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Hepatitis C virus (HCV) remains a challenging public health problem worldwide. The identification of viral variants establishing
de novo infections and definition of the phenotypic requirements for transmission would facilitate the design of preventive
strategies. We explored the transmission of HCV variants in three cases of acute hepatitis following needlestick accidents. We
used single-genome amplification of glycoprotein E1E2 gene sequences to map the genetic bottleneck upon transmission accu-
rately. We found that infection was likely established by a single variant in two cases and six variants in the third case. Studies of
donor samples showed that the transmitted variant E1E2 amino acid sequences were identical or closely related to those of vari-
ants from the donor virus populations. The transmitted variants harbored a common signature site at position 394, within hy-
pervariable region 1 of E2, together with additional signature amino acids specific to each transmission pair. Surprisingly, these
E1E2 variants conferred no greater capacity for entry than the E1E2 derived from nontransmitted variants in lentiviral pseudop-
article assays. Mutants escaping the antibodies of donor sera did not predominate among the transmitted variants either. The
fitness parameters affecting the selective outgrowth of HCV variants after transmission in an immunocompetent host may thus
be more complex than those suggested by mouse models. Human antibodies directed against HCV envelope effectively cross-
neutralized the lentiviral particles bearing E1E2 derived from transmitted variants. These findings provide insight into the mo-
lecular mechanisms underlying HCV transmission and suggest that viral entry is a potential target for the prevention of HCV
infection.

The World Health Organization has estimated that 150 million
people are chronically infected with hepatitis C virus (HCV)

worldwide, with 3 to 4 million new infections occurring annually
(1). About 30% of acute HCV infections resolve spontaneously,
but most infections become chronic, with a strong tendency to
progress toward life-threatening liver diseases, such as cirrhosis
and hepatocellular carcinoma (2, 3).

HCV is transmitted mostly via direct blood-to-blood contact
(4). Occupational hepatitis C is occasionally reported in health
care workers (5, 6), and cases resulting from well-monitored
needlestick accidents provide rare opportunities for tracking the
entire transmission process from donor to recipient (7, 8). In vivo,
HCV replicates rapidly, using an error-prone viral RNA polymer-
ase. This results in the generation of a group of related, but genet-
ically different, viral variants within each infected individual (9).
The genetic bottleneck generally observed after transmission in-
dicates that productive infections may be initiated by one or a
small number of viral variants (10–13). These variants are then
subjected to constant immune pressure, and the role of the im-
mune response in the clearance of HCV infection or the establish-
ment of chronic hepatitis C has been thoroughly investigated.
However, little is known about the transmitted variants responsi-
ble for the spread of the disease, principally because it is difficult to
recruit patients early enough in acute infection for such studies.
Moreover, studies of the viruses transmitted in humans have es-
sentially focused on genetic identification of the transmitted/
founder (T/F) variants and their early diversification, through
phylogenetic and mathematical approaches, without direct com-
parison with donor virus populations (10–12). A key question in

the rational design of strategies for preventing HCV infection con-
cerns the phenotypic determinants conferring fitness for trans-
mission in T/F viruses. The HCV envelope glycoproteins, which
are involved principally in virus attachment and entry into target
cells, are likely candidates for such transmission-related signa-
tures.

We addressed this issue by exploring HCV transmission in
health care workers (the recipients) who developed acute hepatitis
C after needlestick accidents, comparing findings from these in-
dividuals with those from the corresponding chronically infected
patients from whom the virus was transmitted (the donors). We
mapped the genetic bottleneck leading to productive clinical in-
fection by single-genome amplification of viral envelope glyco-
protein E1E2 sequences, direct amplicon sequencing, and phylo-
genetic analyses (12, 14). The recovery of full-length E1E2
sequences from donors and recipients made it possible to investi-
gate the phenotypic properties of these proteins potentially rele-
vant to transmission. Our data provide insight into the selective
transmission of HCV variants and early stages of infection, during
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which the virus may be most vulnerable to elimination by preven-
tive vaccines or immunotherapies.

MATERIALS AND METHODS
Study participants. Three health care workers (recipients RA1, RA2, and
RB), infected with HCV genotype 1b through documented needlestick
exposure to blood from patients with chronic hepatitis (donors DA and
DB), were enrolled in the study. All the subjects other than DB were
female. Recipients RA1 and RA2 shared the same donor, DA, but were
infected 10 months apart. They received similar bitherapy with pegylated
interferon and ribavirin to achieve viral clearance. Recipient RB was con-
taminated by donor DB and displayed spontaneous viral clearance. This
study was approved by the Institutional Review Board of Tours University
Hospital (Comité de Protection des Personnes [CPP]), and written in-
formed consent was obtained, in accordance with French regulations.

HCV RNA and antibody assays. HCV antibody testing was per-
formed with the qualitative Abbott Architect anti-HCV chemilumines-
cent microparticle immunoassay. Quantitative HCV RNA detection was
performed with an Abbott HCV RealTime assay (lower limit of detection,
12 IU/ml for a sample volume of 0.5 ml).

Single-genome amplification and sequencing of HCV E1E2 enve-
lope glycoprotein genes. Full-length E1E2 sequences (encoding a region
including the last 22 amino acids of the core through the end of E2) were
amplified by single-genome amplification (SGA) from the plasma of do-
nors and recipients. For each sample, viral RNA was extracted with the
QIAamp viral RNA minikit (Qiagen). The extracted RNA was reverse
transcribed to generate cDNA, with the antisense primer ExtAS, 5=-GAG
CAGGAGCAGCGGCCAT-3= (nucleotides [nt] 2720 to 2738; all primer
locations are indicated relative to the H77 reference genome [GenBank
accession no. NC_004102]), and SuperScript III (Invitrogen). The cDNA
was serially diluted and amplified in 96-multiwell plates by nested PCR of
the full-length E1E2 sequence to identify the dilution, giving a maximum
frequency of 3/10 PCR-positive reactions. At this dilution, most of the
wells contain amplicons derived from a single cDNA molecule (12, 14).
Nested PCR was carried out with Platinum Taq high fidelity polymerase
(Invitrogen), as previously reported (12), with the following primers:
first-round sense primer ExtS, 5=-CGGCGTGAACTATGCAACAGG-3=
(nt 821 to 841), and antisense primer ExtAS (see above), second-round
sense primer IntS, 5=-TCTGATGGGTTGCTCTTTCTCTATCTTCC-3=
(nt 845 to 873), and antisense primer IntAS, 5=-AATCAGGCCTCAGCC
TGGGCTATCAG-3= (nt 2559 to 2584).

All products were directly sequenced with BigDye Terminator chem-
istry, using an ABI 3130 capillary sequencer (Applied Biosystems). Elec-
tropherograms were manually inspected, and amplicons displaying mixed
bases (double peaks), suggesting amplification from multiple templates or
a Taq polymerase error, were excluded from further analysis.

Sequence analysis. Nucleotide sequences were aligned using ClustalW
in MEGA 5 (15) and then manually checked to improve the alignments,
according to the codon translation. The overall phylogenetic relationships
between sequences were analyzed by constructing a neighbor-joining tree
by the Tamura three-parameter method. The number of viral variants
amplified from each subject and their genetic diversity (Hamming score)
were determined at the nucleotide and amino acid levels. The changes
in virus population composition following transmission were investi-
gated with the Highlighter tool (http://hcv.lanl.gov/content/sequence
/HIGHLIGHT/highlighter_top.html). We checked for specific signa-
ture sequence variations with the viral epidemiology signature pattern
analysis (VESPA) program (http://hcv.lanl.gov/content/sequence
/VESPA/vespa.html) and default settings (16). Sequence logos were
computed with WebLogo (http://weblogo.berkeley.edu/logo.cgi)
(17).

Pseudoparticle production, infection, and neutralization assays.
E1E2 SGA products selected for further phenotypic analyses were inserted
into the pcDNA3.1 mammalian expression vector (Invitrogen). Lentiviral
pseudoparticles were generated by the cotransfection of 293-T cells with

pNL4-.Luc.R�E� and expression vectors encoding E1E2 glycoproteins
derived from donors and recipients, vesicular stomatitis virus glycopro-
tein (VSV-G), the UKN1B5.23 HCV envelope, or the no-envelope
(�E1E2) control, as previously reported (13, 18, 19). Viral supernatants
were collected 48 h later and purified by passage through a filter with
0.45-�m pores. E1E2 incorporation was assessed on sucrose cushion-
purified HCV pseudoparticles (HCVpp). We centrifuged 600 �l of each
supernatant through a 30% (wt/vol) sucrose cushion in TBS (Tris-buff-
ered saline) at 125,000 � g for 2 h. Virus pellets were then analyzed by
Western blotting with the 3/11 anti-E2 monoclonal antibody (MAb) (20)
and with a specific rabbit antiserum against HIV-1 p24 (ARP432; Pro-
gramme EVA Centre for AIDS Reagents).

For HCVpp infectivity assays, Huh7.5 cells were used to seed 96-well
plates at a density of 5 � 103 cells per well on the day before assays were
performed. Cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen) supplemented with 10% heat-inactivated fetal
calf serum (FCS) and antibiotics (100 IU of penicillin and 100 �g/ml
streptomycin; Invitrogen). Viral infectivities were determined by infect-
ing the Huh7.5 cells with serial 5-fold dilutions of p24-normalized viral
supernatants (Innotest HIV antigen MAb kit; Innogenetics). Each exper-
iment was performed in triplicate. The cells were harvested at 72 h postin-
fection, and relative light units (RLU) were measured within the cell
lysates with the luciferase assay system (Promega). RLU were quantified
with a Centro LB 960 luminometer (Berthold Technologies). The detec-
tion limit for positive luciferase reporter protein expression was 10 � 103

RLU/assay, corresponding to the mean � 3 SD of background levels ob-
tained with cells infected with �E1E2 pseudoparticles.

The antibody-mediated neutralization of HCVpp was assessed by de-
termining the decrease in luciferase activity in Huh7.5 cells infected with
HCVpp in the presence of human sera or neutralizing monoclonal anti-
bodies. These experiments were restricted to E1E2 sequences conferring a
high level of infectivity on HCVpp (signal-to-background ratio, �10), to
minimize variability between assays and errors in the calculation of anti-
body titers attributable to background infectivity. HCVpp were mixed
with dilutions of donor sera, genotype-specific serum pools (consisting of
pools of three sera containing antibodies specific for HCV genotype 1a,
1b, 2a, or 3a), a control serum (consisting of a pool of three anti-HCV
antibody-negative sera), anti-E2 MAb AR3A, anti-E2 MAb HC-11, or the
irrelevant isotype control IgG R04 (21, 22). The mixtures were incubated
for 1 h at 37°C and added to Huh7.5 cells used to seed 96-well plates at a
density of 5 � 103 cells per well on the day before the assay. Each experi-
ment was performed in triplicate. The cells were harvested at 72 h postin-
fection, and RLU were quantified for the cell lysates, as described above.
For each dilution, the percentage of neutralization was calculated as fol-
lows: 100 � [100 � (infectivity of HCVpp in the presence of serum or
MAb/infectivity of HCVpp in the presence of anti-HCV-negative control
sera or irrelevant isotype control IgG)] (23). The neutralization titer of the
sera was defined as the reciprocal of the dilution resulting in a 50% de-
crease in HCVpp infectivity. This 50% inhibitory dilution value was cal-
culated by linear interpolation, taking into account two observations (i.e.,
the last dilution resulting in a decrease in HCVpp infectivity of at least
50% and the first dilution resulting in a decrease in HCVpp infectivity of
less than 50%). The MAb concentrations that decreased HCVpp infectiv-
ity by 50% (IC50) were assessed by testing antibodies at concentrations of
20, 2, 0.2, or 0.02 �g/ml.

RESULTS
Study subjects and single-genome sequencing. We studied the
genotypic and phenotypic E1E2 envelope glycoprotein determi-
nants underlying HCV transmission by investigating the differ-
ences in virus population composition between three health care
workers (recipients RA1, RA2, and RB) and the corresponding
chronically infected patients (donors DA and DB) (Fig. 1). Single-
genome amplification was performed on donor plasma samples
obtained at the time of the needlestick accident for the transmis-
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sion pairs DA/RA1 and DB/RB. No plasma sample was available
from donor DA at the time of the needlestick accident for the
transmission pair DA/RA2, with this transmission event occur-
ring 10 months after that between DA and RA1. For recipients
RA1 and RB, SGA was conducted before antibody seroconversion
on the first viremic plasma sample, collected 25 and 14 days
postinfection, respectively. For RA2, E1E2 sequences were suc-
cessfully amplified only from the second sequential sample col-
lected 44 days postinfection, at the time of peak viremia and anti-
body seroconversion. In total, 155 full-length E1E2 nucleotide
sequences were derived by single-genome sequencing (i.e., SGA
followed by direct amplicon sequencing) from the two donors and
three recipients (range, 24 to 37 per subject) (Table 1).

Change in HCV variant distribution between donors and re-
cipients. The E1E2 nucleotide sequences derived from donor and
recipient subjects were first subjected to neighbor-joining phylo-

genetic analysis (see Fig. S1 in the supplemental material). Infec-
tion with a 1b genotype was confirmed for all the subjects enrolled
in the study. Nucleotide sequences corresponding to each trans-
mission pair clustered together with high bootstrap support, con-
firming the epidemiological link. In particular, the E1E2 nucleo-
tide sequences of recipient RA2 were interspersed with those of
donor DA and recipient RA1, whereas the sequences of recipients
RA1 and RB formed a lineage characterized by extremely low di-
versity (bootstrap support, �98%). These phylogenetic data were
consistent with the mean within-subject genetic diversities, which
were 1.49% for RA2 sequences and 0.05% for RA1 or RB se-
quences (Table 1). As expected, sequences from the chronically
infected subjects DA and DB displayed broader genetic diversities,
with mean within-subject values of 1.57% and 1.94%, respec-
tively. Thus, there was a decrease in viral genetic diversity after
transmission, which was very pronounced in recipients RA1
and RB.

For further characterization of the transmission process, we
first focused on the pattern of nonsynonymous substitutions
(amino acid changes) within each transmission pair. These amino
acid changes were analyzed by a combination of neighbor-joining
phylogenetic tree reconstruction and Highlighter plots (http://hcv
.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html).
Polymorphisms within the E1E2 amino acid sequences derived
from donor DA and recipient RA1 are represented in Fig. 2A. The
sequence used as the reference, at the top of the tree and the High-
lighter plot, corresponds to the dominant variant of donor DA,
which was not transmitted to recipient RA1. Twenty-nine of the
36 amino acid sequences obtained from RA1 were identical, with
the remaining sequences differing by only one or two randomly
distributed substitutions. This strong genetic homogeneity sug-
gests that a single T/F virus was likely responsible for productive
infection in RA1. The T/F virus E1E2 amino acid sequence was
found to be identical to that of a minor variant present among
donor DA variants. The corresponding nucleotide sequences
could be distinguished on the basis of patterns of polymorphisms,
with synonymous mutations specific to DA or RA1 (see Fig. S2 in
the supplemental material). We then extended this analysis to
recipient RA2, using the same dominant variant sequence from
donor DA as a reference (Fig. 2B; see also Fig. S3 in the supple-
mental material). The 27 amino acid sequences derived from re-
cipient RA2 clearly formed five lineages, with consensus sequences
differing by three or more nonsynonymous substitutions. This

FIG 1 Virological course of recipients RA1, RA2, and RB after needlestick exposure to infected blood. Viremia was monitored after the needlestick injury by
sequential plasma samples, repeated until the virus could no longer be detected. The solid line with circled values corresponds to plasma viral RNA quantified
with the Abbott HCV RealTime assay (see Materials and Methods). The dotted line indicates the lower limit of detection. The filled circles correspond to the
recipient viremic time points analyzed by SGA, and plus signs denote positivity for anti-HCV antibody. An arrow indicates the start of treatment for subjects RA1
and RA2.

TABLE 1 Composition and diversity of the HCV E1E2 sequences
derived by SGA from donor and recipient viral quasispecies

Patienta

Total no. of E1E2
SGA sequences
analyzedb

No. of viral
variants

Mean genetic
diversity (%)
(Hamming
score)

Donor DA
nt 33 33 1.57
aa 31 20 0.819

Recipient RA1
nt 37 16 0.05
aa 36 8 0.081

Recipient RA2
nt 28 14 1.49
aa 27 11 1.012

Donor DB
nt 33 33 1.94
aa 30 19 1.859

Recipient RB
nt 24 7 0.05
aa 23 3 0.032

a Abbreviations: nt, nucleotides; aa, amino acids.
b The differences between the number of nucleotide and amino acid sequences result
from the occurrence of stop codons or deletions altering the open reading frame.
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suggests that at least five genetically different T/F viruses were
responsible for initiating productive infection in RA2. No E1E2
amino acid sequence common to donor DA and recipient RA2
was identified, but the consensus sequences of the transmitted
lineages differed by only one to four amino acids from those of the
closest variants present in the donor virus population. The genetic
relationships between the E1E2 sequences present in donor DB
and recipient RB are depicted in Fig. 2C. The sequence used as the
reference, at the top of the tree and the Highlighter plot, is that of
one of the two major variants from donor DB, which was not
transmitted to recipient RB. Twenty-one of the 23 amino acid
sequences derived from recipient RB were identical, with the re-
maining sequences differing by only one random substitution.
This strong genetic homogeneity suggests that a single T/F virus
was likely responsible for productive infection in recipient RB.
However, in this case, the T/F virus E1E2 amino acid sequence was
identical to that of a major variant from donor DB. Thus, the
donor virus populations went through a strong genetic bottle-
neck, with only a single variant from the inoculum generating
productive infection in two of the three recipients studied. In these
two cases, the E1E2 amino acid sequences of the transmitted vari-
ant were fully conserved during transmission, although synony-
mous substitutions nevertheless occurred in the corresponding
nucleotide sequences. The larger number of T/F viruses detected
in the second recipient (RA2) infected by donor DA suggests that
a less stringent selective process occurred in this case. Alterna-
tively, the infecting inoculum may have been numerically more
complex than that for RA1, resulting in the transmission of a
larger number of variants.

We checked that no T/F virus was missed due to our focus on
E1E2 amino acid sequences by also examining the pattern of nu-
cleotide substitutions by the same methodological approach (i.e.,
using a combination of neighbor-joining phylogenetic tree recon-
struction and Highlighter plots). Polymorphisms within the E1E2
nucleotide sequences are represented in Fig. S2 in the supplemen-
tal material. As previously observed with the amino acid analysis,
most of the nucleotide sequences from RA1 were identical, with
the remaining sequences differing by only one or two nucleotides.
The RB nucleotide sequences were also highly homogeneous, with
two main groups of identical sequences distinguished by a single
shared synonymous substitution, with the remaining sequences
differing by only one nucleotide from these two main groups of
sequences. The observed shared polymorphism may result from a
polymerase error early in infection being retained in the popula-
tion (12). There is, therefore, no difference in the estimates of T/F
virus numbers for recipients RA1 and RB obtained in analyses of
amino acid and nucleotide sequences. A similar result was ob-
tained for four of the five amino acid sequence lineages previously
associated with T/F viruses in recipient RA2, with the nucleotide
sequences differing from the consensus sequence of each lineage
by no more than two nucleotide substitutions. However, in the
fifth lineage, one of the three variants differed by six nucleotides
from the consensus sequence. This difference suggests that two
different T/F viruses may have generated this specific lineage of
sequences (12), indicating that six T/F viruses in total are likely to
have initiated the infection in recipient RA2.

Molecular determinants underlying HCV transmission. For
identification of the signature of molecular determinants related
to the observed genetic bottleneck, we investigated amino acid
differences between the sequences derived from donors and those

FIG 2 Phylogenetic relationships and patterns of substitution in HCV E1E2
amino acid sequences between the transmission pair variants. E1E2 amino acid
sequences derived from recipient RA1 (A), RA2 (B), and RB (C) (red) were ana-
lyzed by neighbor-joining trees (left) and Highlighter plots (right), with pretrans-
mission donor sequences included (blue). Polymorphisms are indicated by a col-
ored tick mark specific for each amino acid, according to the color scheme of
BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html). A schematic diagram
of the E1E2 proteins, showing the location of HVR1 of E2 in light blue, is provided
above the Highlighter plots. The scale bar represents 1 amino acid (aa). The E1E2
sequences identified on the left side of the Highlighter plots were selected for
further phenotypic analyses. The sequence indicated by an asterisk in the High-
lighter plots corresponds to the transmitted variant V1 of recipient RA1.
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obtained from the corresponding recipients with VESPA (16).
VESPA calculates the frequency of each amino acid at each posi-
tion in an alignment for the query (recipient) and reference set
(donor) and selects the positions for which the most common
character in the query set differs from that in the background set.
Six putative signature sites were identified in the E2 glycoprotein,
three of which were located in hypervariable region 1 (HVR1)
(Fig. 3). The signature site located at position 394 in HVR1 (R394
or Y394) was common to the transmitted variants in all three
transmission pairs (Fig. 3A). Variants harboring a histidine resi-
due at position 394 were detected only in donors, with the excep-
tion of a single E1E2 sequence derived from recipient RA2. The
frequencies of each combination of signature amino acids are
summarized in Fig. 3B. A specific combination of signature amino
acids characterized the E1E2 sequences of the transmitted variants
identified in recipients RA1 and RB (i.e., R394-R445-D641 for
recipient RA1 and Y394-F399-K401-E476 for recipient RB). In
recipient RA2, combinations of signature amino acids identified

four of the five genetic lineages previously identified with the
Highlighter tool (amino acid sequence analysis); two of these lin-
eages shared the same combination of signature amino acids (i.e.,
Y394-R445). These data suggest that, during transmission or early
in infection, a putative key amino acid located at position 394 in
HVR1, together with additional signature amino acids specific to
each transmission pair, may confer a fitness advantage on the
transmitted variants studied here.

Influence of viral entry and donor neutralizing antibodies on
variant selection. We investigated the mechanism of selection op-
erating during HCV transmission by determining the relative en-
try efficiency conferred by E1E2 amino acid sequences represen-
tative of the main genetic lineages previously identified in donor
and recipient virus populations. A few additional E1E2 sequences
derived from minor variants were also studied (Fig. 2; see also Fig.
S4 in the supplemental material). Lentiviral HCVpp bearing E1E2
glycoproteins were generated, and their ability to infect Huh7.5
cells was assessed, as described in Materials and Methods. Expres-

FIG 3 Identification of the key residues of the E1E2 envelope glycoprotein characterizing the recipient virus populations. (A) Sequence logo depiction of
signature amino acids specific to the transmitted E1E2 variants. A schematic representation of the E1E2 proteins, showing the location of hypervariable region
1 (light blue), is provided at the top. The positions of the signature amino acids, identified with VESPA (16) in the 3 transmission pairs, are indicated below the
schematic representation of E1E2 proteins. The numbers indicate positions relative to the H77 polyprotein (GenBank accession no. NC_004102). The 1b
reference sequence logo (top row) was obtained with an alignment of 340 full-length HCV subtype 1b sequences from different sources (Los Alamos National
Laboratories HCV database). Sequence logos indicating the variability of each amino acid in sequences derived from donors and recipients are shown below (17).
The height of each single-letter amino acid code is proportional to the representation of that amino acid at the position concerned. (B) Frequencies of putative
key residue combinations circulating within donors and recipients in each transmission pair.
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sion of 15 of 19 selected E1E2 sequences resulted in the production
of infectious HCVpp (Fig. 4). Levels of E1E2 glycoprotein incor-
poration into HCVpp were similar in each case (see Fig. S5 in the
supplemental material). The E1E2 sequences corresponding to
the recipient RA1 T/F virus or the two main genetic lineages iden-
tified among the recipient RA2 variants (i.e., RA2-V1 and RA2-
V3) conferred high levels of infectivity but of the same order of
magnitude as that observed for the variants not transmitted to
recipients (including the dominant sequence from DA, V3) (Fig.
4A). These data suggest that the putative effect of residue 394 is not
directly linked to greater infectivity in the HCVpp system. This
finding was supported by results for the transmission pair DB/RB,

for which the E1E2 sequence derived from the recipient RB T/F
virus had a level of infectivity at 1 order of magnitude lower than
that of the infectious DB variants bearing the H394 residue
(Fig. 4B).

The anti-HCV antibodies present in the inoculum might also
influence the transmission process. We therefore carried out neu-
tralization experiments with donor serum. HCVpp were incu-
bated with serial dilutions of the donor serum; their subsequent
infection levels were quantified, and neutralization titers were cal-
culated as described in Materials and Methods. HCVpp bearing
E1E2 sequences derived from transmitted variants were neutral-
ized to an extent similar to those carrying nontransmitted vari-
ants, by the antibodies present in the corresponding donor serum
(Fig. 5A). None of the donor sera neutralized HCVpp bearing the
control VSV-G (data not shown). These findings indicate that the
T/F viruses that predominate after transmission do not corre-
spond to antibody escape mutants.

Entry inhibition of transmitted variants by polyclonal or
monoclonal antibodies. In a final set of experiments, we sought to
assess whether the entry of transmitted variants could be targeted
with neutralizing antibodies to prevent HCV infection. HCVpp
were incubated with genotype-specific (1a, 1b, 2a, 3a) serum
pools, and their neutralization was studied, as described in Mate-
rials and Methods. Similar experiments were conducted with the
anti-E2 broadly neutralizing MAbs AR3A and HC-11 (21, 22).
The serum pools inhibited infection with HCVpp bearing E1E2
sequences derived from both transmitted and nontransmitted vi-
ral variants to various extents (Fig. 5B). The genotype 1b serum
pool displayed the strongest neutralizing activities against all the
variants, consistent with the known infection of both donors and
recipients with HCV genotype 1b. The anti-E2 MAb also effi-
ciently inhibited infection with HCVpp bearing E1E2 sequences
derived from both transmitted and nontransmitted viral variants
(IC50s of 0.1 to 1.04 �g/ml for AR3A and IC50s of 0.19 to 1.67

FIG 4 Infectivities of the HCVpp bearing donor and recipient E1E2 envelope
glycoproteins. The infectivity of HCVpp conferred by major or minor non-
transmitted E1E2 variants was compared with that conferred by the variants
transmitted in the transmission pairs DA/RA1 or DA/RA2 (A) and DB/RB (B).
Infection assays with the luciferase reporter gene were performed with target
Huh7.5 cells. Similar amounts of viral particles were used in each experiment.
Results are expressed in relative light units (RLU) plotted on a logarithmic
scale. The UKN1B5.23 envelope was used as an external reference. The dotted
line indicates the threshold for detectable infection in this system. The
detection limit for positive luciferase reporter protein expression was 10 �
103 RLU/assay, corresponding to the mean � 3 SD of the background levels
obtained with cells infected with �E1E2 pseudoparticles. Means � SD
from four independent experiments (performed in triplicate) are shown.
The letter above each bar indicates the amino acid at position 394 of each
E1E2 variant.

FIG 5 Sensitivity of the HCVpp bearing donor and recipient E1E2 envelope glycoproteins to neutralization by donor sera (matched by transmission pair) or
heterologous pools of sera. HCVpp were incubated with donor serum (A) or genotype-specific (1a, 1b, 2a, and 3a) serum pools (B) in serial dilutions for 1 h at
37°C. HCVpp-antibody complexes were then added to Huh7.5 cells, and infection assays were performed with the luciferase reporter gene. Neutralization titers
were calculated as described in Materials and Methods and are indicated for each E1E2 variant derived from a donor (black) or recipient (gray). Means � SD from
two independent experiments (performed in triplicate) are shown.
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�g/ml for HC-11) (Fig. 6). Thus, the transmitted variants studied
here were neutralized by at least two well-characterized monoclo-
nal antibodies.

DISCUSSION

This study provides insight into the genotypic and phenotypic
properties of the single or small number of HCV variants trans-
mitted to a new host from the swarm of viral variants present in
the donor. HCV transmission has rarely been investigated, due to
the difficulty of recruiting patients at early stages of acute infec-
tion, which is usually clinically silent (2). Furthermore, only a few
reports have described experimental inoculation in the chimpan-
zee model or accidental contamination in humans, with the avail-
ability of donor samples. Those studies were based principally on
genetic analysis of HVR1 of the E2 glycoprotein gene, with no
phenotypic characterization (7, 8, 24). Methods for accurately
identifying T/F viruses and assessing genetic diversity at various
stages of infection have also evolved with the development of SGA.
This method is now the gold standard in the HIV field (14, 25–27)
but has only recently been applied to HCV studies (12, 13). We
used SGA for the detailed investigation of HCV transmission in
three cases of acute hepatitis acquired through needlestick acci-
dents. Phylogenetic analyses demonstrated that a change in host
environment resulted in a strong genetic bottleneck, with a single
T/F virus likely responsible for productive infection in recipients
RA1 and RB. The genetic bottleneck observed was less stringent in
the second recipient (RA2) infected by donor DA, with an esti-
mated six T/F viruses. We do not think that sampling from RA2 at
the time of seroconversion confounded this identification of T/F
variants. Indeed, in a recent report, only a single instance of a
potential cytotoxic T lymphocyte (CTL) escape or reversion was
detected among 17 immunocompetent subjects followed during
the initial 6 to 8 weeks of infection (12). In addition, the targeted
epitope was located outside the E1E2 glycoproteins. Our findings
for the number of T/F viruses are consistent with this report, in

which 10 of the 17 acutely infected subjects examined had one to
four T/F viruses. A similar number of T/F viruses was also found
by 454 pyrosequencing approaches used to study seven acutely
infected subjects reported by two different groups (10, 11).

These recent studies on T/F variants did not address the ques-
tion of the mechanism reducing the genetic diversity of the donor
virus population. By studying donor samples, we demonstrated
that the T/F E1E2 amino acid sequences derived from recipients
RA1 and RB were identical to those of a minor or a major variant
from the DA and DB, respectively. No identical E1E2 amino acid
sequence was common to the donor DA variants and the T/F
viruses from recipient RA2, possibly due to the 10-month interval
between sampling for DA and the needlestick accident resulting
in the infection of RA2. However, the E1E2 sequences obtained
from the two subjects remained very similar. It remains unclear
whether the transmission of T/F viruses results from a founder
effect, with one or a small number of variants being transferred
between hosts, or whether it is due to early evolutionary events,
with larger numbers of variants undergoing a selective sweep due
to differences in fitness constraints (10). In a recent report of the
experimental transmission of HCV to chimeric SCID/Alb-uPA
mice with transplanted human hepatocytes, the occurrence of se-
lective sweeps was put forward to explain the finding that unde-
tectable inoculum variants bearing an advantageous E1E2 motif
became the major variants circulating in the infected mice (13).
However, the presumed small inoculum resulting from needle-
stick accidents and the different proportions of T/F E1E2 se-
quences present in donor virus populations complicate the trans-
position of previously described scenarios to each of our
transmission pairs. Moreover, our data provide no evidence in
support of a putative mechanism explaining the pattern of change
observed. As things stand, these data are most consistent with a
founder effect. RA1 and RA2 provided us with a rare opportunity
to compare HCV transmission in two subjects with the same
source of infection. The difference in the number of T/F viruses

FIG 6 Sensitivity of the HCVpp bearing donor and recipient E1E2 envelope glycoproteins to neutralization with neutralizing MAb. HCVpp neutralization
sensitivities were assessed with the human anti-E2 neutralizing MAbs AR3A (A) and HC-11 (B). The percentage neutralization was calculated as described in
Materials and Methods. Neutralization curves are shown for each E1E2-derived variant from donors (blue) or recipients (red). The data shown are mean values
from 1 representative experiment performed in triplicate. The dotted line indicates 50% neutralization of HCVpp entry.
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between these recipients is consistent with the source/recipient-
specific clades observed in a previous study of a common-source
outbreak (28).

Genetic and phenotypic signatures associated with the trans-
mission of true T/F E1E2 obtained by SGA were investigated, to
the best of our knowledge, only in the previously cited study on
experimental transmission of HCV in a chimeric mouse model
(13). This study showed that the transmitted variants harbored
key substitutions in E1E2, outside HVR1. In contrast, we found
that three of the six signature sites (positions 394, 399, and 401)
characterizing our T/F viruses were located in HVR1 (Fig. 3). Im-
portantly, the signature site located at position 394 was common
to the T/F variants of all three transmission pairs studied here.
HVR1 plays a major role in both HCV cell entry and immune
evasion (29–33). This hypervariable region is globally a basic
stretch of amino acids, the most basic of which are found at posi-
tions 386, 394, 397, and 410 (corresponding to positions 3, 11, 14,
and 27, respectively, in HVR1) in HCV genotype 1b (34, 35). The
basic residues H and R are the most frequently observed at posi-
tion 394, but this does not exclude the possibility of other amino
acids, including the nonbasic Y, occupying this position. The
presence of basic residues in HVR1 has been reported to facili-
tate virus entry (34). We therefore hypothesized that the signature
amino acids identified in HVR1 might be linked to phenotypic
changes affecting the replicative fitness of the virus during trans-
mission or early in acute infection (this issue is discussed in more
detail below). None of the signature amino acids identified out-
side HVR1 (positions 445, 476, and 641) was known to participate
in CD81 binding or a potential N-glycosylation site in HCV geno-
type 1b (36–38). Residue 476 has been identified as a potential
glycosylation site in the genotype 1a reference strain H77. How-
ever, this site has a percentage of conservation below 20% in ge-
notype 1b, and it was absent from the E1E2 sequences studied here
(39). We also demonstrated that the HCVpp bearing E1E2 se-
quences derived from transmitted variants were neutralized to an
extent similar to those carrying nontransmitted variants, suggesting
that the T/F viruses that predominate after transmission are not an-
tibody escape mutants. The residue in position 445 is part of the AR3
discontinuous epitopes (21). However, the differences at position 445
between the DA and RA1 or RA2 variants do not seem to affect the
neutralization properties of these variants (Fig. 6).

In the chimeric mouse model study, the major posttransmis-
sion E1E2 variant with key substitutions outside HVR1 conferred
a greater capacity for HCVpp entry (13). A similar conclusion was
drawn in a previous report on HCV evolution in a liver transplant
setting, in which the uPA-SCID mouse model was used to support
the hypothesis that viral entry is an important determinant of
relative fitness in immunodeficient hosts (23). However, we found
that the E1E2 sequences corresponding to the recipient RA1 T/F
virus or the two main genetic lineages identified among the recip-
ient RA2 variants conferred levels of infectivity similar to those of
most of the untransmitted variants (Fig. 4A). These data suggest
that the effect of the putative signature residues identified within
the RA1 or RA2 T/F envelope glycoproteins cannot be linked to an
increase in entry capacity, at least in the HCVpp system. A similar
observation was made for the transmission pair DB/RB (Fig. 4B).
This discrepancy with previous findings may reflect differences in
the settings encountered by HCV in chimeric mice and immuno-
competent patients. Nevertheless, additional case studies of HCV
transmission to immunocompetent patients will be required to

confirm this. Another consideration regarding the absence of phe-
notypic traits associated with virus transmission is the extent to
which the HCVpp model reflects the complexity of HCV biology.
Indeed, HCV virions present in the bloodstream in vivo have to
reach the polarized hepatocytes in a complex multicellular envi-
ronment in which various factors, such as cytokines, inflamma-
tory mediators, and growth factors, may play a role in regulating
cell-free infection or cell-to-cell transmission (reviewed in refer-
ence 40). Moreover, there is growing evidence for the presence of
lipid components within the viral particle, such as apolipoproteins
B and E, which might facilitate viral entry. It is thus conceivable
that the phenotypic properties conferred by a given E1E2 variant
may differ in the context of the authentic viral particle and in
HCVpp (41–44). Studies using chimeric JFH-1-based HCV in cell
culture (HCVcc) will clearly be required to address this specific
question (45, 46). However, the HCVpp system has been widely
used, since 2003, for the identification of significant functional
differences between E1E2 at entry and after neutralization, and
even single amino acid changes in E1E2 can affect these properties
(13, 23, 32, 47–50).

Finally, our findings have important implications for the de-
velopment of strategies for preventing HCV transmission. Vari-
ous cross-neutralizing anti-envelope glycoprotein MAbs neutral-
ize genetically diverse HCV isolates, and some have been shown to
protect against heterologous HCV challenge in an HCV animal
model (21, 22, 51–54). Polyclonal anti-HCV antibodies isolated
from chronically HCV-infected patients can also protect against
in vivo challenge with different HCV genotypes (55, 56). We con-
firmed the sensitivity of HCV primary isolates, represented by our
T/F variants, to cross-reactive monoclonal or polyclonal antibod-
ies in vitro. Furthermore, our data indicate that the well-charac-
terized anti-E2 MAbs tested here display sufficient cross-reactivity
to neutralize T/F variants derived from the three recipients.

In conclusion, our findings provide insight into the molecular
mechanisms underlying HCV transmission and suggest that viral
entry is a potential target for the prevention of HCV infection,
although the long-term protection conferred by vaccine-induced
or passively transferred antibodies in groups of individuals at risk
remains to be determined.
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