequence identity or junctions identity.

[0140] The overall approach of the invention is exempli-
fied in FIG. 2.
[0141] The invention also provides anti HCV antibodies as

will be described below, as well as pharmaceutical compo-
sitions and methods of treatment and prophylaxis using the
antibodies of the invention.

[0142] The invention also provides a method of prognosis
of the status of infection.
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Definitions

[0143] The term “HCV E2” refers to a structural protein
found in the hepatitis C virus. It is present on the viral
membrane (envelope protein) and functions as a host recep-
tor binding protein, mediating entry into host cells. The
HCV E2 protein may be prepared using any method known
in the art, for example by recombinant methods, as described
in the Examples below.

[0144] As indicated above, the present invention provides
isolated monoclonal antibodies that bind to HCV E2. The
term “antibody” refers to a polypeptide encoded by an
immunoglobulin gene or functional fragments thereof that
specifically binds and recognizes an antigen, namely HCV
E2.

[0145] The term “monoclonal antibody”, “monoclonal
antibodies” or “mAb” as herein defined refers to a popula-
tion of substantially homogenous antibodies, i.e., the indi-
vidual antibodies comprising the population are identical
except for possibly naturally occurring mutations that may
be present in minor amounts. Monoclonal antibodies are
directed against a single antigenic site (epitope).

[0146] Monoclonal antibodies may be prepared and puri-
fied by any method known in the art. For example, mono-
clonal antibodies may be prepared from B cells taken from
the spleen or lymph nodes of immunized animals (e.g. rats,
mice or monkeys), by fusion with immortalized B cells
under conditions which favor the growth of hybrid cells.
[0147] Alternatively, monoclonal antibodies may be pre-
pared from peripheral blood mononuclear cells (PBMC)
obtained from patients that were infected with HCV. mRNA
may be isolated from these cells and used for variable heavy
and variable light (VH/VL) chain amplification and further
used for example for constructing a phage display library, in
order to select active antibodies. Based on the results
obtained from a phage display library, full length antibodies
are produced, as known in the art and as described below.
[0148] The phage display libraries can be prepared from
PBMC of HCV patients that are defined as spontaneously
clearers (SC) or chronically infected (CI). Subjects were
defined as spontaneously cleared of HCV if anti-HCV
antibodies are detectable, with undetectable HCV RNA as
assessed for example by the Tagman reverse-transcription
polymerase chain reaction (RT-PCR) quantitative assays.
Chronically infected HCV patients were defined as such if
there were detectable viral loads for more than 1 year.
[0149] Purification of monoclonal antibodies may be per-
formed using any method known in the art, for example by
affinity chromatography, namely, by using an affinity col-
umn to which a specific epitope (or antigen) is conjugated.
Alternatively purification of antibodies may be based on
using protein A column chromatography, as described
below.

[0150] An exemplary antibody structural unit comprises a
tetramer, as known in the art. Each tetramer is composed of
two identical pairs of polypeptide chains, each pair having
one “light chain” and one “heavy chain”. The N-terminus of
each chain defines a variable region of about 100 to 110 or
more amino acids primarily responsible for antigen (or
epitope) recognition.

[0151] Thus, the terms “heavy chain variable region” (V)
and “light chain variable region” (V) refer to these heavy
and light chains, respectively. More specifically, the variable
region is subdivided into hypervariable and framework (FR)
regions. Hypervariable regions have a high ratio of different
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amino acids in a given position, relative to the most common
amino acid in that position. Four FR regions which have
more stable amino acids sequences separate the hypervari-
able regions. The hypervariable regions directly contact a
portion of the antigen’s surface. For this reason, hypervari-
able regions are herein referred to as “complementarily
determining regions”, or “CDRs”, the CDRs are positioned
either at the heavy chain of the antibody (“a heavy chain
complementarity determining region”) or at the light chain
of'the antibody (a “light chain complementarity determining
region”).

[0152] From N-terminal to C-terminal, both light and
heavy chains comprise the domains FR1, CDRI1, FR2,
CDR2, FR3, CDR3 and FR4. The CDRs are primarily
responsible for binding to an epitope of an antigen. The
CDRs of each chain are typically referred to as CDRI,
CDR2, and CDR3, numbered sequentially starting from the
N-terminus, and are also typically identified by the chain in
which the particular CDR is located.

[0153] Thus, the complementarity determining regions
CDRH1, CDRH2 and CDRH3 refer to the three comple-
mentarity determining regions starting from the N-terminus
of the antibody’s heavy chain (also referred to herein as
heavy chain complementarity determining region) and the
complementarity determining regions CDRL1, CDRL2 and
CDRL3 refer to the three complementarity determining
regions starting from the N-terminus of the antibody’s light
chain (also referred to herein as light chain complementarity
determining region).

[0154] For example, as demonstrated in FIG. 17 in the
context of the heavy chain of the antibody referred to herein
as “VH16618” (also referred to herein as “RMS117),
CDRH1, CDRH2 and CDRH3 appear as grey boxes in the
amino acid sequence of the heavy chain of the antibody. The
respective CDRL1, CDRL2 and CDRL3 of the antibody
referred to herein as VH16618, appear in FIG. 17 in the
context of the light chain of the antibody.

[0155] Binding of antibodies or antigen-binding fragments
thereof to HCV E2 may be determined using any method
known in the art, for example using an ELISA assay as
described below or BIAcore analysis.

[0156] In some embodiments the isolated monoclonal
antibody according to the invention comprises the CDRH1
denoted by SEQ ID NO. 168, CDRH2 denoted by SEQ ID
NO. 169, and CDRH3 denoted by SEQ ID NO. 170, and the
CDRL1 denoted by SEQ ID NO. 173, CDRL2 denoted by
SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
175, or a variant thereof. This antibody is referred to herein
as “VH16618” or “RMS11”.

[0157] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 158, CDRH2 denoted by SEQ ID NO. 159,
and the CDRH3 denoted by SEQ ID NO. 160, and the
CDRL1 denoted by SEQ ID NO. 163, CDRL2 denoted by
SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
165, or a variant thereof. This antibody is referred to herein
as “VH510520” or “RMS28”.

[0158] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 108, CDRH2 denoted by SEQ ID NO. 109,
and the CDRH3 denoted by SEQ ID NO. 110, and the
CDRL1 denoted by SEQ ID NO. 113, CDRL2 denoted by
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SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
115, or a variant thereof. This antibody is referred to herein
as “SC28”.

[0159] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 78, CDRH2 denoted by SEQ ID NO. 79,
and the CDRH3 denoted by SEQ ID NO. 80, and the
CDRL1 denoted by SEQ ID NO. 83, CDRL2 denoted by
SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
85, or a variant thereof. This antibody is referred to herein
as “SCI11”.

[0160] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 59, CDRH2 denoted by SEQ ID NO. 60,
and the CDRH3 denoted by SEQ ID NO. 61, and the
CDRL1 denoted by SEQ ID NO. 64, CDRL2 denoted by
SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
66, or a variant thereof. This antibody is referred to herein
as “SC1”.

[0161] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 69, CDRH2 denoted by SEQ ID NO. 70,
and the CDRH3 denoted by SEQ ID NO. 182, and the
CDRL1 denoted by SEQ ID NO. 73, CDRL2 denoted by
SEQ ID NO. 74, and the CDRL3 denoted by SEQ ID NO.
75, or a variant thereof. This antibody is referred to herein
as “SC3”.

[0162] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 88, CDRH2 denoted by SEQ ID NO. 89,
and the CDRH3 denoted by SEQ ID NO. 90, and the
CDRL1 denoted by SEQ ID NO. 93, CDRL2 denoted by
SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
95, or a variant thereof. This antibody is referred to herein
as “CI16”.

[0163] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 98, CDRH2 denoted by SEQ ID NO. 99,
and the CDRH3 denoted by SEQ ID NO. 100, and the
CDRL1 denoted by SEQ ID NO. 103, CDRL2 denoted by
SEQ ID NO. 104, and the CDRL3 denoted by SEQ ID NO.
105, or a variant thereof. This antibody is referred to herein
as “SC17”.

[0164] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 118, CDRH2 denoted by SEQ ID NO. 119,
and the CDRH3 denoted by SEQ ID NO. 120, and the
CDRL1 denoted by SEQ ID NO. 123, CDRL2 denoted by
SEQ ID NO. 124, and the CDRL3 denoted by SEQ ID NO.
125, or a variant thereof. This antibody is referred to herein
as “SC76”.

[0165] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 128, CDRH2 denoted by SEQ ID NO. 129,
and the CDRH3 denoted by SEQ ID NO. 130, and the
CDRL1 denoted by SEQ ID NO. 133, CDRL2 denoted by
SEQ ID NO. 134, and the CDRL3 denoted by SEQ ID NO.
135, or a variant thereof. This antibody is referred to herein
as “CI81”.

[0166] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 138, CDRH2 denoted by SEQ ID NO. 139,
and the CDRH3 denoted by SEQ ID NO. 140, and the
CDRL1 denoted by SEQ ID NO. 143, CDRL2 denoted by
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SEQ ID NO. 65, and the CDRL3 denoted by SEQ ID NO.
145, or a variant thereof. This antibody is referred to herein
as “CI92”.

[0167] In other embodiments the isolated monoclonal
antibody as herein defined comprises the CDRH1 denoted
by SEQ ID NO. 148, CDRH2 denoted by SEQ ID NO. 149,
and the CDRH3 denoted by SEQ ID NO. 150, and the
CDRL1 denoted by SEQ ID NO. 153, CDRL2 denoted by
SEQ ID NO. 104, and the CDRL3 denoted by SEQ ID NO.
155, or a variant thereof. This antibody is referred to herein
as “SC93”.

[0168] The CDRs of the antibodies referred to herein are
presented in the sequence listing as well as in the context of
their respective heavy and light chain sequences, e.g. in FIG.
17 and in FIG. 18.

[0169] By the term “variant” it is meant sequences of
amino acids or nucleotides that are different from the
sequences specifically identified herein, namely, in which
one or more amino acid residues or nucleotides are deleted,
substituted or added.

[0170] It should be appreciated that by the term “added”,
as used herein it is meant any addition(s) of amino acid
residues to the sequences described herein. For example, the
variant antibodies of the invention may be extended at their
N-terminus and/or C-terminus with various identical or
different amino acid residues.

[0171] Variants also encompass various amino acid sub-
stitutions. An amino acid “substitution” is the result of
replacing one amino acid with another amino acid which has
similar or different structural and/or chemical properties.
Amino acid substitutions may be made on the basis of
similarity in polarity, charge, solubility, hydrophobicity,
hydrophilicity, and/or the amphipathic nature of the residues
involved.

[0172] Variants further encompass conservative amino
acid substitutions. Conservative substitution tables provid-
ing functionally similar amino acids are well known in the
art. For example, nonpolar (hydrophobic) amino acids
include alanine, leucine, isoleucine, valine, proline, phenyl-
alanine, tryptophan, and methionine; polar neutral amino
acids include glycine, serine, threonine, cysteine, tyrosine,
asparagine, and glutamine; positively charged (basic) amino
acids include arginine, lysine, and histidine; and negatively
charged (acidic) amino acids include aspartic acid and
glutamic acid.

[0173] Each of the following eight groups contains other
exemplary amino acids that are conservative substitutions
for one another:

1) Alanine (A), Glycine (G);

[0174] 2) Aspartic acid (D), Glutamic acid (E);

3) Asparagine (N), Glutamine (Q);

4) Arginine (R), Lysine (K);

5) Isoleucine (I), Leucine (L), Methionine (M), Valine (V);
6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W);

7) Serine (S), Threonine (T); and

8) Cysteine (C), Methionine (M).

[0175] Conservative nucleic acid substitutions are nucleic
acid substitutions resulting in conservative amino acid sub-
stitutions as defined above.
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[0176] As used herein, the term “amino acid” or “amino
acid residue” refers to naturally occurring and synthetic
amino acids, as well as amino acid analogs and amino acid
mimetics that function in a manner similar to the naturally
occurring amino acids.

[0177] Variant sequences refer to amino acid or nucleic
acids sequences that may be characterized by the percentage
of the identity of their amino acid or nucleotide sequences,
respectively, with the amino acid or nucleotide sequences
described herein, while maintaining the biological activity
(namely the amino acid or nucleotide sequences of the heavy
and light chains of the antibodies herein described).

[0178] Therefore in some embodiment variant sequences
as herein defined refer to nucleic acid sequences that encode
the heavy and light chain variable regions, each having a
sequence of nucleotides with at least 70% or 75% of
sequence identity, around 80% or 85% of sequence identity,
around 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%
or 99% of sequence identity when compared to the
sequences of the heavy and light chain variable regions
described herein.

[0179] In some embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein said antibody comprises a heavy
chain variable region and a light chain variable region,
wherein said heavy chain variable region is encoded by a
nucleic acid sequence which is at least 70% identical to the
nucleic acid sequence denoted by SEQ ID NO. 156 or SEQ
ID NO. 166 and wherein said light chain variable region is
encoded by a nucleic acid sequence which is at least 70%
identical to SEQ ID NO. 161 or SEQ ID NO. 171.

[0180] In other embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of'the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 156 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 161.

[0181] In other embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of'the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 166 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 171. In other
embodiments the isolated monoclonal antibody or any anti-
gen-binding fragment thereof according to the invention is
wherein the heavy chain variable region of the antibody is
encoded by a nucleic acid sequence which is at least 70%
identical to the nucleic acid sequence denoted by SEQ ID
NO. 106 and wherein the light chain variable region of the
antibody is encoded by a nucleic acid sequence which is at
least 70% identical to SEQ ID NO. 111.

[0182] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of'the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 76 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 81.
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[0183] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 57 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 62.

[0184] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 67 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 71.

[0185] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 86 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 91.

[0186] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 96 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 101.
[0187] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 116 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 121.
[0188] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 126 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 131.
[0189] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 136 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 141.
[0190] In further embodiments the isolated monoclonal
antibody or any antigen-binding fragment thereof according
to the invention is wherein the heavy chain variable region
of the antibody is encoded by a nucleic acid sequence which
is at least 70% identical to the nucleic acid sequence denoted
by SEQ ID NO. 146 and wherein the light chain variable
region of the antibody is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 151.
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[0191] In further embodiments the isolated monoclonal
antibody according to the invention is wherein said antibody
comprises a heavy chain variable region comprising the
amino acid sequence denoted by SEQ ID NO. 157, SEQ ID
NO. 167 or a variant thereof and a light chain variable region
comprising the amino acid sequence denoted by SEQ ID
NO. 162, SEQ ID NO. 172 or a variant thereof.

[0192] In specific embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 157 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 162, or a variant thereof.

[0193] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 167 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 172, or a variant thereof.

[0194] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 107 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 112, or a variant thereof.

[0195] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 77 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 82, or a variant thereof.

[0196] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 58 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 63, or a variant thereof.

[0197] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 68 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 72, or a variant thereof.

[0198] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 87 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 92, or a variant thereof.

[0199] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 97 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 102, or a variant thereof.

[0200] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 117 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 122, or a variant thereof.

[0201] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
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by SEQ ID NO. 127 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 132, or a variant thereof.

[0202] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 137 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 142, or a variant thereof.

[0203] In other embodiments the isolated monoclonal
antibody according to the invention comprises a heavy chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 147 or a variant thereof and a light chain
variable region comprising the amino acid sequence denoted
by SEQ ID NO. 152, or a variant thereof.

[0204] As demonstrated in FIG. 14, all of the monoclonal
antibodies prepared as described herein showed high bind-
ing affinity to HCV E2 and a high neutralizing activity.
[0205] As described in the appended Examples, human
antibodies were raised against HCV E2.

[0206] The term “human antibody” as used herein refers to
an antibody that possesses an amino acid sequence corre-
sponding to that of an antibody produced by a human and/or
has been made using any of the techniques for making
human antibodies disclosed herein.

[0207] Preparation of human antibodies is well known in
the art, for example as described below.

[0208] The present invention further encompasses any
antigen-binding fragments of the isolated monoclonal anti-
body of the invention. Such antigen-binding fragments may
be for example Fab and F(ab")2, which are capable of
binding antigen. Such fragments may be produced by any
method known in the art, for example by proteolytic cleav-
age, using enzymes such as papain (to produce Fab frag-
ments) or pepsin (to produce F(ab')2 fragments).

[0209] Therefore in some embodiments the isolated
monoclonal antibody according to the invention is wherein
said antibody is an antibody fragment selected from the
group consisting of Fv, single chain Fv (scFv), heavy chain
variable region, light chain variable region, Fab, F(ab),' and
any combination thereof.

[0210] In one embodiment, for constructing a full-length
antibody, the variable light chain region and the variable
heavy chain regions of the antibody are recovered from scFv
molecules. In another embodiment, the variable light chain
region is recovered from an scFv molecule and the variable
heavy chain region is custom-synthesized based on bioin-
formatics analysis.

[0211] As exemplified below, the human antibodies pre-
pared in accordance with the present disclosure were shown
to neutralize HCV using an in vitro FFU (focus-forming
unit) neutralization assay in Huh7.5 cells using HCVcc
HI3-5 chimeric virus or viruses containing E2 from geno-
types 1-7 (1la (H77/JFH1); 2b (J8/JFH1); 3a (S52/JFH1); 4a
(ED43/IFH1); 5a (SAI13/JFH1); 6a (HK6a/JFH1);, 7a
(QC69/JFHY)). The percent neutralization was calculated as
the percent reduction in FFU compared with virus incubated
with an irrelevant control antibody.

[0212] Thus in some embodiments the isolated monoclo-
nal antibody according to the invention is wherein said
antibody is a neutralizing antibody.

[0213] The term “Neutralizing antibody” (or Nab) as
herein defined refers to an antibody which defends a cell
from an antigen or infectious body by inhibiting or neutral-
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izing the biological effect of the antigen or infectious body.
Neutralizing antibodies are mainly defined by their in vitro
activity, which in the present case may be assessed for
example by the FFU neutralization assay.

[0214] In yet another one of its aspects the present inven-
tion provides an isolated nucleic acid molecule comprising
a nucleotide sequence encoding an antibody or any antigen-
binding fragment thereof as herein defined.

[0215] The term “nucleic acid” or “nucleic acid molecule”
as herein defined refers to a polymer of nucleotides, which
may be either single- or double-stranded, which is a poly-
nucleotide such as deoxyribonucleic acid (DNA), and,
where appropriate, ribonucleic acid (RNA). The terms
should also be understood to include, as equivalents, analogs
of either RNA or DNA made from nucleotide analogs, and,
as applicable to the embodiment being described, single-
stranded (such as sense or antisense) and double-stranded
polynucleotides. The term DNA used herein also encom-
passes cDNA, i.e. complementary or copy DNA produced
from an RNA template by the action of reverse transcriptase
(RNA-dependent DNA polymerase).

[0216] In still another one of its aspects the present
invention provides an expression vector comprising the
isolated nucleic acid molecule as herein defined.

[0217] The term “Expression vector” sometimes referred
to as “expression vehicle” or “expression construct”, as used
herein, encompass vectors such as plasmids, viruses, bacte-
riophage, integratable DNA fragments, and other vehicles,
which enable the integration of DNA fragments into the
genome of the host. Expression vectors are typically self-
replicating DNA or RNA constructs containing the desired
gene or its fragments, and operably linked genetic control
elements that are recognized in a suitable host cell and effect
expression of the desired genes. These control elements are
capable of effecting expression within a suitable host. The
expression vector in accordance with the invention may be
competent with expression in bacterial, yeast, or mammalian
host cells, to name but few. Non limiting examples include
the pMAZ-IgH, pMAZ-Igl. and pCC16 vectors, as
described below.

[0218] The present invention further provides a host cell
transfected with the isolated nucleic acid molecule or with
the expression vector as herein defined.

[0219] The term “host cells” as used herein refers to cells
which are susceptible to the introduction of the isolated
nucleic acid molecule according to the invention or with the
expression vectors according to the invention. Preferably,
said cells are mammalian cells, for example 293T cells
(which were used in the present disclosure). Transfection of
the isolated nucleic acid molecule or the expression vector
according to the invention to the host cell may be performed
by any method known in the art.

[0220] In another one of its aspects the present invention
provides a bispecific molecule comprising the antibody as
herein defined.

[0221] By the term “bispecific molecule” as herein defined
it is meant a molecule comprising a first entity being an
antibody or any antigen binding fragment thereof as herein
defined and a second entity. The second entity may be a
second antibody or antigen binding fragment thereof that
specifically binds to a different target, such as but not limited
to an epitope in HCV-E2 that is different from the epitope
recognized by the antibodies in accordance with the inven-
tion. The second antibody or antigen binding fragment
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thereof may also target other HCV proteins, or a host antigen
(e.g. a molecule associated with a cell of the immune
system). Bispecific antibodies include cross-linked or “het-
eroconjugate” antibodies and can be made using any con-
venient cross-linking or recombinant methods.

[0222] In yet another one of its aspects the present inven-
tion provides an immunoconjugate comprising the antibody
or any antigen-binding fragment thereof as herein defined
and an additional anti-HCV agent.

[0223] The term “immunoconjugate” as herein defined
refers to an antibody or any antigen-binding fragment
thereof according to the invention that is conjugated (linked
or joined) to an additional agent Immunoconjugates may be
prepared by any method known to a person skilled in the art,
for example, by cross-linking the additional agent to the
antibody according to the invention or by recombinant DNA
methods.

[0224] The term “additional anti-HCV agent” as herein
defined refers to any agent known in the art for the treatment
of HCV, including but not limited to an additional antibody.
[0225] The term “additional antibody” as herein defined
refers to an antibody, which is not the antibody according to
the invention, which may be used in combination with any
one of the antibodies of the invention. Such antibody may be
directed against HCV E2, against a different antigen of HCV,
or against a host-related moiety.

[0226] The present invention further provides a pharma-
ceutical composition comprising as an active ingredient the
isolated monoclonal antibody or any antigen-binding frag-
ment thereof as herein defined, the bispecific molecule or the
immunoconjugate according to the invention and a pharma-
ceutically acceptable carrier, excipient or diluent.

[0227] The “pharmaceutical composition” of the invention
generally comprises the antibody or any antigen-binding
fragment thereof as herein defined and a buffering agent, an
agent which adjusts the osmolarity of the composition and
optionally, one or more pharmaceutically acceptable carri-
ers, excipients and/or diluents as known in the art. Supple-
mentary active ingredients can also be incorporated into the
compositions, e.g. other anti HCV drugs or agents.

[0228] As used herein the term “pharmaceutically accept-
able carrier, excipient or diluent” includes any and all
solvents, dispersion media, coatings, antibacterial and anti-
fungal agents and the like, as known in the art. The carrier
can be solvent or dispersion medium containing, for
example, water, ethanol, polyol (for example, glycerol,
propylene glycol, and liquid polyethylene glycol, and the
like), suitable mixtures thereof, and vegetable oils. Each
carrier should be both pharmaceutically and physiologically
acceptable in the sense of being compatible with the other
ingredients and not injurious to the subject. Except as any
conventional media or agent is incompatible with the active
ingredient, its use in the therapeutic composition is contem-
plated.

[0229] In some embodiments the pharmaceutical compo-
sition as herein defined further comprises an adjuvant.
[0230] An “adjuvant” as herein defined refers to a phar-
macological and/or immunological agent that modifies the
effect of other agents. Adjuvants are inorganic or organic
chemicals, macromolecules or entire cells of certain killed
bacteria, which enhance the immune response to an antigen.
Examples of adjuvants include, but are not limited to Fre-
und’s adjuvant, aluminum hydroxide etc.
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[0231] In some further embodiments the pharmaceutical
composition according to the invention further comprises an
additional anti-HCV agent.

[0232] In yet another one of its aspects, the present inven-
tion provides the isolated monoclonal antibody or any
antigen-binding fragment thereot according to the invention,
the bispecific molecule, the immunoconjugate or the phar-
maceutical composition as herein defined for use in a
method of prophylaxis, treatment or amelioration of HCV
infection.

[0233] In some further embodiments, the isolated mono-
clonal antibody or any antigen-binding fragment thereof
according to the invention, the bispecific molecule, the
immunoconjugate or the pharmaceutical composition as
herein defined is for use in a method of prophylaxis,
treatment or amelioration of diseases associated with HCV
infection.

[0234] In some specific embodiments, such diseases may
be hepatitis, fibrosis, cirrhosis, liver failure, hepatocellular
carcinoma (HCC) or HCV infection post liver transplanta-
tion.

[0235] Further provided is a method of prophylaxis, treat-
ment, passive immunization or amelioration of HCV infec-
tion or diseases associated with HCV infection as described
above, comprising administering to a subject in need thereof
a therapeutically effective amount of the isolated monoclo-
nal antibody or any antigen-binding fragment thereof
according to the invention, the bispecific molecule, the
immunoconjugate or the pharmaceutical composition as
herein defined.

[0236] By the term “prophylaxis™ as herein defined it is
meant to provide a preventive or prophylactic treatment,
namely acting in a protective manner, to defend against or
prevent HCV infection, namely before exposure to HCV.
Non-limiting examples include post-exposure prophylaxis
for accidental needle-stick or other percutaneous or mucosal
exposure, prevention of recurrent HCV infection in a trans-
planted liver.

[0237] The terms “treatment”, “treating”, “treat”, “passive
immunization”, or forms thereof as used herein, mean
preventing, ameliorating or delaying the onset of one or
more clinical indications of infection or disease activity
resulting from HCV infection in a subject.

[0238] Administration according to the present invention
may be performed by any of the following routes: oral
administration, intravenous, intramuscular, intraperitoneal,
intratechal or subcutaneous injection; intrarectal administra-
tion; intranasal administration, ocular administration or topi-
cal administration.

[0239] In specific embodiments administration according
to the present invention may be performed intravenously.

[0240] In some embodiments the method according to the
invention further comprises administering to a subject in
need thereof an additional anti-HCV agent. Non limiting
examples include pegylated interferon-a, ribavirin, and an
HCYV protease inhibitor, e.g. boceprevir or telaprevir. In one
embodiment, the method of the invention comprises treat-
ment or passive immunization with combinations of anti
HCV monoclonal antibodies possessing well-defined and
differing epitope specificities in order to overcome virus
resistance.

[0241] The term “subject in need thereof” as herein
defined means primates and particularly humans at risk of
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being exposed to HCV (e.g. patients receiving a liver
transplant) or that have been infected with HCV.

[0242] The method according to the invention may be
applied where the isolated monoclonal antibody or any
antigen-binding fragment thereof, bispecific molecule,
immunoconjugate or pharmaceutical composition as herein
defined is administered to the subject prior to or after HCV
infection.

[0243] The term “therapeutically effective amount” for
purposes herein defined is determined by such consider-
ations as are known in the art in order to cure, arrest or at
least alleviate or ameliorate the medical conditions associ-
ated with HCV infection. For any preparation used in the
methods of the invention, the dosage or the therapeutically
effective amount can be estimated initially from in vitro cell
culture assays or known clinical correlates.

[0244] In the above and other embodiments the isolated
monoclonal antibody or any antigen-binding fragment
thereof is administered at a therapeutically effective amount
of 10-1000 pg/kg.

[0245] It should be appreciated that the therapeutically
effective amount as herein defined refers to the isolated
monoclonal antibody or any antigen-binding fragment per
se, as the active ingredient of a pharmaceutical composition,
or as a component of a bispecific molecule or an immuno-
conjugate.

[0246] In some further embodiments the isolated mono-
clonal antibody or any antigen-binding fragment thereof,
bispecific molecule, immunoconjugate or pharmaceutical
composition as herein defined is administered to the subject
as a single dose or as multiple doses.

[0247] As demonstrated in the appended examples, the
antibodies described herein, in particular the antibodies
referred to as VH510520 (RMS28) and VH16618 (RMS11)
were shown to neutralize HCV in an in vitro FFU (focus-
forming unit) neutralization assay.

[0248] Thus in still another one of its aspects the present
invention provides a method of neutralizing HCV infection
comprising administering to a subject in need thereof a
therapeutically effective amount of the isolated monoclonal
antibody or any antigen-binding fragment thereof, the bis-
pecific molecule, the immunoconjugate or the pharmaceu-
tical composition as herein defined.

[0249] By the term “neutralizing” it is meant blocking,
preventing or at least reducing the ability of HCV to infect
the host cells, in particular human hepatic cells.

[0250] The ability of the antibody to neutralize the infec-
tivity of HCV may be monitored by any method known in
the art, in particular, using the neutralization assay described
herein below. The present invention further provides a
method of detecting HCV in a biological sample obtained
from a subject, said method comprising:

(a) contacting said biological sample with the isolated
monoclonal antibody or any antigen-binding fragment
thereof according to the invention, wherein said monoclonal
antibody is labeled with a detectable marker; and

(b) detecting said isolated monoclonal antibody or any
antigen-binding fragment thereof, wherein the presence of
said isolated monoclonal antibody or any antigen-binding
fragment thereof indicates the presence of HCV in said
biological sample.

[0251] Detecting the isolated monoclonal antibody may be
performed by any method known to a person skilled in the
art based on the detectable marker present on the antibody.

Feb. 3, 2022

[0252] The term “detectable marker” refers to any atom,
molecule or a portion thereof, the presence, absence or level
of' which can be directly or indirectly monitored. Labeling of
the antibodies as herein defined may be performed by any
method known in the art.

[0253] The term “biological sample” as herein defined
encompasses fluids, solids and tissues obtained from the
subject. The term biological sample also refers to forensic
samples.

In another one of its aspects the present invention provides
a kit for detecting HCV comprising:

(c) at least one labeled isolated monoclonal antibody or any
antigen-binding fragment thereot according to the invention;
(d) means for detection of said labeled isolated monoclonal
antibody; and optionally

(e) instructions for use of said kit.

[0254] It is appreciated that the term “purified” or “iso-
lated” refers to molecules, such as amino acid or nucleic acid
sequences, peptides, polypeptides or antibodies that are
removed from their natural environment, isolated or sepa-
rated. An “isolated antibody” is therefore a purified anti-
body. As used herein, the term “purified” or “to purify” also
refers to the removal of contaminants from a sample.
[0255] In a further aspect, the present invention provides
a method of preparing neutralizing anti HCV scFv antibod-
ies associated with HCV clearance, comprising the steps of:
[0256] a. constructing a phage display scFv antibody
library from peripheral blood mononuclear cells (PBMC)
obtained from SC individuals;

[0257] b. identifying at least one HCV E2 binder;

[0258] c. comparing the sequence of the at least one HCV
E2 binder with the sequences in stratifying clusters from a
general repertoire that are associated with HCV clearance;
[0259] d. selecting an scFv sequence with high similarity
to a sequence in a stratifying cluster from said general
repertoire that is associated with HCV clearance.

[0260] As used herein, the term “phage display” relates to
a bacteriophage-based laboratory technique. In this tech-
nique, a gene encoding a protein of interest is inserted into
aphage coat protein gene, causing the phage to “display” the
protein on its outside surface while containing the gene for
the protein on its inside, resulting in a connection between
genotype and phenotype. These displaying phages can then
be screened against other proteins, peptides or DNA
sequences, in order to detect interaction between the dis-
played protein and those other molecules. In this way, large
libraries of proteins can be screened and amplified in a
process called in vitro selection, which is analogous to
natural selection. Non-limiting examples of suitable bacte-
riophages that may be used in phage display are M13,
filamentous phages, T4, T7, and A phages.

[0261] The term “HCV E2 binder” as used herein refers to
a phage obtained from the library defined above, displaying
an antibody that is able to bind to HCV envelope protein E2.
Methods for assessing binding are well known in the art, for
example ELISA binding assay as shown in Example 5
(specifically see FIG. 12A).

[0262] The term “phagemid” as used herein refers to a
DNA-based cloning vector, which has both bacteriophage
and plasmid properties (see examples in Material and meth-
ods). These vectors carry, in addition to the origin of plasmid
replication, an origin of replication derived from bacterio-
phage. Unlike commonly used plasmids, phagemid vectors
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differ by having the ability to be packaged into the capsid of
a bacteriophage, since they have a genetic sequence that
signals for packaging.

[0263] The term “about” as used herein indicates values
that may deviate up to 1%, more specifically 5%, more
specifically 10%, more specifically 15%, and in some cases
up to 20% higher or lower than the value referred to, the
deviation range including integer values, and, if applicable,
non-integer values as well, constituting a continuous range.

EXAMPLES

[0264] Without further elaboration, it is believed that one
skilled in the art can, using the preceding description, utilize
the present disclosure to its fullest extent. The following
preferred specific embodiments are, therefore, to be con-
strued as merely illustrative, and not limitative of the
claimed invention in any way.

[0265] Standard molecular biology protocols known in the
art not specifically described herein are generally followed
essentially as in Sambrook & Russell, 2001.

[0266] Standard medicinal chemistry methods known in
the art not specifically described herein are generally fol-
lowed essentially in the series “Comprehensive Medicinal
Chemistry” by various authors and editors, published by
Pergamon Press.

[0267] Materials and Methods
[0268] Cell Lines
[0269] Huh-7.5 cells and Huh7/FT3-7 cells are human

hepatoma cell lines that are highly permissive for infection
and replication of cell culture infectious HCV (HCVcc) (Yi,
M., et al. (2007) Journal of virology 81, 629-638). Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing high glucose; 10% fetal bovine serum
(FBS); 1% L-glutamine; 1% penicillin streptomycin; and
1% non-essential amino acid. The cells were incubated in a
humidified incubator at 37° C. containing 5% CO2. The
irradiated 3T3-msCDA40L feeder cells that express CD40L
were obtained from the National Institutes of Health (NIH)
and cultured as previously described (Huang, J., et al. (2013)
Nature protocols 8, 1907-1915).

[0270] Virus

[0271] Virus stocks from HI3-5 chimeric virus (Yi, M., et
al. (2007) Journal of virology 81, 629-638) and the other
chimeric viruses containing E2 envelope protein from geno-
types 1-7: HJ3-5/1a, H77C/1a, j6/2b, s52/3a, ED43/4a,
sal3/5a, HK6A/6a, QC69/7a (Gottwein, J. M., et al. (2009)
Hepatology (Baltimore, Md. 49, 364-377), were produced in
Huh7/FT3-7 cells and viral titers were determined by FFU
assay in Huh-7.5 cells, as described previously (Yi, M., et al.
(2007) Journal of virology 81, 629-638).

[0272] Antibodies

[0273] A panel of HCV mnAbs CBH-4B, CBH-4D, HC-1,
HC-11, CBH-7, HC84.22, HC84.26, HC33.1, and HC33 .4
that are representative E2 antigenic domain A-E antibodies,
and a control nonspecific antibody R04 (Pierce, B. G., et al.
(2016) PNAS) and reviewed previously (Kong, L., et al.
(2015) Current opinion in virology 11, 148-157; Ball, I. K.,
et al. (2014) Antiviral research 105, 100-111).

[0274] Sample Collection

[0275] All blood samples were collected from the Liver
Institute at Belinson and the Galilee Medical Center, Israel.
In total, we obtained blood samples from 80 individuals; of
these, 18 were individuals that spontaneously cleared HCV
infection, 52 were with persistent chronic HCV infections,
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and 10 were from healthy controls. Subjects were defined as
spontaneously cleared HCV if anti-HCV antibodies are
detectable, with undetectable HCV RNA assessed by the
Tagman reverse-transcription polymerase chain reaction
(RT-PCR) quantitative assays. HCV chronic infections were
defined as viremia if there were detectable viral loads for
more than 1 year. Both cohorts were not treated with any
anti-viral treatment. All blood samples were collected using
protocols approved by the Institutional Review Boards and
were in accordance with the ethical standards of the Helsinki
Declaration. Sample data are summarized in Table 1. For the
isolation of peripheral blood mononuclear cells (PBMCs),
30-50 ml of whole blood from each donor was separated on
Ficoll-Paque gradient (Lymphoprep™) according to the
manufacturer’s instructions.

TABLE 1

Summary of sample data

Analysis

Chronic HCV (CIy (General repertoire/

Cleared HCV (SC)/ Sample HCV  specific repertoire/
Control (C) D Sex genotype Library)
Chronic HCV (CI) CI1 Female 1b Library
CI2 Female 1b Library
CI3 Female 1b Library
Cl4 Female 1b Library, General
repertoire
CI5 Female 1b Library
CI6 Female 1b Library, General
repertoire
CI7 Female 1b Library, General
repertoire
CI8 Male 1b Library
CI9 Male 6g Library
CI10 Female 3a Library, General
repertoire
CI11 Male 1b Library, General
repertoire
CI12 Female 1b Library
CI13 Male 3a Library, General
repertoire
CI14 Male 3a Library
CI15 Male 1b Library, General
repertoire
CI16 Male la Library, General
repertoire
CI17 Female 1b Library, General
repertoire
CI18 male 1b Library
CI19 male 1b Library
CI20 Female 3a Library, General
repertoire
CI21 Male 1b Library, General
repertoire
CI22 Male 1b Library, General
repertoire
CI23 Male 1b Library, General
repertoire
CI25 Female 1b General repertoire
CI26 Male 1b General repertoire
CI51 Female 1b Specific repertoire
CI55 Male la Specific repertoire
CI56 Male 1b Specific repertoire
CI57 Female 1b Specific repertoire
CI58 Male 1b Specific repertoire
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TABLE 1-continued TABLE 1-continued
Summary of sample data Summary of sample data
Analysis Analysis
Chronic HCV (CI)/ (General repertoire/ Chronic HCV (CIy (General repertoire/
Cleared HCV (SC)/ Sample HCV  specific repertoire/ Cleared HCV (SC)/ Sample HCV  specific repertoire/
Control (C) D Sex genotype Library) Control (C) D Sex genotype Library)
CI59 Female 1b Specific repertoire C6 Male N/A General repertoire
CI60 Male 1b Specific repertoire Cc7 Male N/A General repertoire
CI61 Female 1b Specific repertoire C8 Female N/A General repertoire
CI65 Male 1 Specific repertoire C9 Male N/A General repertoire
CI66 Male 1 Specific repertoire C10 Male N/A General repertoire
Cleared HCV (SC) SC1 Female N/A  Library, General
repertoire . . . .
SC2  Female N/A  Library, General [0276] Expression and Purification of the E2 Glycoprotein
repertoire [0277] The H77 genotype la E2 sequence (GenBank
SC3 Male N/A  Library, General . . .
repertoire accession no. AF009606), spanning residues 384-661 (not
sc4 Male N/A  Library containing the transmembrane domain), was amplified by
SC5 Female N/A  Library PCR using HCV plasmid pHJ3-5 (Yi, M., et al. (2007)
S5C6 Ma}e N;A L}Em‘/ 1 Journal of virology 81, 629-638) and primers pSHOOTER-
S¢7 Male NA ?;p;foyi’rgenem sec-E2-1a-SE and pSHOOTER-sec-E2-1a-As (primers are
scg Male N/A  Library, General listed in Table 2. The PCR product was digested with Notl
repertoire and Ncol and cloned into plasmid pCMV-SEC-MBP con-
SC9  Female N/A~ General repertoire taining signal peptide for secretion, His and Myc tags, and
SC10 Male N/A General repertoire ST . .
. fused to maltose-binding protein (MBP) for higher expres-
SC11 Female N/A General repertoire , o ) ) h
SC12  Female N/A  General repertoire sion and stabilization. The resulting plasmid was termed
SC14 Female N/A  Library, General pCMV—SEC-MBP-E2-384-66l-la-HiS-MyC.
so1s Femal NA Tépeﬁoire ] [0278] For production of E2 protein, 293T cells were
emate S;s:irgc izg?;giz transfected with 12 pg pCMV-SEC-MBP-E2-384-661-1a-
SC16  Female N/A  Specific repertoire His-Myc expression plasmid by PEI transfection reagent. At
SC17  Female N/A  Specific repertoire 72 h post transfection, medium containing the secreted
1 SC18 Feﬂfale N;A Spec}gc repertoire protein was collected from cells for protein purification. The
Control () ¢l Male NA - Specific repertoire B2 protein was purified using Ni-NTA agarose beads (Qia-
C2 Male N/A  Specific repertoire . . . . .
3 Male N/A  Specific repertoire gen) accordlng to the manufacturer’s instructions. Purlﬁed
c4 Female N/A  General repertoire E2 glycoprotein was stored at -20° C. E2 glycoprotein-
Cs Female N/A  General repertoire containing fractions were analyzed on SDS 10% polyacry-
lamide gels.
TABLE 2
List of primers
Primer’s name Sequence SEQ ID NO:
PSHOOTER- sec-E2-1la-SE GGGARAGGTACCGTCCTCTCTCGTGATCGAGEGTAGEC 1
CTGAATTCAGTACCATGGCCGAAACCCACGTCACCEE
PSHOOTER- sec-E2-la-AS GGGAATGCGGCCECCTCAGACCTATCCCTE 2
TAB-RI CCATGATTACGCCAAGCTTGGGAGCC 3
CBD-As GAATTCAACCTTCAAATTGCC 4
Hu-VH-NcoI-BACKL-1 TTTAAGCCATGGCCCAGGTBCAGCTKGTRCARTCTGE 5
Hu-VH-NcoI-BACKL-2 TTTAAGCCATGGCCCARATGCAGCTGGTGCAGTCTGE 6
Hu-VH-NcoI-BACKL-3 TTTAAGCCATGGCCGARGTSCAGCTGGTRCAGTCTGE 7
Hu-VH-NcoI-BACK2-1 TTTAAGCCATGGCCCAGATCACCTTGAAGGAGTCTGE 8
Hu-VH-NcoI-BACK2-2 TTTAAGCCATGGCCCAGGTCACCTTGAGGGAGTCTGE 9
Hu-VH-NcoI-BACK2-3 TTTAAGCCATGGCCCAGGTCACCTTGAAGGAGTCTGE 10
Hu-VH-NcoI-BACK3-1 TTTAAGCCATGGCCGARGTRCARCTGGTGGAGTCYEE 11
Hu-VH-NcoI-BACK32-2 TTTAAGCCATGGCCCAGGTGCAGCTGGTGGAGTCTGE 12
Hu-VH-NcoI-BACK32-3 TTTAAGCCATGGCCGAGGTGCAGCTGTTGGAGTCTGE 13
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TABLE 2-continued

List of primers

Primer’s name Sequence SEQ ID NO:
Hu-VH-NcoI-BACK3-4 TTTAAGCCATGGCCGAGGTGCAGCTGGTGGAGWCTG 14
Hu-VH-NcoI-BACK4-1 TTTAAGCCATGGCCCAGGTGCARCTGCAGGAGTCGGG 15
Hu-VH-NcoI-BACK4-2 TTTAAGCCATGGCCCAGCTGCAGCTGCAGGAGTCSGG 16
Hu-VH-NcoI-BACK6-1 TTTAAGCCATGGCCCAGGTACAGCTGCAGCAGTCAGG 17
Hu-JH-FORF-2-4-5 TCCTGCTGAGCCTGAGGAGACRGTGACCAGGGTKCC 18
Hu-JH-FORF3 TCCTGCTGAGCCTGAAGAGACGGTGACCATTGTCCC 19
Hu-JH-FORF6 TCCTGCTGAGCCTGAGGAGACGGTGACCGTGGTCCC 20
Hu-JH-FORF-2-4-5L CCACCACCACCGGATCCTCCTCCTCCTGCTGAGCCTGA 21
GGAGACRGTGACCAGGGTKCC
Hu-JH-FORF3L CCACCACCACCGGATCCTCCTCCTCCTGCTGAGCCTGA 22
AGAGACGGTGACCATTGTCCC
Hu-JH-FORF6L CCACCACCACCGGATCCTCCTCCTCCTGCTGAGCCTGA 23
GGAGACGGTGACCGTGGTCCC
Hu-VK-BACKF1S GGCGGCGGCTCCRHCATCYRGWTGACCCAGTC 24
Hu-VK-BACKF2-4S GGCGGCGGCTCCGAYRTYGTGATGACYCAGIWC 25
Hu-VK-BACKF3S GGCGGCGGCTCCGAAATWGTRWTGACRCAGTC 26
Hu-VK-BACKF5S GGCGGCGGCTCCGAAACGACACTCACGCAGTC 27
Hu-VK-BACKF6S GGCGGCGGCTCCGAWRTTGTGMTGACWCAGTC 28
Hu-VK-Lin-BACKF1L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 29
CGGCGGCTCCRHCATCYRGWTGACCCAGTC
Hu-VK-Lin-BACKF2-4L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 30
CGGCGGCTCCGAYRTYGTGATGACYCAGWC
Hu-VK-Lin-BACKF3L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 31
CGGCGGCTCCGAAATWGTRWTGACRCAGTC
Hu-VK-Lin-BACKF5L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 32
CGGCGGCTCCGAAACGACACTCACGCAGTC
Hu-VK-L-BACKF6L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 33
CGGCGGCTCCGAWRTTGTGMTGACWCAGTC
Hu-JK-NotI-FORF1-3-4 ATATATGCGGCCGCTTTGATHTCCACYTTGGTCC 34
Hu-JK-NotI-FORF2 ATATATGCGGCCGCTTTGATCTCCAGCTTGGTCC 35
Hu-JK-NotI-FORF5 ATATATGCGGCCGCTTTAATCTCCAGTCGTGTCC 36
Hu-VL-BACKF1S GGCGGCGGCTCCCAGTCTGTSBTGACKCAGCC 37
Hu-VL-BACKF2S GGCGGCGGCTCCCAGTCTGCCCTGACTCAGCC 38
Hu-VL-BACKF3S GGCGGCGGCTCCTCYTMTGWGCTGACWCAGCC 39
Hu-VL-BACKF3DEGS GGCGGCGGCTCCTCCTATGAGCTGAYHCAGSWVC 40
Hu-VL-BACKF4-5 GGCGGCGGCTCCCAGSYTGTGCTGACTCAAYC 41
Hu-VL-BACKF6S GGCGGCGGCTCCAATTTTATGCTGACTCAGCC 42
Hu-VL-BACKF7-8S GGCGGCGGCTCCCAGRCTGTGGTGACYCAGG 43
Hu-VL-BACKF9-108 GGCGGCGGCTCCCWGSCWGKGCTGACTCAGCC 44
Hu-VL-BACKF1L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 45

CGGCGGCTCCCAGTCTGTSBTGACKCAGCC
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TABLE 2-continued
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List of primers

Primer’s name Sequence SEQ ID NO:

Hu-VL-BACKF2L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 46
CGGCGGCTCCCAGTCTGCCCTGACTCAGCC

Hu-VL-BACKF3L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 47
CGGCGGCTCCTCYTMTGWGCTGACWCAGCC

Hu-VL-BACKF3DEGL GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 48
CGGCGGCTCCTCCTATGAGCTGAYHCAGSWVC

Hu-VL-BACKF4-5L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 49
CGGCGGCTCCCAGSYTGTGCTGACTCAAYC

Hu-VL-BACKF6L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 50
CGGCGGCTCCAATTTTATGCTGACTCAGCC

Hu-VL-BACKF7-8L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 51
CGGCGGCTCCCAGRCTGTGGTGACYCAGG

Hu-VL-BACKF9-10L GGATCCGGTGGTGGTGGTTCCGGAGGCGGCGGCTCCGG 52
CGGCGGCTCCCWGS CWGKGCTGACTCAGCC

Hu-JL-NotI-FORF1-2-3 ATATATGCGGCCGCTAGGACGGTSACCTTSGTCCC 53

Hu-JL-NotI-FORF4 ATATATGCGGCCGCTAGGACGATCAGCTGGGTTCC 54

Hu-JL-NotI-FORF5 ATATATGCGGCCGCTAGGACGGTCAGCTCSGTCCC 55

Hu-JL-NotI-FORF6-7 ATATATGCGGCCGCTAGGACGGTCASCTKGGTKSS 56

[0279] Construction of an immune anti-HCV antibody
phage display library A phage display antibody library was
constructed from a source of pooled PBMCs obtained from
10 SC patients. For library construction, a degenerative
primer set was designed by using the IMGT database
(IMGT®, the international ImMunoGeneTics information
System® http://www.imgt.org) (Lefranc, M. P, et al. (1999)
Nucleic acids research 27, 209-212) (primers are listed in
Table 2). The phage antibody library was produced using a
protocol as previously described (Nahary, L., et al. (2009)
Methods in molecular biology 525, 61-80). In brief, total
RNA was extracted from 107 PBMCs using the RNeasy mini
kit (Qiagen). cDNA was produced from mRNA by reverse
transcription using the AccuScript Hi-Fi ¢cDNA Synthesis
Kit (Agilent). Heavy and light chain variable domains were
amplified from the RT-PCR ¢DNA product by PCR using the
primer sets. The heavy variable domains were amplified
using the primer sets Hu-VH1-6-Ncol-BACK and Hu-JH1-
6-FORF and the light variable domain was amplified using
primer sets Hu-VK1-6-BACKF and Hu-JK1-5-Notl-FORF
(for amplifying Kappa light chains) or Hu-VL1-10-BACKF
and Hu-JL.1-7-Notl-FORF (for amplifying Lambda light
chains). For the combinatorial assembly of the heavy and
light chain variable domains into complete single-chain
variable fragments (scFv), the fragments were mixed
according to their natural frequencies, and PCR was per-
formed using the assembly primer (forward) and the primers
set Hu-JK1-5-Notl-FORF for Kappa scFv or the primers set
Hu-JL.1-7-Notl-FORF for Lambda scFv (reverse) (primers
are listed in Table 2). The amplified scFvs were cloned into
the phagemid vector pCC16 (Nahary, L., et al. (2009)
Methods in molecular biology 525, 61-80). The ligated
DNA was used for electroporation into electrocompetent
XL-1 cells (Agilent Technologies) under the following con-

ditions: 2.5 kV, 200€2, 25 pF. In total, 75 electroporations
were conducted that yielded a total library size of 6x107
individual clones. To test the diversity of the libraries, the
scFv genes were amplify from 30 colonies from the library
by PCR. The PCR products were digested by BstNI (NEB).
The digested samples were separated on 2.5% agarose gel.
A diverse running pattern indicates sequence diversity. Res-
cue of the library using helper phage and preparation of
library stocks was performed essentially as described (Na-
hary, L., et al. (2009) Methods in molecular biology 525,
61-80).

[0280] Biopanning and Isolation of Monoclonal Anti-E2
Phages
[0281] To enrich E2-specific phages, five cycles of bio-

panning were performed for the SC library essentially as
described (Nahary, L., et al. (2009) Methods in molecular
biology 525, 61-80). In brief, phages were first rescued from
the library. Then, the first cycle of enrichment was per-
formed by coating the wells with E2 glycoprotein, and then
10" phages were added to the wells. Non-specific phages
were washed by PBST and then specific phages were eluted
with 100 mM triethylamine. For neutralization, 1M Tris.Cl
pH 7.4 was added. Eluted phages were used for the next
cycle of biopanning Phages were pooled from the 4th and
5th biopanning cycles. Next, 96 colonies were picked from
each cycle and rescued essentially as described (Nahary, L.,
et al. (2009) Methods in molecular biology 525, 61-80).
Their specificity to E2 was screened by ELISA, as described
below.

[0282] Expression and Purification of Full-Length Anti-
bodies
[0283] To produce full-length IgGs, the heavy and light

chains from scFvs were cloned into pMAZ-IgH and pMAZ-
IgL. vectors that contain the constant regions of IgG1 and a
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signal peptide for secretion (Mazor, Y., et al. (2007) Journal
of immunological methods 321, 41-59). The variable heavy
chain region was recovered by PCR from pCC16 vector,
which carries the selected scFv using primers TAB-RI and
CBD-As (Table 2). Alternatively, the variable Heavy chain
region sequences identified and selected by bioinformatic
analysis were custom-synthesized (IDT, Israel). The variable
Kappa and Lambda chain regions were recovered by PCR
from pCC16 vector, which carries the selected scFv using
primers TAB-RI and CBD-As (Table 2). PCR products were
digested with BssHII and Nhel for heavy chains, BssHII and
Bsiwl for the light Kappa chain, and BssHII and Avrll for the
light Lambda chain, and cloned into the appropriate vectors.

[0284] For antibody production, 293T cells were trans-
fected with pMAZ-IgH expressing the Heavy chain and with
pMAZ-Igl. expressing the Light chain. At 72 h post trans-
fection, medium was collected from the cells and antibodies
were purified using Protein A Sepharose CL-4B beads (GE
healthcare) according to the manufacturer’s instructions.
Purified antibodies were stored at —20° C. Fractions con-
taining Antibodies were analyzed on SDS 15% polyacryl-
amide gels.

[0285] ELISA

[0286] For detecting specific antibodies in patients’ sera:
Each well of the ELISA plate was coated with 0.5 pg of rE2
diluted in 100 pl of coating buffer and the plates were
incubated at 4° C. overnight. The plates were washed twice
with PBST and blocked with 3% skim milk in PBS for 1 hr
at 37° C. Next, the plates were washed twice with PBST and
serum (diluted 1:1000) from different patients were added to
the wells, followed by 1 hr incubation at RT. The plates were
washed three times with PBST and goat a human HRP-
conjugated antibody diluted 1:10000 was added to each
well, followed by 1 hr incubation at RT. Then, 100 ul of
Tetramethylbenzidine (TMB) was added to each well and
following incubation of 5-10 min, the reaction was stopped
by adding 50 ul 0.5M of H,SO, to each well. The signal was
detected at a wavelength of 450 nm by a plate reader.

[0287] For detecting binding phages: ELISA was per-
formed as previously described (43). First, 96-well ELISA
plates were coated with 5 pg of rE2 or negative control
protein (BSA). Plates were incubated overnight, then
washed x3 with PBS, and blocking buffer was added to the
plates for 2 hr at 37° C. Next, individual rescued phages
were added from the master plate. Plates were incubated at
RT 1 h and washed x3 with PBS. Next, 1:5000 HRP
conjugated to a M13 antibody was added. Then, 100 ul of
TMB was added and following an incubation of 30 min, the
reaction was stopped by adding 50 ul 0.5M of H,SO, to each
well. The signal was detected at a wavelength of 410 nm by
a plate reader. Specific phages were picked by detection of
positive signal for rE2 compared with BSA.

[0288] For determining antibodies’ specificity. For detect-
ing antibodies binding to rE2, ELISA plates were coated
with 5 nug of rE2. The plate was incubated and blocking
buffer was added. Then, antibodies were added in concen-
tration of 16 pg/ml and incubated for 1 hr at RT. HRP-
conjugated Goat a Human was added at 1:10000 dilution
and the plate was incubated for 1 hr at RT. TMB was added
and following an incubation of 5-10 min, 50 ul 0.5M of
H,SO, was added to each well. The signal was detected at
a wavelength of 450 nm by a plate reader.
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[0289] Focus-Forming Unit (FFU) Reduction Neutraliza-
tion Assay
[0290] Neutralization assays were carried out essentially

as described previously (Gal-Tanamy, et al. (2008) Proceed-
ings of the National Academy of Sciences of the United
States of America 105, 19450-19455). Huh7.5 cells were
seeded on an eight-chamber slide and incubated overnight at
37° C. The next day, 5x10™ of each selected phage or
different concentrations of purified IgGs were incubated for
1 hr with 100 FFU of HCVcc HJ3-5 chimeric virus or
viruses containing E2 from genotypes 1-7 (1a (H77/JFH1);
2b (J8/JFH1); 3a (S52/JFH1); 4a (ED43/JFH1); Sa (SA13/
JFH1); 6a (HK6a/JFH1); 7a (QC69/JFH1)). Next, phages/
IgGs and virus mixtures were added to the wells. The slides
were incubated for 24 hr. Next, 200 ul of DMEM was added
to each well and the slide was incubated for another 24 hr.
Then, the slides were washed twice with 200 ul PBS. The
PBS was gently removed and 100 pl of Methanol: Acetone
1:1 was added to each well, followed by 10 minutes incu-
bation at RT. Each well was washed twice with 200 ul PBS.
Then 7.5% BSA in PBS was added with serum from a
chronically infected HCV patient at a dilution of 1:1000,
followed by 1 hour of incubation at 37° C. Each well was
washed twice with 200 pl PBS. Next, 100 ul of 7.5% BSA
in PBS with fluorescently labeled goat anti-human antibody
diluted 1:100 was added to each well, followed by 1 hr of
incubation at RT. Each well was washed 3 times with 200 pl
PBS. Neutralization was measured by immunofluorescence
microscopy, followed by manual counting of foci of infected
cells. The percent neutralization was calculated as the per-
cent reduction in FFU compared with virus incubated with
an irrelevant control antibody.

[0291] Isolation of HCV-Specific B Cells

[0292] A platform was established for the propagation and
isolation of HCV-specific B cells. PBMCs from CI and SC
patients were isolated and CD19* B cells were separated by
a FACS sorter. B cells were then plated on feeder irradiated
3T3-msCDA40L cells that express CD40L, which induces
proliferation, Ab class switching, and secretion (Wykes, M.
(2003) Immunology and cell biology 81, 328-331). B cells
were activated with 5 ug/ml rE2 protein and a combination
of IL2 (10000 U/ml) and IL.21 (100 pg/ml) (Berglund, L. et
al. (2013) Blood 122, 3940-3950). The combination of
CDA40L feeder cells and the addition of cytokines IL.2 and
121 can successfully stimulate switched memory B cells to
produce high concentrations of IgG to the supernatant.
[0293] FIG. 1 demonstrates the successful propagation of
memory B cells following separation of CD19* B cells from
a healthy individual, that were grown on 3T3-msCD40L
cells and stimulated with a pool of positive peptides and 1[.2
and IL-21. Evaluation of CFSE staining following 14 days
of culture demonstrates CFSE fading, only under stimulated
conditions. This indicates the proliferation of the activated
culture (FIG. 1A). Moreover, in the activated culture, 23%
of the population was memory B-cells that are positive for
CD27+, compared with very low numbers of CD27+ cells in
the non-activated culture (FIG. 1B). For evaluating the
ability of B cells to differentiate and produce IgG, the
concentrations of IgG secreted to the culture medium were
measured three or eight days following B-cell activation by
ELISA. As shown in FIG. 1C, the activation induced IgG
secretion, in a time and cell number-dependent manner.
[0294] For isolation of HCV-specific B-cells, B-cells from
CI and SC patients were isolated and stimulated as described
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above. The cultures were incubated for 14 days and then
HCV-specific B cells were isolated. Activated B cells were
incubated with rE2 and stained with CD19-PE, CD27-
BV421, and tagged rE2 (anti-cMyc, alexa fluor 633). Viable
CD19+, CD27+, and E2+ were isolated by FACS. These
HCV-specific B cells were then grown for one week, as
described above. Supernatants were collected at each step
and used in the HCV-neutralization assays. The background
was compared to healthy individuals, stained and gated as
the tested samples.

Sequencing B-Cell Repertoires

[0295] Library Preparation

[0296] Total RNA was purified from 5x10° PBMCs from
each sample (using RNeasy Midi kit, Qiagen). RT-PCR was
performed using an oligo dT primer. An adaptor sequence
was added to the 5' end, which contains a universal priming
site and a 17-nucleotide unique molecular identifier (Stern,
J. N, et al. (2014) Science translational medicine 6,
248ral07). Products were purified, followed by PCR using
primers targeting the IgD, IgM, IgG and IgA regions, and the
universal adaptor. PCR products were then purified using
AMPure XP beads. A second PCR was performed to add the
Illumina P5 adaptor to the constant region end, and a
sample-indexed P7 adaptor to the universal adaptor. Final
products were purified, quantified with a TapeStation (Agi-
lent Genomics), and pooled in equimolar proportions, fol-
lowed by 2x300 paired-end sequencing with a 20% PhiX
spike on the Illumina MiSeq platform according to the
manufacturer’s recommendations.

[0297] Bioinformatic Analyses

[0298] Pre-processing of raw sequencing reads: Reper-
toire Sequencing TOolkit (pRESTO version 0.5.8) (Vander
Heiden, J. A., et al. (2014) Bioinformatics 30, 1930-1932)
was applied to the raw reads using the following steps: a.
Removal of low-quality reads (mean Phred quality score
<20). b. Removal of reads where the primer could not be
identified or had a poor alignment score (mismatch rate
>0.1). c. Identification of sets of sequences with identical
molecular IDs (corresponding to the same mRNA mol-
ecule). These are collapsed into one consensus sequence per
set, after removing sets with a mean mismatch rate >0.2. d.
Assembly of the two consensus paired-end reads into a
complete antibody sequence. Then, V(D)J segments were
assigned for each of the antibody sequences using IMGT/
HighV-QUEST (Alamyar, E., et al. (2012) Methods in
molecular biology 882, 569-604). This was followed by
quality control and additional filtering: a. Removal of non-
functional sequences due to a stop codon or a reading frame
shift between the V and the J gene. b. Sequences with CDR3
length <12 nucleotides. c. Samples with an unusually abun-
dant single V-J CDR3 length combination were excluded:
samples CI4 and SC12 met this criterion, since they had a
single sequence in >50% of the raw reads. d. For mutation
analysis sequences with read numbers (CONSCOUNT)
lower than two were removed. e. For IGHV gene usage we
showed analysis for only functional genes that were in the 15
topmost frequent in at least one sample.

[0299] Clustering of Related B-Cell Sequences Across all
Samples
[0300] Sequences were first grouped according to their

V-gene, J-gene, and CDR3 length. For each group, the
difference in amino acids between each pair of CDR3s was
calculated by Hamming distance. Hierarchical clustering by
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a complete linkage method was applied and sequences were
clustered by genetic distance, using a threshold of 0.15, i.e.,
the maximal dissimilarity between any two CDR3 sequences
in a cluster never exceeded 15%. As an additional quality
control step, sequence clusters for which >90% of sequences
came from a single sample were removed.

[0301] Comparing HCV-Specific B Cells and General
Repertoires from SC and CI Clinical Groups by Amino Acid
Conservation Levels

[0302] The frequency of each amino acid (AA) at each
CDR3 position was calculated for each B-cell cluster. The
sums of frequency squares were calculated for each clinical
group. B-cell clusters containing CDR3 positions for which
the sum of frequencies in SC was greater than the corre-
sponding sum for CI by more than 0.5 were selected. Only
clusters with sequences originating from more than one
sample, and sequences with CONSCOUNT >1 were used.
[0303] Prediction Model Based on the Patients’ Repertoire
1. Sequences were grouped to clusters as described above.
2. The frequency of each cluster per sample was calculated.
3. A classification model was applied as follows:

a. The data set was randomly divided into 18 (~90%) and 2
samples (~10%) of training and test sets, respectively.

b. Feature selection was performed by a random forest
model, choosing the most informative 18 features.

c. Logistic regression with an .2 regularization penalty was
applied to these 18 remaining features, and the model was
applied to the test set. The accuracy rate was measured.

d. The process was repeated 100 times; each time two
different samples were taken as a test set.

e. Random predictions: to ensure that our results are not
biased, clinical group labels were randomly shufiled. Then,
steps a-d were applied to this permuted labels model.

4. A similar model was applied to T-cell repertoires, except
that clusters of sequences were defined by identical CDR3
regions at the amino acid level.

[0304] The antibody repertoires sequencing datasets for
this study were deposited in the European Nucleotide

Archive. The accession numbers are ERR2843386-
ERR2843427.
[0305] The overall approach is summarized in FIG. 2; it

included a collection of blood samples from CI and SC HCV
infections in addition to healthy controls, and a screen to
identify samples containing high levels of HCV-neutralizing
antibodies. Selected samples were used for sequencing of
total and HCV-specific antibody repertoires, as well as total
T-cell receptor repertoires. This was followed by construct-
ing monoclonal antibodies associated with infection clear-
ance, based on phage display antibody library and repertoire
data (FIG. 2).

Example 1: Anti-HCV Antibodies in Resolved
Infections are Potent Neutralizers

[0306] PBMCs and sera was collected from 80 individu-
als. Of these, 18 were individuals that spontaneously cleared
HCYV infection, 52 were with persistent chronic HCV infec-
tions, and 10 were from healthy controls.

[0307] Subjects were defined as spontaneously cleared
HCYV if anti-HCV antibodies are detectable, with undetect-
able HCV RNA assessed by the Tagman reverse-transcrip-
tion polymerase chain reaction (RT-PCR) quantitative
assays. HCV chronic infections were defined as viremia if
there were detectable viral loads for more than 1 year. Both
cohorts were not treated with any anti-viral treatment. For
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the isolation of peripheral blood mononuclear cells
(PBMCs), 30-50 ml of whole blood from each donor was
separated on Ficoll-Paque gradient (Lymphoprep™) accord-
ing to the manufacturer’s instructions.

[0308] To validate the presence of neutralizing antibodies
in sera from CI and SC HCV infections, these sera were first
screened by ELISA for antibodies able to bind a recombi-
nant HCV envelope protein E2 (rE2). Although high levels
of anti-rE2 were detected in chronic HCV infections, very
low levels were detected in resolved HCV infections (FIG.
3A). This is expected, since the ongoing infection in CI
patients results in the generation of large numbers of anti-
HCV antibodies from plasma cells, whereas in resolved
individuals, anti-HCV antibodies are secreted from lower
number of circulating HCV-specific long lived plasma cells
or memory B-cells. Then, these sera were screened for
HCV-neutralization by performing an HCVcc neutralization
assay. Approximately a twofold drop in neutralization effi-
ciency was observed in resolved infections (an average of
45%) compared with chronic infections (an average of 85%)
(FIG. 3B).

[0309] To validate that indeed HCV-specific immunity
was measured, two CI samples were collected before and
after successful anti-viral therapy (SVR). The blood samples
were collected between six months and one year after
achieving SVR. Using these samples, binding to rE2 and
HCV-neutralization were again tested. As expected, a sig-
nificant drop was observed both in binding and in neutral-
izing HCV following treatment (FIG. 3C-3D). Collectively,
these results suggest that although the anti-HCV antibodies
in resolved infections are at low levels, they are potent
neutralizers. The samples that displayed high neutralization
efficiency were selected for further analysis.

Example 2: Differentiating Features Between SC
and CI Antibody Repertoires

[0310] Antibody repertoires were sequenced from 28 indi-
viduals; among these are 10 HCV CI, 11 SC that displayed
the highest neutralization efficiency as described above
(FIG. 3B), and 7 healthy control samples. 10*-10° unique
full-length heavy chain sequences were identified for each
sample (FIG. 4A).

[0311] To identify features in B-cell repertoires that are
unique to CI or SC HCV infections, the usage frequency of
each V and J gene segment were evaluated, as well as the
CDR3 length, and the mutation frequencies across the V
genes. Sequences were grouped by their V gene, J gene, and
CDR3 length, clustered by genetic distance, and the fre-
quencies within and between the clinical groups were com-
pared. No significant differences were observed in CDR3
length, V, and J gene distributions between the clinical
groups (FIG. 4B-4C-4D). V-J gene combinations, as well as
V-J-CDR3 length also did not yield significant results. A
similar analysis for [ chains of TCRs from the same
individual groups was also performed (FIG. 5A), no differ-
ences in CDR3 length, V, and J gene usage between SC and
CI clinical groups were observed (FIG. SB-5C-5D).

[0312] Next, the possibility that clusters of similar anti-
body sequences are enriched in either SC or CI groups was
explored. To this end, the antibody sequences were grouped
by V-J-CDR3 similarity. 337 clusters were identified that are
different between the clinical groups by more than four
samples. Of these, 165 clusters were enriched in SC samples
and 172 clusters were enriched in CI samples. To narrow
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down the list of candidate clusters for classification, the
threshold for calling a cluster enriched was increased, from
four samples to five. Using this higher threshold, 13
enriched clusters were identified. Of these, 11 clusters were
unique to SC, and one was unique to CI (FIG. 4E, and FIG.
6)

[0313] To evaluate the mutation frequencies between the
clinical groups, the sequences were first subdivided into
IgM, IgD, IgG, or IgA isotypes. No significant differences in
the frequencies of the different isotypes were observed
between the clinical groups (FIG. 7A). FIG. 7B displays a
violin plot comparing the distribution of somatic mutation
frequencies across IgA, IgD, IgG, and IgM. As expected,
higher mutation numbers were observed in the IgG and IgA
isotypes, compared with the IgM and IgD isotypes. No
significant differences were observed in mutation numbers
within each isotype between the clinical groups (FIG. 7C).
Mutation numbers were also compared for each isotype
across V genes between the clinical groups. Interestingly, 14
isotype-specific V genes were significantly different when
comparing the clinical groups (FIG. 7D). Of these, four
displayed higher mutation numbers in SC than in CI, includ-
ing IGHV3-53, IGHV2-70, IGHV1-8, and IGHV3-33. The
remaining ten V genes displayed lower mutation numbers in
SC than in CI.

Example 3: A Machine Learning Model Predicts
Clinical Outcomes Based on the Antibody
Repertoire

[0314] To determine whether a combination of features,
rather than one at a time, would provide better insight into
the antibody sequences that participate in the response to
HCV, a machine learning approach was used, which predicts
the clinical group based on a combination of features. This
approach can be utilized not only as a prediction model; it
can also be used as a tool to identify significant features that
did not arise in the single-feature analysis.

[0315] For feature selection, frequency per sample was
calculated for each cluster of sequences. To avoid false
clusters that may occur due to grouping of several erroneous
sequences with correct ones, rare clusters that appeared at
low frequencies or in fewer than four samples were
removed. Then, two samples were left out as a test set, and
the model was trained on the remaining samples.

[0316] A random forest model was applied to extract the
best 18 clusters (equal to the size of the training set),
followed by logistic regression on the selected clusters to
generate the prediction model. Finally, the model was
applied to the remaining two samples and their accuracy was
calculated. The process of sampling and training was
repeated 100 times, to ensure that the model was not biased
towards specific samples.

[0317] The final predication results, summarized in FIG.
8, indicate 91% accuracy of the prediction. As a control,
when the clinical groups were randomly shuffled and the
model trained, the prediction rates were 49% and 35% for
the SC and CI groups, respectively (FIG. 8A, and FIG. 8B
for T cells), suggesting that the high accuracy predictions
were not achieved due to over fitting or another random bias
of any specific sample. Therefore, sequence clusters were
identified that can accurately stratify between the SC and CI
samples (termed “stratifying clusters”). Of the 10 best
clusters (FIG. 8C, and FIG. 9), four (IGHV3-
15*IGHI4*8**130, IGHV4-34*IGHJ6*14**103, IGHV3-
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23*IGHI4*10%¥*707, and IGHV3-23*IGHI6*20%*367)
were also previously found in the single-feature compari-
sons (FIG. 4E).

[0318] Possible inaccuracies in multiplexed sample
sequencing as a result of rare barcode impurities might cause
biases. To overcome this difficulty a strict cutoff was deter-
mined. Only clones in which at most 90% of the sequences
originated from one sample were used. If no cutoft had been
used, the prediction precision would improve by only 2%.
Lowering the cutoff to 80% decreases the precision by
13.5%. Still, a high performance of the algorithm.

[0319] Training the model for T-cell repertoires was very
similar to the one for the B-cell repertoires, except that the
data were categorized by identical amino acid CDR3
sequences. The average accuracy was ~79% and 85% for the
SC and CI groups, compared with 50% using shuffled labels
(FIG. 8B). Of the 10 best CDR3 sequences, two sequences,
CASSTAGQGLTEAFF as denoted by SEQ ID NO: 183 and
CASSLGTPNEQFF (see FIG. 8D) as denoted by SEQ ID
NO: 184, were also found in the single feature comparisons.

Example 4: Differentiating the Features of
HCV-Specific B-Cell Repertoires

[0320] The polyclonal nature of the immune response may
impose significant background noise that interferes with
characterizing the HCV-specific immune response. Thus, in
order to isolate HCV-specific B cells and characterize their
properties, a novel platform for the in vitro propagation and
isolation of HCV-specific memory B cells was established
(described in the Materials and methods). The HCV E2*-
specific populations were separated from six CI and three
SC individuals and healthy individuals as controls (FIG.
10A). The fold enrichment of HCV-specific B cells from
each sample was calculated compared to the number of B
cells isolated from healthy individuals, as demonstrated in
FIG. 11. The fold enrichment of cells isolated from HCV-
specific B cells ranged from 2 to 466 (FIG. 10A). To validate
the enrichment of HCV-specific B cells, the growth media of
the cells were used for the HCV-neutralization assay, which
displayed higher neutralization in the CI and SC samples
compared with healthy controls. Neutralization was further
enhanced following separation of HCV-specific B cells
(FIG. 10B).

[0321] The variable regions of the antibody’s heavy chains
of the HCV-specific B cells were sequenced. First, the
genomic distance of the VDJ region sequences between the
different samples was evaluated by the Levenshtein dis-
tance. Interestingly, some of the most closely related
sequences originated from different samples. This observa-
tion implies that similar antibodies evolve in a convergent
manner in different patients to bind HCV. To compare the
repertoire of HCV-specific binding sequences with the total
repertoire of a given donor, defined here as the “general
repertoire”, sequences in the general repertoire that are
similar to the specific binders were searched for Similarity
was defined as having the same V gene, J gene, and CDR3
sequence that are at least 75% identical at the amino acid
level. In total, 5447 clusters were detected in the general
repertoire that were similar to the HCV-specific repertoire.
In the specific repertoire 17 clusters were identified that
were enriched in SC samples in the general repertoire, and
15 clusters that were enriched in CI samples in the general
repertoire. An enriched cluster was defined as being repre-
sented in more than three samples in the cohort, and in
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addition, the fraction of samples in the cohort representing
this cluster out of the total number of samples representing
it is larger than %3. The lists of these clusters are presented
in Table 3 and 4. A comparison between these two lists
reveals that except for the V-J combination IGHV3-
33*]GHJ4, which is abundant in both lists, different HCV-
binding clusters are enriched in the two clinical groups.

TABLE 3

Clones detected in HCV-specific B
cell repertoire and enriched in CI

o]
O
=
w
O

Clone

IGHVI1-18*IGHT6%23%*270
IGHV3-21*IGHI4*14%*236
IGHV3-21*IGHT4*14%*333
IGHV3-21*IGHT6*17%%240
IGHV3-30*IGHT4*15%*571
IGHV3-33*IGHT4*11**135
IGHV3-33*IGHT4*13%*237
IGHV3-33*IGHT4*14%*196
IGHV3-33*IGHT4*14%*592
IGHV3-48*IGHT4*12%*885
IGHV3-48*IGHT4*14%*181
IGHV3-T*IGHI4*12**275
IGHV3-7T*IGHT6*17*%30
IGHV4-34*IGHT6*15%*3
IGHV4-34*IGHT6*16%*149
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TABLE 4

Clones detected in HCV-specific B cell
repertoire and enriched in SC samples

Clone C CI SC
IGHV1-18*IGHI6*15%%79 0 0 4
IGHV1-18*IGHI6*24**16 0 0 3
IGHV1-2*IGHJ4*13**635 0 0 3
IGHV1-8*IGHJ6*14**18 0 0 3
IGHV3-23*IGHI4*14%%2188 0 0 4
IGHV3-23*IGHI4*15%*138 2 1 4
IGHV3-23*IGHI4*15%%1489 0 0 3
IGHV3-33*IGHT4*12%*208 1 1 3
IGHV3-33*IGHT4*14%*185 0 0 3
IGHV3-33*IGHTI4*15%*163 0 1 3
IGHV3-33*IGHT4*15%*208 0 2 3
IGHV3-33*IGHT6*17%%24 0 0 3
IGHV3-48*IGHI4*11**104 0 0 4
IGHV3-9*IGHJ6*18**55 0 1 3
IGHV4-39*IGHT5*15%*201 0 2 3
IGHV4-59*IGHI4*11**184 2 0 3
IGHV6-1*IGHT6*17%%20 0 0 5

[0322] Another feature that was analysed in the general
repertoire, compared to the specific repertoire, is mutability.
Against each specific sequence, one non-specific sequence
was randomly sampled from the general repertoire. The
sampled sequence contained the same V and J gene as the
corresponding specific sequence. Then, sequences were
grouped by isotype, and mutation numbers in the V gene
were compared. Both for IgA and IgG, significantly higher
mutation numbers were detected in specific compared with
non-specific repertoires. For IgM, however, an opposite
trend was observed (Mann Whitney test, I[GA p=3.488873¢-
07, IGG p=6.849511e-08, IGM p=3.764229¢-04) (FIG. 10C).
This might result from the long infection period of the
chronic HCV patients.

[0323] The mutation number in the HCV-specific reper-
toire in SC compared with CI was then evaluated. All
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specific sequences of SC samples were unified into one bulk,
and CI samples were unified in a second bulk. Then, the
sequences were grouped by isotype and the mutation num-
bers in the V genes were compared. The number of muta-
tions in the SC-specific repertoire bulk was lower than that
in the Cl-specific repertoire (FIG. 10D). This is expected, as
in CI the B cells have been through longer and repeated
rounds of somatic hypermutation process which is consistent
with a chronic situation that allowed the accumulation of
mutations, compared with the short period of infection in
SC.

[0324] The heavy chain CDR3 is the most diverse region
in the antibody sequences. Therefore, conservation of amino
acids in this region can highlight positions that are important
for antigen binding. Therefore, conserved amino acids in the
CDR3 region in the HCV-specific repertoire were searched
for, compared to the general repertoire. Against each binder
sequence, a random sequence with identical V, J, and CDR3
lengths were selected from the general repertoires, defined
as non-binder. Then, amino acids that were conserved in
binder sequences but not in non-binders were selected. Four
combinations of V, J, and CDR3 lengths containing differ-
entially conserved amino acids in CDR3 were identified
(FIG. 10E). Interestingly, IGHV4-39-IGHJ6-17 contained a
stretch of seven conserved residues in CDR3 and was
observed in three different samples (CIS6H, CIS7H, and
CI5S9H). These results imply that clones evolved indepen-
dently in different subjects and converged to similar CDR3
amino acid patterns.

Example 5: Identifying Binder Antibody Sequences
Associated with HCV Infection Clearance

[0325] Next, antibodies were constructed that are associ-
ated with infection clearance. One limitation of constructing
mAbs directly from bulk repertoire analysis is the pairing of
heavy and light chains. The matching of heavy with light
chains was performed by constructing a phage display
antibody library. These antibodies contain the variable
regions of both heavy and light chains as a single chain
(scFv), and thus enable the design of full antibodies (Kuhn,
P, et al. (2016) Proteomics. Clinical applications 10, 922-
948).

[0326] In order to obtain neutralizing antibodies associ-
ated with HCV clearance, a phage display antibody library
was constructed from a source of pooled PBMCs obtained
from 10 SC individuals (Table 1) with a total size of 6x10”
individual scFvs. Another library was constructed from a
source of pooled PBMC:s obtained from 22 HCV CI patients,
with a total size of 2x107 individual scFvs. The scFv
libraries were constructed by amplification of the VH and
VL genes separately, and then their combinatorial assembly
and cloning into a phagemid vector, as described in Mate-
rials and Methods. Next, a screening for HCV E2 binders
was performed by five rounds of affinity selection with
rE1E2, thereby isolating a pool of HCV-binders (2x10° from
the SC library and 4x10° from the CI library). These libraries
were screened for HCV binding antibodies by repetitive
rounds of panning Six different phages that displayed 2-15-
fold binding to rE2 compared with BSA as background were
identified and validated (FIG. 12A).

[0327] 7 antibodies were isolated from SC library and 3
antibodies from CI library. Sequence alignment of these
antibodies is shown in FIG. 13 These antibodies specifically
bind (FIGS. 14A and 14B) and neutralize (FIG. 14C) HCV.
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[0328] Clusters of sequences were then identified from the
general repertoire that were similar to the isolated scFv
sequences, and the closest sequence to each scFv was
selected (FIG. 12B).

[0329] In addition, Ab genes were isolated and sequenced
from a panel of HCV-specific single B cells. The Ab
sequences obtained from phage display, HCV-specific single
B cells and repertoires of HCV-specific B cells that were
sequenced as described above were clustered. Interestingly,
integration of all the data revealed that two Ab sequences
identified from phage libraries showed high sequence simi-
larity to sequences of HCV-specific B cells and were also
enriched in total B-cell repertoires: SC11 and SC28 in the
SC repertoire. Ab SC11 demonstrated highest sequence
similarity to sequence from HCV-specific B-cells and to one
of the stratifying clones (98% total identity and 100%
junctions identity), and most significant higher frequency in
SC repertoire. Abs SC11 and SC28 were selected for con-
struction of a full Ab and characterization.

[0330] The scFv SC11 and SC28 were then selected for
constructing full-length antibodies, since they showed the
highest binding to HCV E2 protein (FIG. 12A) and were the
most similar to the SC general repertoires (FIG. 12B, FIG.
15). The closest cluster to scFv SC28 was IGHV4-
39*IGHJ4*13*861, which was detected in the repertoires of
four out of nine SC samples, and the closest cluster to scFv
SC11 was IGHV6-1*IGHI6*17**20, which was detected in
repertoires of five out of nine SC samples (FIG. 4E). Both
clusters were not detected in CI repertoires. Cluster IGHV6-
1*IGHJ6*17**20 was also enriched in the HCV-specific
repertoire (Table 4). Lineage trees revealed that the closest
sequences to SC11 and SC28 are positioned relatively high
in the tree (FIG. 12C-12D), suggesting that these sequences
appeared earlier during the infection.

Example 6: Construction of Broadly Neutralizing
Antibodies Associated with HCV Infection
Clearance

[0331] Full-length antibodies were constructed from scFvs
SC11 and SC28.

[0332] Additional full-length antibodies were constructed
with identical light chains, but with heavy chains of one of
the nearest sequences to the heavy chains of scFv SC11 and
scFv SC28 from the general repertoires (RMS11 (VH16618)
and RMS28 (VH510520), respectively). The binding speci-
ficities of these four antibodies to HCV rE2 protein were
evaluated. More than 35-fold higher binding signals in
antibodies RMS11 and RMS28 were observed than with
antibodies SC11 and SC28 (FIG. 16A). To further charac-
terize the binding capacity of RMS11 and RMS28, the
binding of these antibodies were compared to a well-
characterized panel of mAbs, including CBH-4B, CBH-4D,
HC-1, HC-11, CBH-7, HC84.22, HC84.26, HC33.1, and
HC33.4, which are representative E2 antigenic domain A-E
antibodies (Pierce, B. G., et al. (2016) Proceedings of the
National Academy of Sciences of the United States of
America) and were reviewed previously (Kong, L., et al.
(2015) Current opinion in virology 11, 148-157; Ball, I. K.,
et al. (2014) Antiviral research 105, 100-111). Protein indi-
cated binding capacity of RMS11 and RMS28 was compa-
rable to the well-defined panel (FIG. 16B). To evaluate
neutralization breadth, neutralization assays were performed
with these antibodies across all HCV genotypes using a
panel of infectious HCVcc containing envelope proteins
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from HCV genotypes 1-7 (Gottwein, J. M., et al. (2009)
Hepatology Baltimore, Md. 49, 364-377). The percent neu-
tralization was calculated as the percent reduction in FFU
compared with virus incubated with an irrelevant control
antibody RO4 (Hadlock, K. G., et al. (2000) Journal of
virology 74, 10407-10416). Antibodies RMS11 and RMS28
efficiently neutralized all seven HCV genotypes, including
genotype three which was less efficiently neutralized by
previous panels of HCV antibodies including a recent SC
panel [8] pointing out their exceptionally high neutralization
breadth (FIG. 16B-16C).

1. An isolated monoclonal antibody or any antigen-bind-
ing fragment thereof which binds to hepatitis C virus E2
protein (HCV E2), wherein said antibody is selected from a
group consisting of:

a. a monoclonal antibody comprising a heavy chain
complementarity determining region (CDRH) 1
denoted by SEQ ID NO. 158, CDRH2 denoted by SEQ
ID NO. 159, CDRH3 denoted by SEQ ID NO. 160, and
the light chain complementarity determining region
(CDRL) 1 denoted by SEQ ID NO. 163, a CDRL2
denoted by SEQ ID NO. 65, and a CDRL3 denoted by
SEQ ID NO. 165, or a variant thereof;

b. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 168, CDRH2 denoted by SEQ ID NO.
169, CDRH3 denoted by SEQ ID NO. 170, and a
CDRLI1 denoted by SEQ ID NO. 173, a CDRL2
denoted by SEQ ID NO. 65, and a CDRL3 denoted by
SEQ ID NO. 175, or a variant thereof;

¢. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 108, CDRH2 denoted by SEQ ID NO.
109, CDRH3 denoted by SEQ ID NO. 110, and a
CDRLI1 denoted by SEQ ID NO. 113, a CDRL2
denoted by SEQ ID NO. 65, and a CDRL3 denoted by
SEQ ID NO. 115, or a variant thereof;

d. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 78, CDRH2 denoted by SEQ ID NO.
79, CDRH3 denoted by SEQ ID NO. 80, and a CDRLL1
denoted by SEQ ID NO. 83, a CDRL2 denoted by SEQ
ID NO. 65, and a CDRL3 denoted by SEQ ID NO. 85,
or a variant thereof;

e. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 59, CDRH2 denoted by SEQ ID NO.
60, CDRH3 denoted by SEQ ID NO. 61, and a CDRL1
denoted by SEQ ID NO. 64, a CDRL2 denoted by SEQ
ID NO. 65, and a CDRL3 denoted by SEQ ID NO. 66,
or a variant thereof;

f. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 69, CDRH2 denoted by SEQ ID NO.
70, CDRH3 denoted by SEQ ID NO. 182, and a
CDRL1 denoted by SEQ ID NO. 73, a CDRL2 denoted
by SEQ ID NO. 74, and a CDRL3 denoted by SEQ ID
NO. 75, or a variant thereof;

g. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 88, CDRH2 denoted by SEQ ID NO.
89, CDRH3 denoted by SEQ ID NO. 90, and a CDRL1
denoted by SEQ ID NO. 93, a CDRL2 denoted by SEQ
ID NO. 65, and a CDRL3 denoted by SEQ ID NO. 95,
or a variant thereof;

h. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 98, CDRH2 denoted by SEQ ID NO.
99, CDRH3 denoted by SEQ ID NO. 100, and a
CDRLI1 denoted by SEQ ID NO. 103, a CDRL2
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denoted by SEQ ID NO. 104, and a CDRL3 denoted by
SEQ ID NO. 105, or a variant thereof;

i. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 118, CDRH2 denoted by SEQ ID NO.
119, CDRH3 denoted by SEQ ID NO. 120, and a
CDRLI1 denoted by SEQ ID NO. 123, a CDRL2
denoted by SEQ ID NO. 124, and a CDRL3 denoted by
SEQ ID NO. 125, or a variant thereof;

j- @ monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 128, CDRH2 denoted by SEQ ID NO.
129, CDRH3 denoted by SEQ ID NO. 130, and a
CDRLI1 denoted by SEQ ID NO. 133, a CDRL2
denoted by SEQ ID NO. 134, and a CDRL3 denoted by
SEQ ID NO. 135, or a variant thereof;

k. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 138, CDRH2 denoted by SEQ ID NO.
139, CDRH3 denoted by SEQ ID NO. 140, and a
CDRLI1 denoted by SEQ ID NO. 143, a CDRL2
denoted by SEQ ID NO. 65, and a CDRL3 denoted by
SEQ ID NO. 145, or a variant thereof; and

1. a monoclonal antibody comprising a CDRH1 denoted
by SEQ ID NO. 148, CDRH2 denoted by SEQ ID NO.
149, CDRH3 denoted by SEQ ID NO. 150, and a
CDRLI1 denoted by SEQ ID NO. 153, a CDRL2
denoted by SEQ ID NO. 104, and a CDRL3 denoted by
SEQ ID NO. 155, or a variant thereof.

2. An isolated monoclonal antibody or any antigen-bind-
ing fragment thereof which binds to HCV E2, wherein said
antibody comprises a heavy chain variable region and a light
chain variable region, wherein said heavy chain variable
region is encoded by a nucleic acid sequence which is at
least 70% identical to the nucleic acid sequence denoted by
SEQ ID NO. 156, SEQ ID NO. 166, SEQ ID NO. 106, SEQ
ID NO. 76, SEQ ID NO. 57, SEQ ID NO. 67, SEQ ID NO.
86, SEQ ID NO. 96, SEQ ID NO. 116, SEQ ID NO. 126,
SEQ ID NO. 136, SEQ ID NO. 146, and wherein said light
chain variable region is encoded by a nucleic acid sequence
which is at least 70% identical to SEQ ID NO. 161, SEQ ID
NO. 171, SEQ ID NO. 111, SEQ ID NO. 81, SEQ ID NO.
62,SEQ IDNO. 71, SEQID NO. 91, SEQ ID NO. 101, SEQ
ID NO. 121, SEQ ID NO. 131, SEQ ID NO. 141, SEQ ID
NO. 151.

3. The isolated monoclonal antibody according to claim 1
or 2, wherein said antibody comprises a heavy chain variable
region comprising the amino acid sequence denoted by SEQ
ID NO. 157, SEQ ID NO. 167, SEQ ID NO. 107, SEQ ID
NO. 77, SEQ ID NO. 58, SEQ ID NO. 68, SEQ ID NO. 87,
SEQ ID NO. 97, SEQ ID NO. 117, SEQ ID NO. 127, SEQ
ID NO. 137, SEQ ID NO. 147, or a variant thereof and a
light chain variable region comprising the amino acid
sequence denoted by SEQ ID NO. 162, SEQ ID NO. 172,
SEQ ID NO. 112, SEQ ID NO. 82, SEQ ID NO. 63, SEQ
ID NO. 72, SEQ ID NO. 92, SEQ ID NO. 102, SEQ ID NO.
122, SEQ ID NO. 132, SEQ ID NO. 142, SEQ ID NO. 152,
or a variant thereof.

4. The isolated monoclonal antibody according to claim 1
or 2, wherein said antibody is selected from a group con-
sisting of

a. a monoclonal antibody comprising a heavy chain

variable region comprising the amino acid sequence
denoted by SEQ ID NO. 157 or a variant thereof and a
light chain variable region comprising the amino acid
sequence denoted by SEQ ID NO. 162 or a variant
thereof; and
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b. a monoclonal antibody comprising a heavy chain
variable region comprising the amino acid sequence
denoted by SEQ ID NO. 167 or a variant thereof and a
light chain variable region comprising the amino acid
sequence denoted by SEQ ID NO. 172 or a variant
thereof.

5. The isolated monoclonal antibody according to claim 1,

wherein said antibody is a human antibody.

6. (canceled)

7. An isolated nucleic acid molecule comprising a nucleo-
tide sequence encoding an antibody or any antigen-binding
fragment thereof according to claim 1.

8. An expression vector or a host cell comprising the
isolated nucleic acid molecule according to claim 7.

9.-10. (canceled)

11. A pharmaceutical composition comprising as an active
ingredient the isolated monoclonal antibody or any antigen-
binding fragment thereof according to claim 1 and a phar-
maceutically acceptable carrier, excipient or diluent.

12. The pharmaceutical composition according to claim
11, wherein said composition further comprises an addi-
tional anti-HCV agent.

13. A method of prophylaxis, treatment or amelioration of
HCYV infection comprising administering to a subject in need
thereof a therapeutically effective amount of the isolated
monoclonal antibody or any antigen-binding fragment
thereof according to claim 1.

14. The method according to claim 13, wherein said
method further comprises administering to a subject in need
thereof an additional anti-HCV agent.

15. The method according to claim 14, wherein said
antibody is administered at a therapeutically effective
amount of 10-1000 pg/kg.

16. A method of detecting HCV in a biological sample
obtained from a subject, said method comprising:

(a) contacting said biological sample with the isolated
monoclonal antibody or any antigen-binding fragment
thereof according to claim 1, wherein said monoclonal
antibody is labeled with a detectable marker; and

(b) detecting said isolated monoclonal antibody or any
antigen-binding fragment thereof;

wherein the presence of said isolated monoclonal anti-
body or any antigen-binding fragment thereof indicates
the presence of HCV in said biological sample.
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17. A kit for detecting HCV comprising:

(a) at least one labeled isolated monoclonal antibody or
any antigen-binding fragment thereof according to
claim 1;

(b) means for detection of said labeled isolated monoclo-
nal antibody; and optionally

(c) instructions for use of said kit.

18. A method of preparing neutralizing anti HCV scFv
antibodies associated with HCV clearance, comprising the
steps of:

a. constructing a phage display scFv antibody library from
peripheral blood mononuclear cells (PBMC) obtained
from Spontaneous clearer (SC) individuals;

b. identifying at least one HCV E2 binder;

c. comparing the sequence of the at least one HCV E2
binder with the sequences in stratifying clusters from a
general repertoire that are associated with HCV clear-
ance;

d. selecting an scFv sequence with high similarity to a
sequence in a stratifying cluster from said general
repertoire that is associated with HCV clearance.

19. The method of claim 18 wherein the scFv library

construction comprises the steps of:

a. amplification of the Heavy chain variable region (V)
and Light chain variable region (V) genes separately;

b. combinatorial assembly of the V,, and V; genes; and

c. cloning into a phagemid vector.

20. The method of claim 18 wherein the identification of
the at least one HCV E2 binder comprises screening for
phages that bind to rE2.

21. The method of claim 18 wherein the stratifying
clusters are selected from the clusters denoted in Tables 3
and 4.

22. The method of claim 18 further comprising the step of
converting the scFv to full-length antibodies.

23. The method of claim 22 wherein the full-length
antibodies comprise a light chain of the selected scFv
antibody and a heavy chain of one of the sequences that
show high similarity to the scFv heavy chain from the
general repertoire.

24. (canceled)



