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Hepatitis C virus (HCV) research is hampered by the use of arbitrary representative isolates in cell culture and immunology. The
most replicative isolate in vitro is a subtype 2a virus (JFH-1); however, genotype 1 is more prevalent worldwide and represents
about 70% of infections in the United States, and genotypes differ from one another by 31% to 33% at the nucleotide level. For
phylogenetic and immunologic analyses, viruses H77 and HCV-1 (both subtype 1a) are commonly used based on their historic
importance. In an effort to rationally design a representative subtype 1a virus (Bole1a), we used Bayesian phylogenetics, ances-
tral sequence reconstruction, and covariance analysis on a curated set of 390 full-length human HCV 1a sequences from
GenBank. By design, Bole1a contains variations present in widely circulating strains and matches more epitope-sized peptides in
a full-genome comparison to subtype 1a isolates than any other sequence studied. Parallel analyses confirm that selected
epitopes from the Bole1a genome were able to elicit a robust T cell response. In a proof of concept for infectivity, the envelope
genes (E1 and E2) of Bole1a were expressed in an HIV pseudoparticle system containing HCV envelope genes and HIV nonen-
velope genes with luciferase expression. The resulting Bole1a pseudoparticle robustly infected Hep3B cells. In this study, we
demonstrate that a rationally designed, fully synthetic HCV genome contains representative epitopes and envelope genes that
assemble properly and mediate entry into target cells.

Hepatitis C virus (HCV) affects approximately 170 million
people worldwide (47). Approximately 20% to 25% of pa-

tients with acute hepatitis C achieve spontaneous clearance of the
virus, but 75% to 80% develop chronic infection (23). Approxi-
mately 20% of chronic hepatitis C patients develop cirrhosis, and
of these, 4% will develop hepatocellular carcinoma and 6% will
develop end-stage liver disease (37). There is no available HCV
vaccine, and commonly used interferon-based treatment is toxic,
prolonged, expensive, not consistently successful, and not effec-
tive in the most advanced forms of disease (5).

HCV is a small enveloped Flaviviridae family virus with a
9.6-kb single, positive-stranded RNA genome consisting of a 5=
untranslated region (UTR), a large open reading frame encoding
the virus-specific proteins, and a 3= UTR (29). The 5= UTR con-
tains an internal ribosome entry site (IRES) that mediates trans-
lation of a single polyprotein of approximately 3,000 amino acids.
The polyprotein consists of structural proteins (C, E1, and E2)
located in the N terminus, followed by p7 and nonstructural pro-
teins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) encoded in the
remainder.

While there is a recognized need for an effective HCV vaccine,
selection of the viral strain to be used as an antigen has been
arbitrary. Studies in humans and chimpanzees have shown that
the host immune system is able to launch an effective response to
HCV (15), and people who have cleared infection once are likely
to do so again (24, 28), though this effect is potentially attributable
to host genetics (38). The genetic diversity of HCV, which is even
greater than that of HIV (29), poses a great challenge to the devel-
opment of an effective vaccine (15). Selection of an appropriate
strain as a vaccine candidate is crucial, since even a single amino
acid substitution can reduce vaccine effectiveness by eliminating
recognition by T cells specific for that epitope (10). Use of an
ancestral or consensus sequence as a vaccine candidate has been
proposed for HIV-1 (12). Compared to a consensus sequence, a
mosaic approach (including sequences of multiple individual

epitopes) generated more-vigorous T cell responses to HIV-1
epitopes (1). Mosaic candidates have recently been identified for
HCV, although their effectiveness is still unknown (50).

In this paper, we present a synthetic subtype 1a virus genome,
and the resulting computationally derived genome is representa-
tive of widely circulating strains, has functional envelope genes
that mediate entry into hepatoma cells in vitro, and matches more
CD8� T cell epitopes than any other subtype 1a sequence in
GenBank, whether comparing all 9-mers or all known common
epitopes. We call this sequence “Bole1a” as a metaphorical refer-
ence to botany, where bole refers to the portion of a tree’s trunk
that supports the branches.

MATERIALS AND METHODS
Human subjects. The Baltimore Before and After Acute Study of Hepa-
titis (BBAASH) cohort is a prospective study of persons at risk for hepa-
titis C infection (8). Eligible participants have a history of or ongoing
intravenous drug use and are seronegative for anti-HCV antibodies at
enrollment. Written consent was obtained from each participant. Once
enrolled, participants receive counseling to reduce intravenous drug use
and its complications. Blood is drawn for isolation of serum, plasma, and
peripheral blood mononuclear cells (PBMCs) in a protocol designed for
monthly follow-up (7). Participants with acute HCV infection were re-
ferred for evaluation of treatment. The study was approved by the Insti-
tutional Review Board at the Johns Hopkins School of Medicine.

Synthetic coding sequence reconstruction. HCV subtype 1a (n �
390) and 1b (n � 296) sequences that included at least the entire open
reading frame of the polyprotein, were obtained from human specimens,
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and were not epidemiologically redundant were downloaded from
GenBank (accession numbers AB016785, AB049087-101, AB154177,
AB154179, AB154181, AB154183, AB154185, AB154187, AB154189,
AB154191, AB154193, AB154195, AB154197, AB154199, AB154201,
AB154203, AB154205, AB191333, AB249644, AB429050, AF009606,
AF139594, AF165045, AF165047, AF165049, AF165051, AF165053,
AF165055, AF165057, AF165059, AF165061, AF165063, AF176573,
AF207752-74, AF208024, AF313916, AF356827, AF483269, AF511948-
50, AJ000009, AJ132996-97, AJ238799-800, AJ278830, AY045702,
AY460204, AY587844, AY615798, AY695437, AY956463-8, D10749,
D10934, D11168, D14484, D50480-82, D63857, D85516, D89815,
D89872, D90208, DQ071885, DQ838739, EF032883, EF032886,
EF032892, EF032900, EF407411-57, EF407458-504, EF621489,
EF638081, EU155213-16, EU155217-35, EU155233, EU155236-381,
EU234061, EU234063-65, EU239713, EU239714, EU239715-17,
EU255927-99, EU255960-2, EU256000-1, EU256002-97, EU256045,
EU256054, EU256059, EU256061-2, EU256064-6, EU256075-103,
EU256104, EU256106-7, EU260395-6, EU362882, EU362888-901,
EU362911, EU482831-2, EU482833, EU482834-89, EU482839,
EU482849, EU482859, EU482860, EU482874, EU482875, EU482877,
EU482879-81, EU482883, EU482885-6, EU482888, EU529676-81,
EU529682, EU569722-23, EU595697-99, EU660383-85, EU660386,
EU660387, EU660388, EU677248, EU677253, EU687193-95, EU857431,
EU862823-24, EU862826-27, EU862835, FJ024086, FJ024087, FJ024274-
76, FJ024277, FJ024278, FJ024279, FJ024280-82, FJ181999-201,
FJ205867-69, FJ390394-95, FJ390396-8, FJ390399, FJ410172, L02836,
M58335, M84754, U01214, U16362, U45476, U89019, and X61596).

We refer to the data set of the 390 subtype 1a sequences as the “original
data set” for the rest of the paper. The sequences were aligned using
MUSCLE v3.0 (9) and modified using BioEdit v7.0.5.3 (13). To avoid
idiosyncrasies of any individual phylogeny, we constructed 2 independent
phylogenetic trees by applying MrBayes v3.2 (31) to nucleotide positions
869 to 1292 (Core/E1) and 8276 to 8615 (NS5B) of the full-genome
alignment (position numbers are based on the reference genome H77
[GenBank accession number AF009606]). These segments were chosen
because they were shown to be the most phylogenetically informative (33,
34). We refer to them as “Simmonds’ regions” in this paper. We ran 30
million iterations of MrBayes v3.2 and confirmed convergence of param-
eters for phylogenetic trees inferred from both of Simmonds’ regions
using Tracer v1.5 (Rambaut A, available from the author [http://beast.bio
.ed.ac.uk/Tracer]). Simmonds’ regions yielded different trees, a result
which is expected due to the large number of possible trees (11); nonethe-
less, analysis of these two data sets converged with similar model param-
eters. In addition, recombination in HCV is rare (40). Hence, we can
assume the same phylogenetic tree or same evolutionary history for the
entire length of the genome (17). Using both phylogenetic trees recon-
structed with Simmonds’ regions, we inferred ancestral sequences for
each of the HCV-1a coding regions (31). The ancestral sequence is ob-
tained as a probability distribution for each position such that there is a
probability of observing each base. Bole1a is derived in the following
manner.

(i) For each nucleotide position i in the genome, if both trees agreed on
the maximum posterior probability (MPP) residue, the probability of that
position pi was selected to be the greater of the two MPPs. We define these
positions as concordant.

(ii) For discordant positions (where the MPP residues did not agree),
the joint probabilities of the codon k containing the discordant positions
based on both trees were designated pck(core/E1) and pck(NS5B). For
concordant residues within such codons, the pi calculated in the previous
step was used in calculating the joint probability.

(iii) The codon with the higher joint MPP from the two trees was
selected to represent that codon position. This codon-based analysis re-
solves cases in which more than one position in the codon is discordant
and accommodates 6-fold degenerate codons.

(iv) To determine a stringent threshold for codon MPP, the inflection

in the distribution of codon MPPs at which the variance in the second
derivative was less than 10�6 for MPP values was found to be 0.9837,
corresponding to individual residue MPPs of �0.99.

(v) Each codon with an MPP greater than or equal to 0.9837 based on
either tree was accepted as ancestral, and its constituent positions were
defined as resolved.

(vi) Covariance analysis was used to examine still-unresolved posi-
tions. The basic assumption of phylogenetic reconstruction that each site
evolves independently ignores covarying and interacting sites. In order to
take such sites into consideration, the observed (o) and expected (e) fre-
quencies of pairs of bases were determined and the chi-square metric was
calculated as shown in equation 1 and adjusted for multiple comparisons
using the Holm-Bonferroni method at an � value of 0.05 (14).

�ij
2 �

�oij � eij�2

eij
(1)

Using the adjusted chi-square metric, all resolved positions j that signifi-
cantly covaried with unresolved positions i were identified. In the case of
a positive interaction (oij � eij), the MPP codon containing the positively
interacting residue was selected. For negative interactions (oij � eij), all
codons with the negatively interacting base were eliminated and the MPP
codon was selected from the remaining codons.

(vii) At still-unresolved sites, the MPP codon was selected even if the
MPP was less than 0.9837 (as noted in Results, this was rarely necessary).

5= and 3= UTR sequence reconstruction. Although the 5= UTR and 3=
UTR are noncoding regions, they are essential in the replication of the
virus. However, of the 390 sequences, only 6 had completely sequenced 5=
UTR regions and 4 had completely sequenced 3= UTR regions. Hence, we
used additional sequences to better design the noncoding regions. The 5=
UTR (n � 257) and 3= UTR (n � 46) sequences were from clonal se-
quences generated from acutely infected subjects in the BBAASH cohort
(8). We found that our 90% consensus sequence of the 5= UTR was iden-
tical to the consensus sequence derived from the 6 sequences with com-
plete sequences and also to that of the H77 5= UTR. The 3= UTR sequence
was divided into 4 parts based on classification by Kolykhalov et al. (18).
We determined the 90% consensus sequence for the first part as a short
sequence with significant variability among genotypes. For the second
segment of the 3= UTR, we determined that the median length of the
homopolymeric uracil tract was 51 residues, which is also a favorable
length for replication (49). We selected a segment of median length for the
third segment, a polypyrimidine tract consisting of mainly U with inter-
spersed C residues. The last (3= end) part, a conserved sequence of 98 bases
for which we used the 90% consensus sequence, was confirmed with 15
additional sequences from an unrelated study (51).

HCV pseudoparticle (HCVpp) system. A region of Bole1a nucleotide
sequences encoding the last 21 amino acids of the core followed by the E1
and E2 regions (E1E2) was synthesized (Blue Heron, Bothell, WA) and
then subcloned into the expression vector pcDNA3.2/V5/Dest (Invitro-
gen, Carlsbad, CA) using Gateway technology. Full-length E1E2 was se-
quenced after cloning and showed no errors. Pseudoparticles containing
the luciferase reporter gene were generated as described elsewhere (16, 22,
26). Briefly, a plasmid expressing Bole1a E1E2 was cotransfected into
293T cells with a vector expressing HIV core proteins and luciferase. Su-
pernatants were collected 48 h after transfection. Pseudoparticles express-
ing E1E2 from H77, E1E2 from another subtype 1a HCV virus, and no
E1E2 (mock) were produced in parallel with pseudoparticles expressing
Bole1a E1E2 for a comparison of infectivities. Serial 2-fold dilutions of
pseudoparticles were used to infect Hep3B hepatoma cells in duplicate
wells of a 96-well plate for 5 h, followed by measurement of luciferase
activity 72 h postinfection.

CD81 blocking experiments. Hep3b cells were incubated with a
mouse anti-human CD81 monoclonal antibody (100 �g/ml, clone
1.3.3.22; Santa Cruz Biotechnology) or mouse IgG1 isotype control (Santa
Cruz Biotechnology) for 1 h at 37°C, and HCVpp infection was assessed as
above.
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Neutralization by human plasma. Heat-inactivated plasma or serum
was diluted 1:4 with minimal essential medium (MEM) containing 10%
fetal bovine serum (FBS), incubated with each library HCVpp for 1 h at
37°C (final HCVpp dilution, 1:100), added to Hep3b hepatoma cells in
duplicate wells of a 96-well plate, and incubated for 5 h at 37°C, followed
by replacement of medium. Luciferase activity was measured as above.
HCVpp infection was measured in terms of relative light units (RLUs) in
the presence of plasma or serum samples (RLUtest) compared to average
infection in the presence of normal human serum (Gemini Bio-Products,
West Sacramento, CA) and plasma pooled from seronegative BBAASH
participants (RLUcontrol). Percent neutralization was calculated as [1 �
(RLU test/RLUcontrol)] � 100.

Diversity analysis. Diversity plots were generated using VarPlot ver-
sion 1.2 (described in Ray et al. [30] and available from the author at
http://sray.med.som.jhmi.edu/scroftware/VarPlot). Plots were generated
using a window size of 20 codons (to reflect the upper limit of T cell
epitopes) and a step size of 1. Nonsynonymous and synonymous distances
were calculated using the models of Nei and Gojobori (25). The E1E2 pixel
alignment (see Fig. 2b) was drawn using VisSPA v1.6 (http://sray.med
.som.jhmi.edu/SCRoftware/VisSPA/).

Nucleotide sequence accession numbers. The Bole1a genomic se-
quence has been deposited in GenBank under accession number
JQ791196.

RESULTS

Trees for the E1 and NS5B regions generated ancestral sequences
that agreed at 9,763 (	98%) of 9,992 nucleotide sites in the align-
ment (gaps were counted as characters). Applying our codon
threshold of an MPP of 0.9837 or higher in either tree left 68/3,012
(2.2%) codons unresolved. Of these 68, 42 were choices between
synonymous codons and 26 were choices between nonsynony-
mous codons. Covariance networks were used to resolve ambigu-
ities.

Covarying positions. Of the 68 unresolved codons, 4 were de-
termined based on dependence with resolved positions in the ge-
nome (H77 positions 1157, 1611, 2120, and 6554). All four of the
positions (1157, 1611, 2120, and 6554) led to synonymous
changes. Positions 1611 and 6554 were linked to multiple sites
across the genome (50 and 3, respectively), whereas positions 1157
and 2120 were each linked to one other resolved position. Because
the covariance was detected only statistically, biological interac-
tion is a question for further research.

Representative characteristics of Bole1a. Once we deter-
mined a complete representative sequence for Bole1a, we wanted
to ensure that it represents any set of nucleotide or protein HCV
subtype 1a sequences and not just the sequences from which it was
reconstructed. We used two additional data sets for confirmation.
The first data set was from a paper by Yusim et al. (50) and col-
lected from the Los Alamos National Laboratory (LANL) HCV
database. This data set contains 143 sequences, 136 of which are
present in the original data set; however, the authors of that report
curated the data set to avoid resampling linked sequences. We
refer to this data set as the “Yusim data set.” The second data set,
which we refer to as the “E1E2 data set,” contains 214 E1E2 se-
quences; these were obtained from our ongoing BBAASH cohort
(8). The sequences in the latter data set are unrelated to any full-
length sequences in GenBank or from the LANL database. Neigh-
bor-joining trees showed that Bole1a consistently branches from
the center, suggesting that it is representative of both the Yusim
and E1E2 data sets (Fig. 1).

Based on a full-genome pairwise comparison, Bole1a is more
similar to subtype 1a sequences than any other sequence in the
original data set (average and median reductions in nonsynony-
mous distance of 39% and 44%, respectively) (Fig. 2a). In sliding
windows of 20 codons (approximating the upper limit of the size
of T cell epitopes) spanning the genome, the similarity of Bole1a
was greater than 98% overall (mean and median similarities of
98.4% and 98.9%, respectively). Not surprisingly, the lowest sim-
ilarity between Bole1a and subtype 1a circulating genomes was in
hypervariable region 1 (HVR1), where similarity was as low as
73% (similarity among subtype 1a isolates at the same position
was 64%). A comparison of the Bole1a sequence and the consen-
sus sequence of the original data set, H77, HCV-1, and a 1b se-
quence demonstrates the high variability in HVR1 (as shown by
an asterisk in Fig. 2b).

We compared all 9-mers of the Bole1a amino acid sequence to
those of sequences in the Yusim data set to represent potential
epitope coverage. The use of 9-mers for this comparison is based
on the typical major histocompatibility complex (MHC) class I-
restricted epitope length recognized by effector CD8� T cells that
are a crucial component of immune control in spontaneous clear-
ance of HCV infection (32). Bole1a provides 78% exact-match

FIG 1 Neighbor-joining trees showing Bole1a and the Yusim data set (a) and Bole1a and the E1E2 data set (b). The Bole1a sequence is shown in bold in both
figures.
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9-mer coverage for the HCV polyprotein whether compared to
the Yusim data set or the original data set (data not shown;
method previously described by Yusim [50]). In the highly diverse
E1 and E2 regions of the E1E2 data set, Bole1a provides 58%
exact-match 9-mer coverage. We then compared Bole1a with the
Yusim data set by individual proteins and confirmed that highly
heterogeneous regions, such as E1 and E2, have lower coverage by
Bole1a than do more-conserved regions, such as the core and
NS4B. In all cases, Bole1a provided greater 9-mer coverage than
the reference sequence H77. Bole1a matched 99% of all 9-mers in
a full-genome comparison when a mismatch at 1 or 2 positions
was allowed. In summary, we found that Bole1a matched 95% of
all modal (most frequently observed) 9-mers at each position of
the genome, whereas individual sequences in the Yusim data set
had a median modal 9-mer coverage of 80% (Fig. 3a).

The obvious limitation of comparing 9-mer coverage is that
not all 9-mers are recognized as T cell epitopes. To focus on
epitope coverage, we selected all known subtype 1a T cell epitopes

(both CD4 and CD8) associated with a positive result in at least
one assay from the Immune Epitope Database (http://www
.immuneepitope.org/). Of the 548 epitopes in the database, only
338 were present in at least half of the sequences of the Yusim data
set (excluding AF271632 and AX100563 due to their linkage with
HCV-1 and H77, respectively). Bole1a had the highest (100%)
coverage of these 338 epitopes (Fig. 3b). HCV-1 and H77, which
are commonly used as antigens in HCV immunology (6, 19, 43,
45, 46), matched only 317 and 316 (	93%), respectively, of these
338 epitopes. Figure 3b shows the distribution of epitope coverage
for all sequences in the Yusim data set. When epitopes that were
present in 80% of the sequences were included, Bole1a provided
94% coverage while H77 and HCV-1 provided 87% and 91% cov-
erage, respectively (data not shown). It should be noted that be-
cause HCV-1 and H77 have been the primary isolates used as
antigens in many of the studies from which these epitopes are
derived, their coverage may be due in part to analytical bias. Lastly,
gamma interferon enzyme-linked immunosorbent spot assay

FIG 2 (a) A diversity plot comparing mean pairwise nonsynonymous (dN) and synonymous (dS) diversity among subtype 1a sequences to mean pairwise
distances between Bole1a and subtype 1a sequences using a sliding window size of 20 codons. For this comparison, the original data set of 390 full-genome
sequences was the source of polyprotein reference sequences. (b) An alignment comparison of E1E2 using Bole1a as the reference sequence, the consensus (of 390
sequences), H77, and HCV-1 sequences, and a 1b (D90208) sequence. Vertical bars indicate positions with amino acid differences between that sequence and
Bole1a, and the asterisk indicates the position of HVR1.
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(ELISpot) analysis of variant epitopes demonstrated that variants
in the Bole1a genome are more consistently immunogenic than
those of other sequences, including H77 and a simple consensus
(4a).

Bole1a pseudoparticle. Approximately 75% of individual
E1E2 isolates tested have low infectivity (less than 5 standard de-
viations above background) when used to pseudotype lentiviral
particles (Fig. 4). The diversity of the envelope genes is extremely
high, with an average nonsynonymous diversity of 36% in 20-
codon windows (Fig. 2). As a result of this diversity and our meth-
ods, Bole1a has a unique HVR1 sequence (ETHVTGGSAARATA
GFAGLFTPGAKQN) among the genomes we have examined, and
searches for this peptide sequence using BLAST (http://blast.ncbi
.nlm.nih.gov) and HMMER (http://hmmer.janelia.org) did not
reveal any identical sequences. To test functionality despite these

negative predictors for infectivity, the E1E2 sequence of Bole1a
was used to construct a lentiviral pseudoparticle. Surprisingly,
HCVpp Bole1a infected Hep3B target cells with high efficiency
comparable to that of the highly infectious and well-characterized
isolate HCVpp-H77 (Fig. 4). Blocking the Bole1a HCVpp with
anti-CD81 antibody led to at least a 10-fold reduction in infectiv-
ity (P � 0.0008), whereas the isotype control antibody did not
change infectivity (P � 0.85) (Fig. 4). RLU values below the
threshold (Fig. 4) are found to be reproducibly low with high
variance. Although the comparison panel of subtype 1a HCVpp
excluded those that contained stop codons, frameshift mutations,
or other obvious defects, it is evident that there are other biological
or artifactual characteristics that render many of those clones less
infectious. Importantly, the goal of this experiment was to deter-
mine whether Bole1a E1E2 would be functional at all in spite of its
synthetic origin and the high variability of the HCV envelope; that
this E1E2 was infectious in the HCVpp system was highly unex-
pected. Additionally, the Bole1a HCVpp was readily neutralized
by human sera. We observed that 30% of BBAASH subjects inhib-
ited at least 85% of entry and 90% of subjects from the BBAASH
cohort (36 out of 40) inhibited at least 50% of Bole1a HCVpp
entry, whereas normal human serum and pooled HCV-seronega-
tive sera were nonneutralizing.

DISCUSSION

In conducting and communicating research related to a virus like
HCV with extremely high genetic diversity, representative ge-
nomes are an essential reference tool. Reference genomes are used
as a basis for numbering positions of important landmarks, such
as primers, probes, epitopes, and catalytic sites (20), as antigens in
peptide-based (6, 19, 43, 45, 46) and lentiviral pseudoparticle-

FIG 3 Bole1a (indicated by an asterisk) is highly representative based on
coverage of modal (most commonly observed) 9-mers provided by Bole1a and
all other sequences in the Yusim data set (a) and identity to known epitopes,
depicted as a histogram showing the percentages of epitope sequences that are
identical to those of the known and common 338 T cell epitopes (b).

FIG 4 The infectivity of various HCVpp is shown in log10 (RLU). The gray
dashed line represents the RLU threshold for infectious HCVpp. The open
black circles in the first two columns represent average infectivities without
any antibodies. The filled black circles show average infectivities in the pres-
ence of anti-CD81, and the open gray circles show infectivity in the presence of
an isotype control. The error bars show the standard deviations calculated
from 3 separate experiments. The black and gray boxplots on the right show
the distributions of infectivity without antibody of all infectious and nonin-
fectious subtype 1a HCVpp, respectively.
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based (2, 22, 26, 41) assays, and as reference standards in replica-
tion assays (4, 42, 48, 52). To date, no reference HCV genome has
been optimal for all of these applications due to idiosyncrasies of
the isolates and assays involved. Empiricism and tradition, rather
than rational design, have guided the selection of HCV reference
genomes.

We report the rational design of a synthetic representative
HCV subtype 1a genome, dubbed Bole1a, using Bayesian phylo-
genetic tree methods, ancestral sequence reconstruction, and co-
variance analysis. Bole1a branches centrally among 390 full-ge-
nome sequences used in its design (tree not shown), a carefully
curated 143-sequence full-genome data set, and separate genomic
regions, including an independent set of 214 E1E2 sequences from
a Baltimore cohort (Fig. 1). Thus, Bole1a is phylogenetically rep-
resentative of widely circulating strains. A full-genome nonsyn-
onymous diversity comparison and a 9-mer peptide coverage
analysis showed that Bole1a is able to provide more coverage (94%
and 78%, respectively) than any other sequence in the data set,
including H77, a traditional reference sequence (Fig. 2 and 3a).
Bole1a also provides unsurpassed epitope coverage when com-
pared to all known T cell epitopes (Fig. 3b). Two strains that nearly
matched Bole1a’s epitope coverage were H77 (AF009606) and
HCV-1 (M62321), on which the overlapping peptides used to dis-
cover T cell epitopes were based; therefore, they are the strains
expected to have the highest epitope coverage, and further re-
search using Bole1a as an antigen is likely to reveal previously
unrecognized epitopes. In this light, it is remarkable that Bole1a
was even comparable to reference antigens that have been used to
date.

Preliminary analyses have shown that epitopes from Bole1a are
the most immunogenic of any isolate tested. In those cases in
which Bole1a epitopes differed from the traditional consensus (2
out of 15 tested), T cells from chronically infected patients recog-
nized Bole1a epitopes better than the corresponding epitopes
from circulating and consensus sequences (Burke et al., submit-
ted). Since Bole1a is representative of circulating strains, it is un-
likely to contain escape mutations that hinder viral fitness. For
example, the Bole1a sequence has a Y at position 1444, whereas an
F at the position is believed to be an escape mutation causing the
NS3 1436-1444 epitope to elicit a less robust T cell response (27).
Additionally, Bole1a contains the KLVALGINAV sequence at NS3
1406-1416. Three variants of this epitope have been shown to have
diminished T cell responses without a change in MHC-binding
ability, making escape the most likely explanation for these vari-
ants (35).

Previous studies in HIV-1 have suggested that using artificial
representative sequences, such as consensus or ancestral se-
quences, is an effective way to minimize the sequence dissimilarity
between a vaccine strain and circulating viruses and addresses
biological and artifactual defects in individual clones (12). Our
study is distinct in that our representative sequence is not simply a
reconstructed ancestor or a pure consensus. We used ideas from
both schools of thought to most accurately reconstruct a repre-
sentative sequence that has unescaped T cell epitopes and can be
used in vaccine design. Although a global vaccine is desirable, it is
likely that the immense global diversity of HCV cannot be cap-
tured efficiently in one vaccine strain. Genotypes differ at 31% to
33% of nucleotide sites, while subtypes differ at 20% to 25% of
sites. Mixed-subtype infections cannot be ignored, but they are
observed rarely, with a reported prevalence of less than 5% (39).

Toyoda et al. also found that the number of HCV variants was
larger in patients with mixed-HCV-subtype infection than in pa-
tients with single-subtype infection, suggesting that a global vac-
cine candidate may not be able to provide effective protection.

As an indication of potential utility in studies of HCV replica-
tion, infection, and neutralization, we expressed the Bole1a enve-
lope genes in an HCV/HIV pseudoparticle system, demonstrating
infection of target Hep3B cells with high efficiency (Fig. 4). This
proof-of-concept study demonstrates that the Bole1a envelope
E1E2 heterodimer is able to fold and assemble correctly. Because
HCV E1 and E2 genes are critical for host cell entry, they are also
important targets for antibody-mediated virus neutralization
(36). Because it lacks evident immunologically driven escape mu-
tations, Bole1a may represent the ideal platform to study determi-
nants of HCV fitness.

Here we describe Bole1a, the first rationally designed and rep-
resentative HCV genome. It is clear that synthetic viral genomes
provide a powerful platform for virologic investigation (44).
Bole1a is phylogenetically and immunologically representative,
and its envelope genes are functional on lentiviral pseudoparticles.
The remarkable immunogenicity of Bole1a is in agreement with
computational studies of HIV (3), focused cross-sectional studies
of HCV (27), and evolutionary studies during acute HCV infec-
tion (21) that indicate that immune escape is dominated by cen-
trifugal substitutions. Vaccine development for HCV and simi-
larly variable viruses may benefit from a more rational, less
idiosyncratic approach to antigen selection.
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