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Abstract

A precise molecular identification of transmitted hepatitis C virus (HCV) genomes could illuminate key aspects of
transmission biology, immunopathogenesis and natural history. We used single genome sequencing of 2,922 half or quarter
genomes from plasma viral RNA to identify transmitted/founder (T/F) viruses in 17 subjects with acute community-acquired
HCV infection. Sequences from 13 of 17 acute subjects, but none of 14 chronic controls, exhibited one or more discrete low
diversity viral lineages. Sequences within each lineage generally revealed a star-like phylogeny of mutations that coalesced
to unambiguous T/F viral genomes. Numbers of transmitted viruses leading to productive clinical infection were estimated
to range from 1 to 37 or more (median =4). Four acutely infected subjects showed a distinctly different pattern of virus
diversity that deviated from a star-like phylogeny. In these cases, empirical analysis and mathematical modeling suggested
high multiplicity virus transmission from individuals who themselves were acutely infected or had experienced a virus
population bottleneck due to antiviral drug therapy. These results provide new quantitative and qualitative insights into
HCV transmission, revealing for the first time virus-host interactions that successful vaccines or treatment interventions will
need to overcome. Our findings further suggest a novel experimental strategy for identifying full-length T/F genomes for
proteome-wide analyses of HCV biology and adaptation to antiviral drug or immune pressures.
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Introduction

Hepatitis C virus (HCV) infects as many as 170 million people
or nearly 3% of the world’s population. The virus causes a wide
variety of pathologic outcomes, the most significant being chronic
liver disease, cirrhosis and hepatocellular carcinoma, which is
nearly always fatal. HCV infection is the leading indication for
liver transplantation in the United States [1].

HCV is a positive strand, non-segmented, enveloped RINA virus
of approximately 9.6 kb in length. The virus is classified in the
genus Hepacivirus within the larger family of Flavivirus, which
includes the human pathogens West Nile virus, yellow fever virus
and dengue fever virus among others [2]. A common feature
among the Flaviwirnidae 1s their dependence on a virally-encoded
RNA-dependent RNA polymerase (RdRp) for replication [3].
RdRp is error-prone, and HCV is notable for its extensive
diversity within and among individuals. Globally, there are seven
major genotypes of HCV that differ by approximately 30% in
nucleotide sequence [1,4,5].
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The extraordinary diversity of HCV complicates studies of virus
biology, pathogenesis and susceptibility to novel therapeutics.
Clinically, the different HCV genotypes exhibit variable natural
history and responsiveness to interferon, ribavirin and the newer
direct acting antiviral (DAA) agents [2,6,7]. HCV variation poses
similar challenges to the development of effective vaccines and to
the elucidation of viral immunopathogenesis [5,8-10]. It is of
interest then that the extraordinary diversity of HCV is similar to
that of HIV-1 and that a novel experimental strategy to identify
transmitted/founder (T/F) HIV-1 genomes has led to new insights
Into virus transmission and persistence [11-18].

Acute HCV infection isconventionally defined as the initial 6
months of infection and sets into motion virus-host interactions
that to a large extent dictate the natural history of the disease
[9,10,19-30]. Depending on viral genotype and host immunoge-
netic factors, most importantly IL28B alleles, a proportion of
newly infected individuals spontaneously controls or eliminates
virus [9,10,31-33]. A greater number can be cured if the infection
is treated with interferon and ribavirin alone or in combination
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Author Summary

Hepatitis C virus infects as many as 170 million people
worldwide. Globally, there are seven major genotypes of
HCV that differ by approximately 30% in nucleotide
sequence. Importantly, the natural history of HCV infection
is variable, ranging from spontaneous resolution to
persistent viremia and chronic disease. Factors responsible
for this variability in clinical outcome are unknown but
likely involve a combination of viral and host determinants.
To this end, a precise molecular identification of transmit-
ted HCV genomes could illuminate key aspects of
transmission biology, immunopathogenesis and natural
history. We used single genome sequencing of plasma
viral RNA to identify transmitted viral genomes and their
progeny in 17 subjects with acute infection. Numbers of
transmitted viruses leading to productive clinical infection
ranged from 1 to 37 or more (median = 4). Surprisingly, we
found evidence of high multiplicity acute-to-acute HCV
transmission in 3 of 17 subjects, which suggests that
clinical transmission of HCV, like that of HIV-1, may be
enhanced in early infection when virus titers are highest
and neutralizing antibodies are absent. These results
provide novel insight into HCV transmission and early
virus diversification key to our understanding of virus
natural history and response to drug selection and
immune pressure.

with DAA drugs [6,34-36]. Mechanistically, how this occurs is
incompletely understood. From a vaccine perspective, the acute
infection period is critical, since transmitted viruses are the obvious
targets of a vaccine and early stages of infection when viral
diversity is lowest represent a period when the virus may be most
vulnerable to elimination by vaccine-elicited immune responses
[26,37]. For all these reasons, there is considerable interest in the
molecular features of the initial virus population ‘bottleneck’
associated with virus transmission and the subsequent pathways of
virus evolution that lead to persistence [19-25,28,29,38,39].
Previous reports have described different experimental ap-
proaches to the analysis of the HCV transmission bottleneck.
These include studies that employed a DNA heteroduplex gel shift
method to estimate viral diversity [39,40], conventional polymer-
ase chain reaction (PCR) methods to bulk amplify, sequence, or
clone and sequence fragments of HCV  genomes
[20,21,23,25,28,38,41,42], and 454 pyrosequencing to interrogate
early viral sequences more deeply but narrowly [19,43]. These
reports documented a restriction in viral diversity associated with
virus transmission, but despite the use of increasingly sensitive
methods, a precise quantitative, molecular description of HCV
transmission and early diversification has remained elusive. In the
current study, we hypothesized that T/F HCV genomes could be
identified unambiguously and their early pathways of diversifica-
tion mapped precisely by single genome amplification (SGA)
followed by direct amplicon sequencing, otherwise known as single
genome sequencing [17], an approach we used previously to gain
mnsight into HIV-1 transmission [15,18]. This strategy differs from
previous methods applied to HCV by providing gene-wide or
genome-wide viral sequences that are proportional to their
representation in human plasma and are not confounded by
template resampling or by 7agpolymerase errors of nucleotide
misincorporation or recombination [15,17,18,44-47]. We ampli-
fied and sequenced HCV core, E1, E2, P7, NS2 and NS3 genes
and analyzed them by adapting a model of random HIV-1
evolution [15,48,49] to account for differences in the biology of
replication between the HIV-1 and HCV. In an accompanying
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report, Ribeiro and colleagues [50] used these sequences together
with plasma viral load kinetic data to develop an agent based
stochastic model of acute HCV replication dynamics resulting in
new estimates of the HCV mutation rate in humans.

Results

Study subjects, viral load measurements and single

genome sequencing

One hundred fifty-four plasma specimens from 17 subjects with
acute HCV infection and 14 subjects with chronic HCV infection
were analyzed for viral RNA (VRNA) load (Figure 1; Table S1).
Acute infection subjects were source plasma donors who had
undergone once or twice weekly plasmapheresis for months, and
in some cases years, with persistently negative testing for HCV,
HBV and HIV antibody or RNA before becoming acutely
infected by HCV. Chronically infected subjects were patients at
the University of Alabama at Birmingham who were known to
have been HCV infected for approximately 3 to >20 years. All
subjects were untreated with anti-HCV medications. A median of
8 (range 5-11) sequential specimens per acutely infected subject
was analyzed for vVRNA load spanning the period of plasma vVRNA
negativity through exponential increase to an early plateau
(Figure 1), and a subset of these was analyzed for sequence
diversity. The median peak plasma viral load in acute infection
subjects was 2,850,000 IU/ml (range = 527,000-10,300,000 U/
ml). Five of 17 acutely infected subjects developed HCV antibodies
by the last sampling time point. Chronic subjects had a median
VvRNA load of 2,081,138 IU/ml (range = 24,000-7,690,001 IU/
ml), all were HCV antibody positive, and all were sampled once
for vRNA sequence diversity. A total of 2003 5" half genomes and
919 5’ quarter genomes were amplified, sequenced, and recorded
(Genbank accession numbers JQ801756-]J0Q804520; JX178293—
178443).

Phylogenetic analysis of acute and chronic sequences

Sequences corresponding to core antigen and envelope E1 and
E2 genes (2.2 kb) from the initial HCV RNA positive sample from
acute and chronic subjects were subjected to maximum-likelihood
(ML) phylogenetic analysis (Figure 2). Sequences formed subject-
specific clades (bootstraps 93-100%) and represented HCV
genotypes la n=23), 1b n=4), 2b n=2) or 3a (n=2). No
subject was infected by more than one virus genotype and there
was no intermixing of sequences between subjects in the
phylogenetic tree. Sequences from acute and chronic subjects
revealedwidely varying degrees of maximum within-subject
diversity ranging from 0.14% to 6.40% (Tables 1 and S1), which
was not different between the two groups (p>0.05, Mann-Whitney
test). Acute sequences were, however, distinctly different from
chronic sequences in having one or more discrete lineages
characterized by extremely low diversity. This was true for
sequences from each acutely infected subject but from none of the
chronically infected subjects. Maximum diversity of sequences
within these discrete viral lineages from acute subjects (mean
0.12%; median 0.12%; range 0.04—0.19%) was significantly lower
than the overall diversity observed within chronic subjects (mean
2.27%; median 2.37%; range 0.56-3.83%; p<<0.0001, unpaired
T-test with Welch’s correction) (Figure S1).

Mathematical models of early HCV diversification
Because of the distinctive replication strategy of HCV, which is
still not fully understood [3,5], we could not predict a priori the
patterns of early virus diversification that we might observe in
acutely infected subjects. Thus, we developed two mathematical
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Figure 1. HCV plasma viral RNA kinetics in acute infection subjects. PlasmavRNA was quantified by Roche COBAS AmpliPrep/Tagman HCV
assay. Circled values indicate samples subjected to VRNA sequencing and plus signs denote HCV antibody positivity.

doi:10.1371/journal.ppat.1002880.g001

models to analyze HCV sequence diversity (Figure 3). The first
model [15,48,49], employed previously to analyze early HIV-1
sequence diversification, assumes a narrow genetic bottleneck
associated with virus transmission, initial rapid exponential virus
growth, constant lineage-independent mutation rates at all sites, no
recombination between sequences or back mutations, and no
differential selection. When diversity is low, most base substitutions
occur at distinct loci, pairwise differences between sequences (i.e.,
Hamming distances, HD) follow a Poisson distribution, and
sequences exhibit a star-like phylogeny and coalesce to distinct
unambiguous T/F genomes [15,18,51]. Early HIV-1 diversifica-
tion conforms well to this model and it was suggested that other
viruses including HCV might also [48]. However, HCV replica-
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tion differs from HIV-1 in that HCV RNA does not integrate into
chromosomal DNA and it does not produce all of its daughter
progeny in a large burst of viruses within a couple days after
infecting a cell [52]. Instead, it forms as many as 40 cytosolic
replication complexes that continue to produce virions throughout
the lifetime of the cell [50,53]. In early infection prior to the onset
of HCV specific cellular immune responses, the lifetime of
infectedcells is likely to span our sampling period given that the
lifetime of uninfected hepatocytes is estimated to be months to
years [54,55]. To account for these differences with HIV-1, we
developed an alternative simplified deterministic model of HCV
diversification (Figure 3). This model predicts occasional violations
in star-like diversification and in the Poisson fit of mutations with
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Figure 2. Maximum-likelihood tree (ML) of HCV sequences from acute and chronic infection subjects. 5' quarter 1 genomesequences
(core, E1, E2) from acute (red) and chronic (blue) subjects are shown along with HCV genotype 1 to 7 reference sequences(gray). Bootstrap values
represent 100 repetitions in this and subsequent figures. The horizontal scale bar indicates 5% diversity.

doi:10.1371/journal.ppat.1002880.9002

increasing probability as time goes on, and it predicts greater
numbers of shared stochastic mutations between HCV sequences
compared with HIV-1 sequences. The latter model provided us
with a mathematical and statistical basis for distinguishing closely
related T/F HCV lineages from sequences that evolved from a
single genome but shared early stochastic mutations. Importantly,
it allowed us to vary key assumptions regarding the contributions
of long-lived hepatocytes containing multiple generations of
replication complexes and assess the effects on sample-based T/
F virus enumeration. From this analysis, we adopted a conserva-
tive operational cut-off of >2 shared mutations per quarter
genome (~2500 bp) or >4 shared mutations per half genome
(~5000 bp) to distinguish T/F genomes in most cases of HCV
transmission from chronically infected individuals (see Methods).

PLOS Pathogens | www.plospathogens.org

In more complicated transmission scenarios, where the index case
was hypothesized to be either acutely infected or to have
experienced a viral genetic bottleneck due to antiviral drug
therapy, we applied both an empirical approach where a single
shared polymorphism could represent a distinct T/F viral genome
as well as the more conservative modeling approaches. Impor-
tantly, both empirical and model-based analyses predicted that
consensus sequences of low diversity lineages before the onset of
immune-driven positive selection coalesced to founder viral
genomes at or near the moment of transmission.

Identification and enumeration of T/F genomes

Figure 4 depicts ML phylogenetic trees and Highlighter plots of
viral 5" half genome sequences from two subjects, one typical of
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Figure 3. Models of HCV and HIV-1 diversification in acute infection. Panels A and C depict patterns of HIV-1 replication and diversification
compared with HCV in panels B and D. The various generations of HIV-1 (panel C) and HCV (panel D) are indicated as filled dots to represent HIV-1
proviruses or HCV replication complexes. The symbol t indicates the time to sampling in units of provirus generations for HIV-1 (~2 days) and of
replication complex generations for HCV (~1 day). Whereas HIV-1 is produced only from the latest generation of provirus, HCV is produced from

replication complexes of all generations. In this model, the number of HCV replication complexes of generation g at time t is given by > For HIV-1

each provirus of the same generation produces roughly equal numbers of descendant HIV viruses. The replication complexes of HCV produce widely
different number of descendant viruses. Panels A and B show the impact of this difference on the expected fraction of pairs of viruses, sampled at
various times, that share a given number of ancestors. For HCV, the number of pairs of viruses sampled at time t that share at least g generations is

given by rtl;“’; <t;’171 ! >2"*1(2”—1). One sees that HCV viruses typically share 50% more generations of ancestors than HIV, and with the

estimated mutation rates, this means that they share about 3 times the stochastic mutation events expected in HIV.

doi:10.1371/journal.ppat.1002880.g003

chronic infection (WIMI4025, panel A) and one illustrating the
reduced genetic diversity characteristic of a subject productively
infected by a single viral genome (10051, panel B). Sequences from
the chronic subject showed broad genotypic heterogeneity with a
maximum inter-sequence diversity of 3.83% (mean 1.2%; median
1.21%; range 0.12-3.83%) typical of chronic infection (Table S1).
Sequences from the acute subject revealed a very different pattern
of diversification (Figure 4B). These sequences, which were derived
from the last sampled time point 21 days after the beginning of
documented viremia (see Figure 1), were extremely homogeneous
with a mean diversity of 0.03%, median diversity of 0.02%, and a
range in diversity of 0-0.19%. Nucleotide substitutions corre-

PLOS Pathogens | www.plospathogens.org

sponded to a near star-like phylogeny, although unlike most early
HIV-1 sequence sets they deviated from a Poisson distribution
(p<5x1077), a finding consistent with predictions of the HCV
adapted model. This deviation resulted from two sequences (2C3
and 2C2) that contained a single shared polymorphismat position
2197 and two other sequences (2A2 and 2B34) that contained a
different shared polymorphism at position 4344. The shared
polymorphism at position 2197 was a first position GAG to TAG
transversion that resulted in the introduction of a stop codon.
Surprisingly, the same nonsense mutation was found in the
identical position in two additional sequences (2B8 and 2B9) from
this subject in a plasma sample taken 12 days earlier (Genbank
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Figure 4. HCV diversity in chronic (WIMI4025)and acute (10051) subjects. 5’ half genome sequences (core, E1, E2, p7, NS2 and NS3) from
WIMI4025 (A) and 10051 (B) are depicted by mid-point rooted ML phylogenies and Highlighter plots.

doi:10.1371/journal.ppat.1002880.g004

accession nos. J803586, JO803587, JOB803590 and JOQB803591).
We could be assured that these persistent but defective genomes
were authentic and did not result from cross-contamination of
amplicon sequences since each of the four sequences had
additional distinguishing nucleotide polymorphisms (e.g., compare
sequences 2C3 and 2C2 in Figure 4B) or were processed, PCR
amplified and analyzed on different days (e.g., 2C3 and 2C2 versus
2B8 and 2B9). Occasional shared polymorphisms are commonly
found in acute HIV-1 infection sequences and can be explained by
polymerase errors early in infection being retained in the
population [15,49], but for neither HIV-1 nor HCV would
nonsense mutations be expected to be retained unless they were
complemented by competent genomes [50,56,57]. Regardless, the
60 sequences depicted in Figure 4B coalesced to a single
unambiguous consensus, which we inferredto represent a likely
T/F virus in this subject. To explore if additional T/F sequence
lineages might have been overlooked due to inadequate sampling,
we sampled 243 additional 5" quarter genome sequences from this
subject at three earlier time points spanning a 19 day period
(Figures 1 and S2). Power calculations indicate that a sample size
of 60 sequences provides 95% likelihood of detecting variants
present at 5% in the population [15], whereas a sample size of 303
sequences provides 95% likelihood of detecting variants present at
1% prevalence. 43 of 46 (93%) of the sequences at the initial time
point were identical, and diversity increased with time (Figure S2).
Whether the 303 5" quarter genome sequences from the different
time points were considered separately or together, they
conformed to a near star-like phylogeny and coalesced to the
same T/F genome. Thus, we can conclude with a high level of
confidence that subject 10051 was productively infected by a single
virus whose sequence is represented by the consensus in Figure 4B
and S2.

Figure 5 extends the analysis of T/F HCV genomes to four
acutely infected subjects where sequences from sequential time
points revealed variable patterns of early viral diversity. In each
subject, sequences from the initial sample were more homoge-
neous than those from later time points, as expected in a model of
random accumulation of mutations. For subject 10021 (panel A),
19 of 24 (79%) sequences from the initial timepoint were identical.
For subject 10025 (panel B), 32 of 43 (74%) of initial sequences
were identical. The remaining sequences from this first time point
in each subject differed from the respective consensus sequences by
only 1 or 2 nucleotides. At the second and third sampling time
points 14 weeks later, an increasing proportion of sequences from
each subject differed from the respective consensus sequences by
as many as 3 or 4 nucleotides. Interestingly, in both samples rare
shared mutations became evident at later time points, again
consistent with predictions of the HCV adapted model. For
subjects 10021 and 10025, we thus concluded that the respective
consensus sequences corresponded to single T/F HCV genomes.
Of the 17 acutely infected subjects, four had evidence of
productive clinical infection by single viruses (Tables 1 and S2).
Panels C and D depict sequences from subjects 10012 and 10062,
each of whom had evidence of productive infection by more than
one genetically distinct virus based on the presence of multiple
discrete low diversity lineages whose consensus sequences differed
from each other by far more than the 2 nucleotides per quarter
genome cut-off. Importantly, unlike HIV-1 where viral recombi-
nation in acute and early infection is extremely common [12,16],
we found no evidence of inter-lineage recombination in HCV
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sequences from these subjects or from any other subjects in this
study.We thus interpreted the consensus sequences of each low
diversity lineage in subjects 10012 and 10062 to correspond to a
unique T/F HCV genome, three for each subject. This represents
a minimum estimate, since deeper sampling could conceivably
identify additional T/F sequence lineages, although with 188-230
sequences analyzed there was a 95% likelihood of detecting
variants present at 2% in the population (Table S2). Figure 6
depicts sequences from subject 10029 where discrete low diversity
sequence lineages indicated clinical acquisition of a minimum of 9
T/F viruses. In 6 additional acutely infected subjects, clearly
distinguishable T/F lineages ranged from 3 to 13 per subject
(Figures S3, S4, S5, S6, S7, S8).Importantly, for all of the acutely
infected subjects described above, the numbers of T/F sequence
lineages identified by visual inspection using the cut-off of >2 per
quarter genome and >4 per half genome were nearly identical to
those inferred from the HCV adapted model of early virus
diversification using standard (maximum cut-off) or stringent
(average cut-off) assumptions (Table S2).

Evidence of acute-to-acute HCV transmission

Virus diversity in three acutely infected subjects (10003,
Figure 7; 10020, Figure S9A; 10016, Figure S9B) shared features
that distinguished them from the other 14 acute subjects. In each
case, maximum sequence diversity was relatively low (0.27%—
0.41%), consistent with recent infection. However, unlike in other
subjects, samples from 10003, 10020 and 10016exhibited many
closely related sets of sequences that shared unique polymor-
phisms, which appeared as multiple vertical ‘stripes’ in the
Highlighter plots and shared nodes in the phylogenetic trees
(Figures 7 and S9A,B). In subject 10003 (Figure 7), there were at
least 37 distinctsequence sets, and in subjects 10020 (Figure S9A)
and 10016 (Figure S9B) there were 10 and 15, respectively.
Although we recognized that occasional shared mutations are
predicted by the model and were found in samples from subjects
infected by single or few viruses with well-defined T/F sequence
lineages (e.g., see Figures 4B, 5 and 6), the high frequency of
unique shared mutations in subjects 10003 (Figure 7), 10020
(Figure S9A) and 10016 (Figure S9B) was quite unusual and led us
to hypothesize that most of the 10-37 distinct virus lineages
observed in these individuals resulted from discrete transmitted
viruses from individuals who themselves were recently infected by
a single virus or by closely related viruses. An alternative
hypothesis that we considered was that infection by single viruses
had occurred in subjects 10003, 10020 and 10016but was followed
by atypical diversification patterns not seen in any of the other
acutely infected subjects. Our strategy to distinguish between these
scenarios was both empirical and model-based. First, we observed
that the maximum Hamming distances, expressed as per cent
diversity, between the consensus sequences of the discrete
sequence sets (i.e., between potential T/F genomes) from subjects
10016, 10020 and 10003, were 0.21%, 0.28% and 0.35% (mean
0.28%; median 0.28%), respectively. These values exceeded the
maximum intra-lineage diversity (mean 0.12%; median 0.12%;
range 0.04-0.19%; p=0.0051, Mann-Whitney test) found in all
lineages from all subjects in the initial ~6 weeks of infection.
These findings suggested acquisition of multiple distinct variants
from recently infected subjects, not evolution of viruses from single
transmitted variants. Secondly, we found that the multiple
sequence sets in subjects 10016, 10020 and 10003 were present
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Figure 5. HCV diversity in acute infection. ML trees and Highlighter plots of 5’ quarter 2 genomesequences from four acutely infected subjects.
Sequences are color coded to reflect sampling time points indicated in Figure 1. Subjects 10021 (A) and 10025 (B) revealed productive clinical
infection by a single viruses whereas subjects 10012 (C) and 10062 (D) each showed infection by three viruses (v1-3).

doi:10.1371/journal.ppat.1002880.9005

from the initial sampling time points and did not accumulate over
time, again suggesting acquisition not evolution of the variants.
Thirdly, we noted that the linear distribution of shared nonsynon-
ymous nucleotide substitutions across the viral genomes in subjects
10016, 10020 and 10003 was not random but instead was
concentrated in regions of El and E2 (Figure S10) previously
associated with immune escape [41,42,58]. Inspection of the
amino acid substitutions in the E2 region of the putative T/F
genomes revealed combinations of different nonsynonymous
mutations in identical or neighboring positions in the primary
sequence that were unlikely to have occurred by chance
(probability estimates <0.001). Since these subjects were sampled
very early after infection, well before antibody seroconversion
(Figure 1) or the onset of cellular immune responses [9,10], the
data suggest that the patterns of viral diversity observed in the
putative T/F viral genomes from subjects 10016, 10020 and
10003 were the consequence of acquisition of multiple variants
from transmitting individuals who themselves had become infected
in the preceding ~6 months and whose viral sequences had been
subjected to early epitope-focused immune selection.

We next applied our HCV adapted model of early virus
diversification to the sequences from the three subjects 10016,
10020 and 10003(Figures 8; S14-15). Under standard model
assumptions (maximum cut-off, see methods) for delineating T/F
lineages, transmission by at least 6-19 genetically distinct viruses
was necessary to explain the viral diversity observed in the three
subjects. Even under the most conservative model assumptions
(average cut-off), transmission of at least 2-9 distinct viruses was
required. Based on these findings, we conclude that the pattern of
viral sequence variation in subjects 10003, 10020 and 10016can be
most plausibly explained by acute-to-acute virus transmission.

Transmission of multiple NS3A drug resistant variants
The phylogenetic pattern of sequences from subject 106889
(Figure 9) was still more complicated than that of any of the other
16 acutely infected subjects. This subject exhibited a typical acute
infection viral kinetic profile with four sequential plasma samples
negative for HCV vRNA and antibody followed by rapid vRNA
ramp-up to nearly 4x10° vVRNA TU/ml (Figure 9 insert). These
plasma samples from subject 106889 were obtained in June and
July 2008 and were preceded by over 150 plasma collections from
this individual in 2003-2008, all of which were negative for HCV
RNA or antibody, proving this individual had incident infection.
Eighty-seven 5" half genome sequences were obtained from the
nitial plasma vRNA positive time point (Figure 9). Maximum
diversity of these sequences was 1.03%, indicating multi-variant
transmission. Similar to subjects 10003, 10020 and 10016,
numerous discrete, low diversity sequence clades, many of which
were closely related to each other, were apparent in the
maximum-likelihood tree and Highlighter plot. Unlike sequences
from the other subjects, however, the distinct sequence sets in
106889 clustered with high bootstrap values into larger lineages
(color-coded in Figure 9). Thoseclades that contained sufficiently
large numbers of sequences for analysis (e.g., clades identified by
sequences 5.B.F9 and 5.02C22) exhibited a star-like phylogeny
and Poisson distribution of mutations (Table 1), indicating that
they had evolved very recently from discrete T/F genomes.These
findings suggested that subject 106889 had been infected by large
numbers of virusesfrom a chronically infected individual whose
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12

HCV sequences had been subjected to a stringent genetic
bottleneck. A quite unexpected finding suggested a likely
explanation: 86 of the 87 sequences from subject 106889 were
found to contain two signature mutations in the NS3 protease gene
(V36M and R155K) that confer high level drug resistance to the
NS3 protease inhibitors Boceprevir and Telaprevir [7]. One of 87
sequences (sequence 02B11 in Figure 9) contained one of these
DAA resistance mutations (V36M). Since the combination of
V36M and R155K mutations is uncommon in treatment-naive
individuals [59], this result suggested that a transmitting partner to
106889 was chronically infected with HCV, was treated with an
investigational NS3 protease inhibitor, experienced a DAA-
induced viral population bottleneck followed by the emergence
of NS3 protease resistant variants, and as these variants
rebounded, transmitted multiple drug resistant variants directly
to subject 106889 or indirectly through a second acutely infected
individual. Under this scenario, where closely related sequences
differing by as few as one nucleotide would be expected to be
transmitted, we estimated by visual inspection of the phylogenetic
tree that as many as 30 or more T/F virus could have been
responsible for productive clinical infection (Table S2). By the
standard model analysis, 28 distinct T/F viral genomes were
necessary to account for the observed diversity. By the more
conservative model analysis, at least 16 distinct T/F genomes were

needed (Table S2).

Virus diversification from T/F genomes

The identification of T/F viral sequencesin 17 subjects provided
us with a unique opportunity for analyzing HCV sequence
evolution in natural human infection beginning at or near the
moment of virus transmission and extending through the
establishment of early viral load setpoint, and in some subjects,
antibody seroconversion. Among the 17 subjects, we identified a
total of 146 T/F genomes. As expected, all 146T/F sequences had
intact open reading frames for core, E1, E2, P7, NS2 and NS3.
Thirty T/F genomes had 5 or more identifiable progeny (range 5—
303; median 19) from which we could analyze molecular features
of sequence diversification i viwo using phylogenetic tools and
algorithms. A summary of this analysis is presented in Table 1.
Maximum intra-lineage diversity for the 17 subjects ranged from
0.04% to 0.19% (mean=0.12%; median=0.12%), which was
significantly lower than the maximum, mean and median viral
diversities observed in chronically infected subjects (3.83%, 2.27%
and 2.37%, respectively; p<<0.0001, unpaired T-test with Welch’s
correction) (Tables 1 and S1; Figure S1). Evolved sequences
compared to their respective T/F genomes revealed low frequen-
cies of per nucleotide insertions (1 x10~°), deletions (310 %) and
stop codons (1 x10™%). Transitions outnumbered transversions by
8.8 to 1, and when corrected for the number of available sites, by
18 to 1. The average dN/dS ratio was low at 0.39. The overall
mutation frequencyamong all 17 acute subjects uncorrected for
time from transmission or numbers of virus replication cycles was
1.4x107* When sequences were analyzed in the context of an
agent-based stochastic model of virus diversification that incorpo-
rates estimated time from transmission and HCV specific
parameters of virusreplication, the mutation rate of HCV w vivo
was estimated to be 2.5x107° per nucleotide per genome
replication [50]. We confirmed this low value by an analysis of
the nonsense codon frequency per nonsense mutation target site
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Figure 6. HCV diversity in acute subject 10029. MLtree and Highlighter plot of 5’ quarter 1 genomesequences,color coded to reflect sampling
time points in Figure 1, reveal productive infection by 9genetically-distinct viruses.

doi:10.1371/journal.ppat.1002880.g006

[50]. Progeny of T/F viruses sampled at the earliest time points
generally conformedto a star-like phylogeny and a Poisson
distribution of randommutations (Table 1), but at later time
points there were occasional deviations. Deviations from the
model were of three types: (i) shared polymorphisms resulting from
stochastic changes after the transmission event or from the
transmission of multiple closely related viruses; (i) immune
selection or reversion in later samples at the time of antibody
seroconversion in a single subject 9055 (Figures S16, S17); (iii) rare
examples of short perfect inverted repeats, 3-20 nucleotides in
length, that resulted from template switching between double-
stranded RNA molecules in locations prone to RNA stem-loop
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secondary structure (Figure S18). This latter finding, which was
found in 7 sequences out of 2922 analyzed,was observed in
samples from three different study subjects. Four of these strand
transfers occurred at the same location in the core gene.

Discussion

The present study provides new quantitative and qualitative
insights into HCV transmission and early diversification in
humans. Previous reports documented a virus population bottle-
neck associated with HCV transmission, but none of those studies
including ones based on 454 deep sequencing captured the broad
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Figure 8. HCV diversity analysis in subject 10016 suggests acute-to-acute transmission. Highlighter plot and neighbor-joining tree of 5’
quarter 1 genome sequences. Visualization of 15 potential T/F viral lineages distinguished by unique shared mutations is indicated by lower case
(blue) letters. Model estimates of T/F virus lineages using maximum (red) and average (green) cut-offs reveal 10 and 4 potential T/F virus lineages,

respectively, based on increasingly stringent model assumptions (see text).

doi:10.1371/journal.ppat.1002880.9008

range in multiplicity of infection or the full spectrum of genetic
diversity that exists among transmitted viruses. In our study of 17
acutely infected subjects, we could unambiguously identify and
determine the exact nucleotide sequences of one or more T/F
virus genomes in each subject. This was true for all subjects whose
HCV genomes were sequenced within the initial ~6—8 weeks of
infection; beyond that there were examples of immune selection
that confounded the identification of T/F virus genomes (Figures
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S16 and S17). We estimated the multiplicity of infection (numbers
of T/F viruses leading to productive clinical infection) to range
from 1 to as many as 37 or more with a median of 4. These are
minimum estimates given our sampling limitations, although we
note that our median sampling depth of 151 sequences (Table 1)
afforded us a 95% likelihood of detecting variants present at 2%
prevalence [15]. In subjects productively infected by lower
numbers of viruses (<10), where the progeny of each transmitted
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virus is repeatedly sampled, our estimates (T'ables 1 and S1) are
likely to be an accurate and precise measure of the number viruses
that result in productive infection. In subjects infected by higher
numbers of viruses, especially in the setting of acute-to-acute
transmission where transmitted viruses are expected to differ by as
few as one nucleotide, the accuracy of our estimates are necessarily
less. This is because we could not sample deeply enough due to
practical constraints of single genome sequencing of quarter and
half genomes, and because we could not distinguish between
transmitted viruses that differ by one or few nucleotides from
single variant transmission followed by early stochastic mutations.
However, based on the striking differences in diversity patterns
that we observed between subjects with chronic-to-acute versus
apparent acute-to-acute transmission, we suspect that the actual
numbers of T/F viruses in subjects 10016, 10020, 10003 and
106889 approximate or exceed our estimates of 15, 10, 37 and 30
T/F genomes, respectively (Tables 1 and S2).

The broad range in numbers of T/F viruses responsible for acute
HCV infection in our cohort must reflect the different transmission
routes and risk practices ofsource plasma donors. Ostensibly, such
individuals should be at low risk of acquiring HCV infection since
they are qualified as regular source plasma donors only after extensive
pre-enrollment screening that consists of medical histories, physical
examinations and behavioral questionnaires designed specifically to
eliminate from the donor pool individuals at risk for HCV, HBV or
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HIV  infection  (http://www.fda.gov/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/defaulthtm). Howev-
er, self-reporting of risk behaviors among paid plasma donors is
admittedly imperfect [60]. Thus, it is likely that the subjects in the
present study represent the broad clinical spectrum of community-
acquired HCV infection in the United States, which includes
mjection drug users, men who have sex with men, heterosexuals, and
possibly, household contacts of HCV infected individuals.

Our findings regarding the multiplicity of human infection by
HCV are quite different from those obtained by 454 pyrose-
quencing in seven acutely infected subjects reported by two
different investigative groups where the range in T/F viruses was
one to four with a median one [19,43]. Our findings are also
substantially different from estimates from other reports that
employed reverse transcription, bulk PCR amplification, popula-
tion sequencing or molecular cloning followed by sequencing
[20,23,25,30,38,41,42].The latter studies showed that acutely
infected subjects exhibited a spectrum in HCV sequence diversity
that could at best be interpreted qualitatively as reflecting ‘few-
variant’ versus ‘multi-variant’ transmission. We also note a recent
study that used conventional bulk PCR amplification, cloning and
sequencing to analyze acute and early HCV sequences consisting
of a 225 bp hypervariable region of env from 10 acute infection
subjects following IDU, sexual or nosocomial exposures [28].
Thisreportdescribed perplexing findings: 7 of 10 acutely infected
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subjects seemed to harbor more than one HCV genotype
andsequential sequences obtained from these subjects a median
of 17.5 days apart throughout the acute infection period suggested
fluctuations in the prevalence of different HCV genotypes,
subtypes and clades. These findings are at odds with our results
(Figures 2, 4-9, S2, S3, S4, S5, 86, 87, S8, S9 and S14, S15, S16)
and those of most other studies [24].

The SGA-direct amplicon sequencing strategy used in the
present study represents a substantial advance in sensitivity and
molecular resolution for distinguishing closely and distantly related
T/F HCV genomes and their evolving progeny. Studies of HCV
specific CTL recognition and escape [20,25,61,62], neutralizing
antibody recognition and escape [41,42], and DAA drug
resistance development [7] have previously been performed
without a precise identification of T/F viral genomes and future
studies may benefit from such an approach. We could readily
distinguish evolving viral lineages that differed from the T/F
genome by just 1 nucleotide in 5,000 (0.02%) at sites under
selective pressure (Figures S16—17). This discriminating power
further revealed evidence of acute-to-acute virus transmission in
three subjects (Figures 7, 8 and S9) and DAA drug-induced viral
genetic bottlenecking in a donor to a fourth acutely infected
subject(Figure 9). This exquisite sensitivity in distinguishing T/F
virus genomes and their progeny stands in contrast to the 454-
based approaches, which were unable to distinguish between T/F
viruses that differed by less than 2.5% [43] and bulk PCR-clone-
sequencing methodsthat used a cutoff of 3% diversity to
distinguish homogeneous from heterogeneous virus transmission
[23]. Both of the latter methods are further confounded by the
potential for Tag polymerase-mediated strand transfers leading to
recombination artifacts in finished sequences [15,19,63].

The ability to identify actual T/F viral sequences and to track
virus diversification from these sequences with single nucleotide
resolution provided a unique opportunity to assess HCV sequence
evolution i vivo. Virus diversification from discrete T/F viruses
was generally star-like and conformed well to our HCV adapted
model of early virus diversification. The finding of only a single
instance of potential CTL escape or reversion among 17 acutely
infected subjects at the last sampling time point is consistent with
previous reports indicating substantial delays in the onset of
adaptive immunity to HCV [9,10]. The overall nucleotide
substitution frequency that we observed among all subjects and
including all sampling time points was 1.4x 10~ *, This substitution
frequency is different from the mutation rate since it does not
account for time, numbers of replication cycles, or different modes
of HCV replication (linear versus geometric) [3,57,64], nor does it
account for nucleotide substitutions introduced by the MuLV
polymerase (Superscript III) during cDNA synthesis. The latter is
estimated to occur at a frequency as low as 2x107° [65] and thus
likely contributes negligibly to the mutation frequencies observed
in the present study. Consistent with this interpretation were our
results of single genome sequencing performed on the earliest
vRNA positive plasma sample from subject 10051 where we found
that 43 of 46 5" quarter 1 genome sequences were identical (Figure
S2). Among all 46 sequences, there were only four nucleotide
substitutions in 100,050 nucleotides. This corresponds to a
combined substitution frequency for the HCV polymerase and
the Superscript III MuLV polymerase of 4x10~°, Again, thisresult
does not account for the numbers of HCV replication cycles
occurring between the moment of virus transmission and the time
point of sampling, which in this case was very early during the viral
ramp-upperiod when the plasma virus load was approximately
10,000 vRNA molecules/ml (Figure 1). In an accompanying
report [50], we describe a new stochastic model of HCV
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replication and diversification that provides for a more precise
estimation of the i vivo HCV RdRp error rate, which was found to
be ~2.5x107> per base per generation. This is lower than
previous reports for HCV [56,57] and comparable to the RT error
rate of HIV-1 [57,66].

We found a low dN/dS ratio consistent with early negative or
purifying selection and a strong 18 to 1 mutational bias for
transitions over transversions in acute infection. The latter finding
is consistent with a recent report by Gotte and colleagues [67] who
studied sequence evolution in chronically infected subjects and
vitro where a strong preference for G:U/U:G mismatches was
observed for recombinant HCV RdRp. A mutational bias favoring
transitions may be a factor besides RdRp error rate that influences
the rate of development of DAA resistance mutations [67].
Importantly, we found no evidence of viral recombination in any
subject, which would have been plainly evident in those subjects
infected by multiple genetically diverse viral genomes (Figures 5C,
D; 6; S3-9). The absence of recombination distinguishes HCV
from HIV-1, where early recombination is widespread [12,16,46],
but is consistent with molecular epidemiological data that suggest
that HCV recombination is rare [68—71]. In addition, the failure
to find plus-plus strand recombination in any of the sequences in
the present report shows that strand switching by the MuLV
reverse transcriptase (R'T) i vitro must be extremely rare. This is
important because it demonstrates that MuLV RT-mediated
recombination does not confound single genome sequence
analyses of HCV or other RNA viruses including HIV-1 andSIV
[15,18,51]. On the other hand, we did observe seven examples of
template switching between plus and minus strands of double-
stranded HCV RNA templates (Figure S18). We could not
determine if this resulted from strand switching by MuLLV RT
vitro or by HCV RdRp i vivo. We note that Branch and colleagues
[72] recently reported high levels of double-stranded HCV RNA
in hepatic tissue, thus providing a plausible source of dsRNA for
the observed template switching events.

A surprising finding of the current study was evidence of acute-
to-acute HCV transmission in a relatively high proportion (3 of 17)
of subjects. The acute infection period of HCV, like that of HIV-1,
is characterized by very high plasma virus loads, absence of
neutralizing antibodies, and rapid expansion of biologically fit
virus populations that are homogeneous relative to the respective
T/F virus genomes [22,26,27]. For HIV-1, the acute and early
infection period has been shown to be associated with hyper-
transmissibility with epidemiological studies and epidemic model-
ing indicating substantial enhancement in spread of the virus as
long as six months post-transmission [73-76]. In the simian
immunodeficiency virus (SIV) — Indian rhesus macaque transmis-
sion model, virus from acute infection plasma is up to 750-fold
more transmissible on a per virion basis than is virus from chronic
infection plasma [77]. To our knowledge, a clinical predilection
for acute-to-acute HCV transmission has not previously been
reported. In addition to the three subjects whom we identified with
putative acute-to-acute HCV transmission, an argument can be
made for an additional potential case in subject 10017 in whom
distinct subsets of closely related T/F sequences were found within
a context of high overall sequence diversity (e.g., see lineages vl
and v3; Figure S8). In this example, a plausible scenario is that a
virus ‘donor’ to subject 10017 was acutely infected by multiple
genetically-diverseviruses and that multiple progenyrepresenting
several of these lineages were transmitted. The implication of these
findings is that if the acute period of HCV infection is
characterized by hyper-infectiousness as is the case for HIV-1, it
could be a previously unrecognized but important contributing
factor to the spread of HCV, potentially contributing to a recently
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described emerging HCV ‘epidemic’ in HIV-1 positive men who
have sex with men [78,79]. A limitation in our evidence
supporting ‘acute-to-acute’ infection is that our study design did
not allow us to identify paired donors and recipients of virus in
order to analyze virus transmission directly. Future viral sequenc-
ing studies involving social networks of HCV transmission partners
[80], or analyses of cryopreserved plasma specimens from
previously conducted acute-to-acute human-to-chimpanzee HCV
transmission studies [81], can provide corroborative evidence. We
notethat there is precedent for phylogenectic linkage of HCV
sequences in a human-to-human transmission case where clinical
epidemiologic linkage between donor and recipient was estab-
lished [42].

Still another surprising observation in this study was transmis-
sion of what we estimated to be as many as 30 NS3 protease-
resistant viruses to subject 106889 (Figure 9). These mutations
(V36M and RI155K) confer high level resistance to both
Boceprevir and Telaprevir, which were used in clinical trials near
the time when 106889 samples were collected. Recently, we
performed single genome sequencing of plasma viral RNA from
subjects before and after treatment with a next generation
investigational HCV protease inhibitor and observed viral genetic
bottlenecking closely resembling that found in subject 106889
(unpublished data). To our knowledge, the data from subject
106889 is the first example of high multiplicity DAA drug resistant
virus transmission, and the findings here illustrate how transmis-
sion of DAA resistant mutants can be deciphered with single
genome specificity and sensitivity.

The identification of T/F genomes of HCV, HIV-1 [18], SIV
[51] and potentially other RNA viruses by single genome
sequencing is an enabling experimental strategy that captures
molecular entities that are wholly sufficient and responsible for
productive clinical infection and disease causation. In an
accompanying report [50], we use sequences derived by this
approach to analyze and mathematically model the early
dynamics of HCV replication and diversification in acutely
infected humans and derive new estimates of the i viwo mutation
rate of HCV. A second application of the single genome
sequencing method is to reveal through enumeration of T/F
genomes, the challenge that vaccine candidates face in attempting
to prevent or constrain HCV transmission. In a third application
of the method, we previously demonstrated for HIV-1 that single
genome sequencing allows for the molecular identification, cloning
and biological characterization of full-length T/F genomes and a
comprehensive proteome-wide analysis of autologous, strain-
specific patterns of cytotoxic T-cell and neutralizing antibody
responses [13,18,82-84]. By demonstrating that early HCV
diversification generally conforms to a model of essentially random
virus evolution where sequences coalesce to distinct, unambiguous
T/F genomes, the present study has taken the first critical steps to
demonstrate the feasibility of similar genome-wide analyses for
HCV. An intriguing possibility is that full-length T/F HCV
genomes, which by definition possess nucleotide and amino acid
sequences sufficient for efficient i vivo replication in humans, can
be identified, molecularly cloned and expressed for biological
analyses in cell culture and animal models.

Materials and Methods

Ethics statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki. It was approved by the Institutional
Review Boards of the University of Pennsylvania, the University of
Alabama at Birmingham and Duke University. Subjects provided
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written informed consent for the collection of blood samples and
subsequent analyses.

Study subjects

Plasma samples were obtained from 17 subjects with acute
HCYV infection. These subjects were regular source plasma donors
(ZeptoMetrix, Inc.; SeraCare, Inc.) who were HCV and HIV-1
antibody negative but who became HCV infected sometime in the
course of their twice-weekly plasma donations as evidenced by the
development of HCV viremia on sequential viral RNA testing
(Figure 1). The subjects were asymptomatic throughout the
collection period and did not receive anti-HCV treatment. By
the time of the last sample collection, 5 of the subjects had
seroconverted to HCV antibody positivity. Plasma samples from
14 patients from University of Alabama at Birmingham with
chronic, treatment-naive HCV infection were obtained as
controls.

HCV RNA and antibody assays

Plasma samples were tested for HCV RNA and antibodies by a
battery of commercial tests. These included Roche COBAS
AmpliPrep/ COBAS Tagman HCV vRNA assay; ABBOTT Anti-
HCV 3.0 Assay and ORTHO Enhanced SAVe Anti-HCV 3.0
Assay. HCV vRNA analyses were performed according to
manufacturer’s  specifications  (http://www.accessdata.fda.gov/
cdrh_docs/pdf6/P060030c.pdf) in a CLIA certified laboratory
with all assay controls meeting predetermined parameters for assay
sensitivity and specificity and with a dynamic linear range of 43 to
6.9x107 vRNA IU/ml.

Viral RNA extraction and cDNA synthesis

For each plasma sample, approximately 100,000 viral RNA
copies were extracted using the QiagenBioRobot EZ1 Worksta-
tion with EZ1 Vrius Mini Kit v2.0 (Qiagen, Valencia, CA). RNA
was eluted and immediately subjected to cDNA synthesis. Reverse
transcription of RNA to single stranded cDNA was performed
using MuLLV (SuperScript III) reverse transcriptase using methods
recommended by the manufacturer (Invitrogen Life Technologies,
Carlsbad, CA). Briefly, each ¢cDNA reaction included 1x RT
buffer, 0.5 mM of each deoxynucleoside triphosphate, 5 mM
dithiothreitol, 2 units/ulRNaseOUT (RNase inhibitor), 10 units/
ul of SuperScript III reverse transcriptase, and 0.25 uM antisense
primer. The antisense primers were designed specifically for
different genotype. 1.NS4A-R1 5'- GCACTCTTCCATCT-
CATCGAACTC -3’ (nt 5451-5474 H77 (accession number
NC_004102)) for genotype 1, 2NS2-R1 5'-CCCCAGACGAT-
GACTTTCTTCTCCAT-3" (nt 5445-5467 H77) for genotype 2
and 3aNS3-R2V2 5'-TTACTTCCAGATCAGCTGACA-3' for
genotype 3. The reverse transcription reaction was carried out at
50°Ci for 60 minutes followed by an increase in temperature to
55°C for an additional 60 minutes. The reaction was then heat-
inactivated at 70°C for 15 minutes and then treated with 0.1 U/ul
RNaseH at 37°C for 20 minutes. The newly synthesized cDNA
was used immediately or kept frozen at —80°C.

Single genome amplification

cDNA was serially diluted and distributed among wells of
replicate 96-well plates (Applied Biosystems, Foster City, CA) so as
to identify a dilution where PCR positive wells constituted less
than 30% of the total number of reactions. At this dilution, most
wells contain amplicons derived from a single cDNA molecule.
This was confirmed in every positive well by direct sequencing of
the amplicon and inspection of the sequence for mixed bases
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(double peaks), which would be evidence of priming from more
than one original template or the introduction of PCR error in
early cycles. Any sequence with evidence of mixed bases was
excluded from further analysis. PCR amplification was carried out
in the presence of 1x High Fidelity Platinum PCR buffer, 2 mM
MgSOy, 0.2 mM of each deoxynucleoside triphosphate, 0.2 uM of
cach primer, and 0.025 units/ul Platinum Taq High Fidelity
polymerase in a 20 ul reaction (Invitrogen, Carlsbad, CA). The
nested or hemi-nested primers for generating 5" half or 5’ quarter
genome from different genotypes included: (1) 5" half genome of
genotype 1: 1* round sense primer 1.core.F1 5'-ATGAGCAC-
GAATCCTAAACCTCAAAGA-3' (nt 342-368 H77) and 1%
round antisense primer 1.NS4A.R1 5'-GCACTCTTCCATCT-
CATCGAACTC-3' (nt 5451-5474 H77), 2 round sense primer
l.core.F2 5'- TCAAAGAAAAACCAAACGTAACACCAACC-
G-3' (nt 362-391 H77 and 2" round antisense primer
I.NS3A4AR2 5'- AGGTGCTCGTGACGACCTCCAGG-3'
(nt 5297-5319 H77); (2) 5’ quarter genome of genotype 2: 1%

round sense primer 2.core.Fl1 5'- ATGAGCACAAATCC-
TAAACCTCAAAGA-3' (nt 342-368 H77) and 1" round
antisense  primer 2.NS2.R1 5'- CCCCACACAATGACC-

TTCTTCTCCATTG -3’ (nt 5445-5467 H77), 2*¢ round sense
primer 2.core.F2 5'- AATCCTAAACCTCAAAGAAAAACC-
AAA -3’ (nt 351-377 H77) and 2™ round antisensc primer
2.NS2.R2 5'- GGGGAGAGGTGGTCATAGATGTAA -3'; (3)
5" half genome of genotype 3: 1* round sense primer 3a.core.F1
5'- ATGAGCACACTTCCTAAACCTCAAAGA -3’ and 1
round antisense primer 3aNS3-R1V2 5'-TTACTTCCAGAT-
CAGCTGACA-3', 2" round sense primer 3a.core.F2 5'-
TCAAAGAAAAACCAAAAGAAACACCATCCG -3 and 2™
round antisense primer PCR 3a.NS3-R2V2 5'-TTACTTCCA-
GATCAGCTGACA -3'. PCR was performed in MicroAmp 96-
well reaction plates (Applied Biosystems, Foster City, CA) with the
following PCR parameters: 1 cycle of 94°C for 2 min; 35 cycles of
a denaturing step of 94°C for 15 s, an annealing step of 58°C for
30 s, an extension step of 68°C for 5 min, followed by a final
extension of 68°C for 10 min. The product of the 1** round PCR
was subsequently used as a template in the 2*® round PCR under
same conditions but with a total of 45 cycles. Amplicons were
mspected on precasted 1% agarose LE-gels 96 (Invitrogen Life
Technologies, Carlsbad, CA). All PCR procedures were carried
out under PCR clean room conditions using procedural safeguards
against sample contamination, including pre-aliquoting of all
reagents, use of dedicated equipment, and physical separation of
sample processing from pre- and post-PCR amplification steps.

DNA sequencing

PCR amplicons were directly sequenced by cycle-sequencing
using BigDye terminator chemistry and protocols recommended
by the manufacturer (Applied Biosystems; Foster City, CA).
Sequencing reaction products were analyzed with an ABI 3730xl
genetic analyzer (Applied Biosystems; Foster City, CA). Both DNA
strands were sequenced using partially overlapping fragments.
Individual sequence fragments for each amplicon were assembled
and edited using the Sequencher program 5.0 (Gene Codes; Ann
Arbor, MI). Inspection of individual chromatograms allowed for
the identification of amplicons derived from single versus multiple
templates. The absence of mixed bases at each nucleotide position
throughout the entire 5" half or quarter genome sequences was
taken as evidence of amplification from a single viral RNA/cDNA
template. This quality control measure enabled us to exclude from
the analysis amplicons that resulted from PCR-generated w vitro
recombination events or Tag polymerase errors and to obtain
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multiple individual sequences that proportionately represented
those circulating HCV virions.

Sequence alignments

All the sequences alighments were initially made with ClustalW
and then hand-checked using MacClade 4.08 to improve the
alignments according to the codon translation. All 2922 5 half or
quarter-genome sequences from acute and chronic patients were
deposited in GenBank and edited alignments can be accessed at
http://www.hiv.lanl.gov/ content/sequence/hiv/user_alignments/
Li2012.html.

Sequence diversity analysis

Two thousand three 5’ half genomes and 919 5’ quarter
genomes were amplified by SGA-direct amplicon sequencing from
the 31 subjects. Half genome sequences were generated so as to
obtain longer sequences for linkage analyses, whereas quarter
genome sequences were generated to enhance sensitivity of
amplification from early samples with lower viral loads. Among
the 3168 amplicons generated, the sequences of 2922 were
unambiguous at every position. The other 246 amplicons
contained one or more “double peaks” representing mixed bases
and these were discarded and not included in the analysis. The
median number of sequences analyzed per time point was 54
(mean = 54; range =5-122) for acutely infected subjects and 25
(mean = 27; range = 13-44) for chronically infected subjects. A
total of 2922 sequences from all 17 acutely-infected and 14
chronically-infected subjects were analyzed using phylogenetic tree
analysis together with a sequence visualization tool, Highlighter
(www.HIV.lanl.gov), that allows tracing of common ancestry
between sequences based on individual nucleotide polymorphisms.
Phylogenetic trees were generated by maximum likelihood
methods using PhyML [85] or RAxML-VI-HPC [86]. For
subjects productively infected by more than one T/F virus,
lineages contained more than 5 closely related sequences were
included in the lineage diversity analyses. Lineage-specific
sequences were analyzed by the Poisson Fitter program (www.
HIV lanl.gov).

Mutation rate calculation

A total of 30 T/F lineages from 17 acutely-infected subjects
were analyzed. Each sequence within the lineage was compared
with the T/F virus sequence of that lineage. The insertion,
deletion, transition and transversion frequencies were counted
manually or by computer program. The rates were calculated by
taking the ratio of each frequency number and the total number of
nucleotides of all the sequences within that lineage.

Synonymous and non-synonymous substitution rate
analysis

The SNAP program (www.HIV.lanl.gov) was applied to the
codon-aligned sequences of each T/F linecage. Within each
lineage, the number of synonymous and nonsynonymous substi-
tutions were derived by comparing to the T/F viral sequences.
The accumulation rates of synonymous substitutions per potential
synonymous site and nonsynonymous substitution per potential
nonsynonymous site were compared to screen for positive
selection.

Mathematical models and algorithms for estimating
numbers of T/F variants

Two mathematical models were used to analyze early HCV
sequence diversity. The first was originally designed for HIV-1 and
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has been previously described in detail [15,48,49]. The second is a
simplified deterministic model that accounts for the essential
differences in replication dynamics between HCV and HIV-1,
taking into account HCV’s life cycle, that HCV replication occurs
via a cytosolic replication complex, and that there can be many
replication complexes continuously producing viruses from a long-
lived infected cell. In this model, each HCV replication complex
was assumed to give rise to a new replication complex at regular
intervals by undergoing two RdRp copying events. These
complexes, which may reach 40 per cell [53], were presumed to
persist and produce viruses for the entire duration of the acute
infection sampling period. Because of the sequential creation of the
complexes, those at the same generation depth have widely
varying number of descendants, unlike the situation in HIV
(Figure 3). An average pair of HCV viruses then has a later most
common ancestor than does HIV. As a result, the model predicts
that sequences with a small number of shared mutations can arise
in a subject at detectable frequencies prior to the onset of immune
selection. This translates to an expectation of about 3 times larger
numbers of stochastically shared mutations in HCV than in HIV,
with the potential to violate the star-like hypothesis more often.
Furthermore, the persistence of HCV replication complexes of all
generations means that, in contrast to the situation in HIV, the
Poisson distribution is not necessarily a good model for inter-
sequence distances prior to selection, and sequences with distances
that deviate from Poisson distribution canbe derived from a single
T/F viral genome. Our simple model of HCV diversification
accounts for these issues and is amenable to an analytical
approach. At the same time, the numerical results from the
simplified model are consistent with those from a more detailed
agent based stochastic model of early HCV infection that we
present in an accompanying paper [50].

The implementation of the clustering algorithm works on a
phylogenetic tree describing the evolutionary relations between
these sequences and aims to identify monophyletic clusters that
could reasonably have arisen by evolution in the infected
individual. The modeling in Ribeiro et al. [50] shows that these
clusters should satisty two separate criteria: (a) the total number of
mutations that could have accumulated is limited by the mutation
rate of the virus and the generation time, and (b) the number of
mutations shared by distinct sequences from a single T/F virus is
related by coalescent theory to the growth and stabilization of viral
load in these acute infections. Starting at the tips of the
phylogenetic tree, our algorithm identifies the largest clusters that
are consistent with these two criteria. Following from (a), every
replication complex present in the body produces a new
generation of replication complexes about once a day. Following
from this, at time ¢ days into infection, the most divergent
replication complex is ¢ generations from the founder, but most
replication complexes are of generation ¢/2. We therefore split the
clusters whose average divergence is larger than expected from this
scenario. Following from (b), if one samples approximately 30-100
sequences in the initial weeks of infection prior to the onset of
immune selection, 1-10 pairs of sequences are expected to
coalesce 47 generations after the T/F virus.Assuming a mutation
rate of 2.5x107° per base per generation [50], this corresponds to
a probability of more than 5% of seeing 3—4 shared mutations in
5000 bases. Thus, to be conservative in our model estimates of
minimum numbers of T/F genomes, wedefined clusters of
sequences as having >4 shared mutations in a half genome, or
>2 in a quarter genome, as unambiguously to have arisen from a
different founder variant.

In the case of acute-to-acute infections, however, the average
divergence is a very weak measure for delineating the clusters. In
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particular, transmission of one or a few highly divergent sequences
affects the average little, and they are often not identified as
separate variants when they are likely to represent a distinct
founder. Thus, mean diversity is a robust measure but occasionally
allows one or a few highly divergent sequences to be counted as a
part of the cluster. To provide an estimate of the number of T/F
variants that takes this into account, we also calculated the number
of clusters by implementing a threshold on the most distant tip
from the inferred ancestor for each cluster, splitting clusters based
on the maximum distance that is improbable. Though this
provides a better overall estimate for the number of clusters, such
extreme-value statistics are more affected by the approximations
made in going from the fully stochastic to the deterministic model.
We verified that the main conclusions of this paper, including the
identification of three subjects as cases of acute-to-acute transmis-
sion, follow from either of the two methods of identifying T/F
lineages. Both of these methods provide a minimum estimate for
the number of T/F viruses for two reasons. First, the number of
shared mutations we have allowed within a cluster provides a
highly conservative criterion and lineages could still contain closely
related but distinct transmitted viral sequences, a situation made
likely by our identification of probable cases of acute-to-acute virus
transmission. Second, finite depth of sequencing means we might
miss T/F clusters that are represented by a small fraction of
sequences. To estimate the impact of this second scenario, we
performed direct power calculations as previously described [15]
to assess the likelihood of missing infrequent T/F sequence
lineages based on sampling depth.

Finally, acute samples are often very homogeneous and can
have conflicting phylogenetic signals, and these calculations rely
on the phylogenetic tree being a description of the true
evolutionary relations. In cases of infection with two highly
divergent strains, the descendants of the two strains form distant
outgroups from each other, and homoplasy on the long branch
linking the two may root the individual clusters suboptimally. To
avoid this problem, our algorithm looks for long branches (longer
than 30 mutations), deletes them, and applies the rest of the
algorithm to each of the then disconnected clusters.After
identifying these clusters, the roots of each of these is chosen as
tentative transmitted founder viruses. The paths in the phyloge-
netic tree between these roots represent evolution that happened
prior to infection, whereas the paths linking the roots to the tips
indicate within host evolution. Occasionally, we find overlap
between the two sets of paths indicating convergent evolution
between the donor and the recipient infected individuals. Since
convergent evolution is unlikely, we further subdivide the
previously found clusters to avoid this.After finding the optimal
clustering at each time point, the results are mapped on to a tree of
all the sequences obtained at various time points from the same
individual. The overall number of clusters is then found by
merging clusters from different time points that interleave, and
leaving the other clusters as distinct. In the scenario of early
infection when there are very few mutations, the tree can be
ambiguous because of single conflicting mutations causing
polytomies; while this could theoretically make the number of
transmitted variants ambiguous, this was not the case in our
analysis of this sequence set.Codes written in C that implement
these two clustering strategies (using either maximum or average
distances to define clusters) are available at http://www.santafe.
edu/~tanmoy/programs/HCV/.

Statistical analyses and power calculations

Standard descriptive statistics including Mann-Whitney and
unpaired T-tests with Welch’s correction were employed and
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identified throughout the text. Power calculations to estimate the
likelihood of detecting rare sequence variants based on sampling
depth were performed as previously described [15]. Estimates of
the probability that observed clusters of nonsynonymous muta-
tions in the Env E2 coding region of putative T/F viral genomes
from subjects 10003, 10016 and 10020 could have occurred by
chance were performed with a binomial expansion as previously
reported [87]. We considered ten codon windows because this
could generally span the observed clusters as well as typical T-cell
epitopes and potential linear neutralizing antibody epitopes. From
the binomial expansion, the probability of seeing at least the
observed number (£) of clustered mutations within a single 10-mer
is:

- m 4 m—k!
5 ()

K=k

where 7 1s the number of potential 10-mers, m is the total number
of mutations relative to the consensus, and p is the probability that
a mutation falls by chance in any particular 10-mer. We calculated
the probability only for " = £, since the results for all £’ >£ are very
much smaller and can be ignored. Only nonsynonymous
mutations were included in the analysis. Within the 10-mers of
interest, but not elsewhere along the alignment, different amino
acid substitutions and combinations of substitutions were identified
and analyzed.

Supporting Information

Figure S1 Maximum diversity of discrete HCV se-
quence lineages from acute infection subjects versus
maximum sequence diversity in chronic subjects. Prima-
ry data are derived from Tables 1 and S1. Mean (£95% CI) values
are represented by horizontal lines. Differences between the two
groups were highly significant (p<<0.0001; unpaired T-test with
Welch’s correction), reflecting the recent and remote diversifica-
tion histories of acute and chronic sequences, respectively.

(PDF)

Figure S2 HCV diversity in acute subject 10051. 5’
quarter 1 genomesequences are color coded in orange, green, blue
and black in chronological order to reflect sampling time points in
Figure 1 and are represented in a ML tree and Highlighter plot.
Sequences show evidence of productive clinical infection by a
single virus. The horizontal scale bar indicates genetic distance.

(PDF)

Figure S3 HCV diversity in acute subject 10024. 5’
quarter 1 genomesequences are color coded in blue, green and
black in chronological order to reflect sampling time points in
Figure 1 and are represented in a ML tree and Highlighter plot.
Sequences show evidence of productive clinical infection by at
least 6 T/F viruses. Bootstrap values are indicated and represent
100 repetitions. The horizontal scale bar indicates genetic
distance.

(PDF)

Figure S$4 HCYV diversity in acute subject 6213. 5’ half
genomesequences are represented in a ML tree and Highlighter
plot. Sequences show evidence of productive clinical infection by
at least 3 T/F viruses. Bootstrap values are indicated and represent
100 repetitions. The horizontal scale bar indicates genetic
distance.

(PDF)
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Figure S5 HCYV diversity in acute subject 6222. 5’ half
genomesequences are represented in a ML tree and Highlighter
plot. Sequences show evidence of productive clinical infection by
at least 4 T/ viruses. Bootstrap values are indicated and represent
100 repetitions. The horizontal scale bar indicates genetic
distance.

(PDF)

Figure S6 HCYV diversity in acute subject 10004. 5’
quarter]l genomesequences are represented in a ML tree and
Highlighter plot. Sequences show evidence of productive clinical
infection by at least 3 T/F viruses. Bootstrap values are indicated
and represent 100 repetitions. The horizontal scale bar indicates
genetic distance.

(PDF)

Figure S7 HCYV diversity in acute subject 10002. 5 half
genomesequences are represented in a ML tree and Highlighter
plot. Sequences show evidence of productive clinical infection by
at least 13 T/F viruses. Bootstrap values are indicated and
represent 100 repetitions. The horizontal scale bar indicates
genetic distance.

(PDF)

Figure S8 HCV diversity in acute subject 10017. 5’
quarter 1 genomesequences are color coded in red, orange, green,
blue and black in chronological order to reflect sampling time
points in Figure 1 and are represented in a ML tree and Highlighter
plot. Sequences show evidence of productive clinical infection by
at least 4 T/F viruses. Bootstrap values are indicated and represent
100 repetitions. The horizontal scale bar indicates genetic
distance.

(PDF)

Figure S9 HCYV diversity in acute subjects 10020 and
10016. 5" quarter]l genome sequences from subject 10020 (panel
A) and 10016 (panel B) are depicted by ML tree and Highlighter
plots. Many sets of closely related sequences distinguished by
unique shared mutations are evident. Bootstrap values represent
100 repetitions.

(PDF)

Figure S10 Nonsynonymous and synonymous muta-
tions in HCV sequences from acute subjects 10003,
10020 and 10016. Highlighter plotsof 5' half or quarterl
genomesequences are color coded to denote nonynonymous
(red) and synonymous (green) mutations for subjects 10003 (panel
A), 10020 (panel B) and 10016 (panel C).

(PDF)

Figure S11 Amino acid alignment of the HCV Env
coding region of acute subject 10003. The H77 reference
sequence is shown at the top. Nonrandom concentrations of
nonsynonymous mutations are evident.

(PDF)

Figure S12 Amino acid alignment of the HCV Env
coding region of acute subject 10020. The H77 reference

sequence is shown at the top. Nonrandom concentrations of
nonsynonymous mutations are evident.

(PDF)

Figure S13 Amino acid alignment of the HCV Env
coding region of acute subject 10016. The H77 sequence

is shown at the top. Nonrandom concentrations of nonsynon-
ymous mutations are evident.

(PDF)

August 2012 | Volume 8 | Issue 8 | 1002880



Figure S14 HCV diversity analysis in subject 10020
suggests acute-to-acute transmission. [Highlighter plot and
neighbor-joining tree of 5" quarter 1 genome sequences. Visualization
of 10 potential T/F viral sequences distinguished by unique shared
mutations is indicated by lower case (blue) letters. Model estimates of
T/F virus lineages using maximum (red) and average (green) cut-offs
reveals 5 and 3 potential T/F virus lineages, respectively, based on
increasingly stringent model assumptions (see text).

(PDF)

Figure S15 HCV diversity analysis in subject 10003
suggests acute-to-acute transmission. Highlighter plot and
neighbor-joining tree of 5’ half genome sequences. Visualization of
37 potential T/F viral sequences distinguished by unique shared
mutations 1s indicated by lower case (blue) letters. Model estimates
of T/F virus lineages using maximum (red) and average (green)
cut-offs reveals 15 and 8 potential T/F virus lineages, respectively,
based on increasingly stringent model assumptions (see text).

(PDF)

Figure S16 HCYV diversity in acute subject 9055. 5’ half
genomesequences are color coded in green, blue and black in
chronological order to reflect sampling time points in Figure 1 and
are represented in a ML tree and Highlighter plot. Sequences show
evidence of productive clinical infection by one T/F virus with
mutations accumulating at positions 3311 and 3346 at the last
sampling time point coincident with antibody seroconversion.
Bootstrap values represent 100 repetitions. The horizontal scale
bar indicates genetic distance.

(PDF)

Figure S17 Nonsynonymous and synonymous mutations
in HCV sequences from acute subject 9055. A Highlighter plot
(panel A) of 5" half genomesequences is color coded to denote
nonynonymous (red) and synonymous (green) mutations. The boxed
area reveals a temporal expansion of sequences with concentrated
amino acid subtitutions in NS3. In panel B, amino acid selection is
evident in a previously identified C'TL epitope highlighted in red. The
top-most sequence represents the genotype 3a consensus.

(PDF)

References
1. Ray SC, Thomas DL (2010) Hepatitis C. In: Mandell GL, Bennett JE, Dolan R,

editors. Principles and practice of infectious diseases. 7th edition. Churchill
Livingstone Elsevier Publishers. pp. 2157-2185.

2. Lindenbach BD, Thiel H;J, Rice CM (2007) Flaviviridae: the viruses and their
replication. In: Knipe DM, Howley PM, editors. Fields Virology Lippincott.
Williams & Williams Publishers. pp. 1101-1152.

3. Moradpour D, Penin F, Rice CM (2007) Replication of hepatitis C virus. Nat
Rev Microbiol 5: 453-463.

4. Simmonds P (2004) Genetic diversity and evolution of hepatitis C virus—15 years
on. J Gen Virol 85: 3173-3188.

5. Murray CL, Rice CM (2011) Turning hepatitis C into a real virus. Annu Rev
Microbiol 65: 307-327.

6. Hoofnagle JH (2009) A step forward in therapy for hepatitis C. N Engl J Med
360: 1899-1901.

7. Pawlotsky JM (2011) Treatment failure and resistance with direct-acting antiviral
drugs against hepatitis C virus. Hepatology 53: 1742-1751.

8. Yusim K, Fischer W, Yoon H, Thurmond J, Fenimore PW, et al. (2010)
Genotype 1 and global hepatitis C T-cell vaccines designed to optimize coverage
of genetic diversity. ] Gen Virol 91: 1194-1206.

9. Bowen DG, Walker CM (2005) Adaptive immune responses in acute and

chronic hepatitis C virus infection. Nature 436: 946-952.

. Rehermann B (2009) Hepatitis C virus versus innate and adaptive immune
responses: a tale of coevolution and coexistence. J Clin Invest 119: 1745
1754.

. Abrahams MR, Anderson JA, Giorgi EE, Seoighe C, Mlisana K, et al. (2009)
Quantitating the multiplicity of infection with human immunodeficiency virus
type 1 subtype C reveals a non-poisson distribution of transmitted variants.
J Virol 83: 3556-3567.

PLOS Pathogens | www.plospathogens.org

22

Hepatitis C Virus Transmission

Figure S18 Polymerase template switching. Template
switching by the RNA polymerase between minus sense and plus
sense strands of double-stranded HCV RNA resulted in short
stretches of perfect inverted repeat sequences. Five examples are
illustrated in panels A-E. Proposed mechanisms for template
switching are illustrated.

(PDE)
Table S1 Diversity analysis of HCV 5’ half genome

sequences from 14 chronically infected subjects.

(DOC)

Table S2 Estimates of numbers of T/F viruses in acute
HCYV infection using empirical and model based meth-
ods.

(DOC)

Table S3 Estimation of numbers of T/F viruses by time
point using model-based methods with different cut-
offs.

(DOC)

Acknowledgments

The authors thank R. Sun, T. Grayson, R. Lovingood and Raul Louzao
for technical assistance, J. White for artwork, and P. Crystal for manuscript
preparation. The authors also thank the NIH Centers for AIDS Research
at the University of Pennsylvania and the University of Alabama at
Birmingham for core laboratory support in virus biology, DNA sequencing,
biostatistics and program development.

Author Contributions

Conceived and designed the experiments: HL. LMB EEG PAG MSS TND
BFH BHH RMR ASP BTK TB GMS. Performed the experiments: HL
MBS SW EHP. Analyzed the data: HL. LMB EEG GHL PH BHH RMR
ASP BTK TB GMS. Contributed reagents/materials/analysis tools: LMB
EEG PAG MSS TND BFH RMR ASP BTK TB. Wrote the paper: HL.
MBS SW LMB EEG EHP GHL PH PAG MSS TND BFH BHH RMR
ASP BTK TB GMS.

. Bar KJ, Li H, Chamberland A, Tremblay C, Routy JP, et al. (2010) Wide
variation in the multiplicity of HIV-1 infection among injection drug users.
J Virol 84: 6241-6247.

. Goonetilleke N, Liu MK, Salazar-Gonzalez JF, Ferrari G, Giorgi E, et al. (2009)
The first T cell response to transmitted/founder virus contributes to the control
of acute viremia in HIV-1 infection. J Exp Med 206: 1253-1272.

. Haaland RE, Hawkins PA, Salazar-Gonzalez J, Johnson A, Tichacek A, et al.
(2009) Inflammatory genital infections mitigate a severe genetic bottleneck in
heterosexual transmission of subtype A and C HIV-1. PLoS Pathog 5:
€1000274.

15. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, et al. (2008)
Identification and characterization of transmitted and early founder virus
envelopes in primary HIV-1 infection. Proc Natl Acad Sci U S A 105: 7552~
7557.

. Li H, Bar KJ, Wang S, Decker JM, Chen Y, et al. (2010) High multiplicity
infection by HIV-1 in men who have sex with men. PLoS Pathog 6: ¢1000890.

. Palmer S, Kearney M, Maldarelli F, Halvas EK, Bixby CJ, et al. (2005) Multiple,
linked human immunodeficiency virus type 1 drug resistance mutations in
treatment-experienced patients are missed by standard genotype analysis. J Clin
Microbiol 43: 406-413.

. Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, et al. (2009)
Genetic identity, biological phenotype, and evolutionary pathways of transmitted/
founder viruses in acute and early HIV-1 infection. J Exp Med 206: 1273-1289.

. Bull RA, Luciani F, McElroy K, Gaudieri S, Pham ST, et al. (2011) Sequential
bottlenecks drive viral evolution in early acute hepatitis C virus infection. PLoS
Pathog 7: €1002243.

. Cox AL, Mosbruger T, Mao Q, Liu Z, Wang XH, et al. (2005) Cellular immune
selection with hepatitis C virus persistence in humans. J Exp Med 201: 1741-1752.

August 2012 | Volume 8 | Issue 8 | 1002880



28.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

. Farci P, Shimoda A, Coiana A, Diaz G, Peddis G, et al. (2000) The outcome of

acute hepatitis C predicted by the evolution of the viral quasispecies. Science
288: 339-344.

. Glynn SA, Wright DJ, Kleinman SH, Hirschkorn D, Tu Y, et al. (2005) Dynamics

of viremia in early hepatitis C virus infection. Transfusion 45: 994-1002.

. Herring BL, Tsui R, Peddada L, Busch M, Delwart EL (2005) Wide range of

quasispecies diversity during primary hepatitis C virus infection. J Virol 79:
4340-4346.

. Irving WL, Brown RJ (2010) Acute hepatitis C virus infection: a dynamic and

challenging concept. ] Infect Dis 202: 1765-1767.

. Kuntzen T, Timm J, Berical A, Lewis-Ximenez LL, Jones A, et al. (2007) Viral

sequence evolution in acute hepatitis C virus infection. J Virol 81: 11658-11668.

. Maheshwari A, Ray S, Thuluvath PJ (2008) Acute hepatitis C. Lancet 372: 321

332.

. Page K, Hahn JA, Evans J, Shiboski S, Lum P, et al. (2009) Acute hepatitis C

virus infection in young adult injection drug users: a prospective study of incident
infection, resolution, and reinfection. J Infect Dis 200: 1216-1226.

Smith JA, Aberle JH, Fleming VM, Ferenci P, Thomson EC, et al. (2010)
Dynamic coinfection with multiple viral subtypes in acute hepatitis C. J Infect
Dis 202: 1770-1779.

Thimme R, Oldach D, Chang KM, Steiger C, Ray SC, et al. (2001)
Determinants of viral clearance and persistence during acute hepatitis C virus
infection. J Exp Med 194: 1395-1406.

Thomson EC, Fleming VM, Main J, Klenerman P, Weber J, et al. (2011)
Predicting spontaneous clearance of acute hepatitis C virus in a large cohort of
HIV-1-infected men. Gut 60: 837-845.

Balagopal A, Thomas DL, Thio CL (2010) IL28B and the control of hepatitis C
virus infection. Gastroenterology 139: 1865-1876.

Khakoo SI, Thio CL, Martin MP, Brooks CR, Gao X, et al. (2004) HLA and
NK cell inhibitory receptor genes in resolving hepatitis C virus infection. Science
305: 872-874.

. Thomas DL, Thio CL, Martin MP, Qi Y, Ge D, et al. (2009) Genetic variation

in IL28B and spontaneous clearance of hepatitis C virus. Nature 461: 798-801.

. Jacobson IM, McHutchison JG, Dusheiko G, Di Bisceglie AM, Reddy KR, et al.

(2011) Telaprevir for previously untreated chronic hepatitis C virus infection.
N Engl ] Med 364: 2405-2416.

. Jensen DM (2011) A new era of hepatitis C therapy begins. N Engl ] Med 364:

1272-1274.

Poordad F, McCone ], Jr., Bacon BR, Bruno S, Manns MP, et al. (2011)
Boceprevir for untreated chronic HCV genotype 1 infection. N Engl ] Med 364:
1195-1206.

Houghton M, Abrignani S (2005) Prospects for a vaccine against the hepatitis C
virus. Nature 436: 961-966.

Tester I, Smyk-Pearson S, Wang P, Wertheimer A, Yao E, et al. (2005) Immune
evasion versus recovery after acute hepatitis C virus infection from a shared
source. ] Exp Med 201: 1725-1731.

Wang YM, Ray SC, Laeyendecker O, Ticehurst JR, Thomas DL (1998)
Assessment of hepatitis C virus sequence complexity by electrophoretic mobilities
of both single-and double-stranded DNAs. J Clin Microbiol 36: 2982-2989.

Liu Z, Netski DM, Mao Q, Laeyendecker O, Ticehurst JR, et al. (2004)
Accurate representation of the hepatitis C virus quasispecies in 5.2-kilobase
amplicons. J Clin Microbiol 42: 4223-4229.

Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC (2009) Selection pressure
from neutralizing antibodies drives sequence evolution during acute infection
with hepatitis C virus. Gastroenterology 136: 2377-2386.

Liu L, Fisher BE, Dowd KA, Astemborski J, Cox AL, et al. (2010) Acceleration
of hepatitis C virus envelope evolution in humans is consistent with progressive
humoral immune selection during the transition from acute to chronic infection.
J Virol 84: 5067-5077.

Wang GP, Sherrill-Mix SA, Chang KM, Quince C, Bushman FD (2010)
Hepatitis C virus transmission bottlenecks analyzed by deep sequencing. ] Virol
84: 6218-6228.

Liu SL, Rodrigo AG, Shankarappa R, Learn GH, Hsu L, et al. (1996) HIV

quasispecies and resampling. Science 273: 415-416.

. Meyerhans A, Vartanian JP, Wain-Hobson S (1990) DNA recombination during

PCR. Nucleic Acids Res 18: 1687-1691.

Shriner D, Rodrigo AG, Nickle DC, Mullins JI (2004) Pervasive genomic
recombination of HIV-1 in vivo. Genetics 167: 1573-1583.

Simmonds P, Balfe P, Ludlam CA, Bishop JO, Brown AJ (1990) Analysis of
sequence diversity in hypervariable regions of the external glycoprotein of
human immunodeficiency virus type 1. J Virol 64: 5840-5850.

Giorgi EE, Funkhouser B, Athreya G, Perelson AS, Korber BT, et al. (2010)
Estimating time since infection in early homogeneous HIV-1 samples using a
poisson model. BMC: Bioinformatics 11: 532.

Lee HY, Giorgi EE, Keele BF, Gaschen B, Athreya GS, et al. (2009) Modeling
sequence evolution in acute HIV-1 infection. J Theor Biol 261: 341-360.
Ribeiro RM, Li H, Wang S, Stoddard MB, Learn GH, et al. (2012) Quantifying
the diversification of hepatitis C virus (HCV) during primary infection: estimates
of the in vivo mutataion rate. PLoS Pathog 8: ¢1002881.

Keele BF, Li H, Learn GH, Hraber P, Giorgi EE, et al. (2009) Low-dose rectal
inoculation of rhesus macaques by SIVsmE660 or SIVmac251 recapitulates
human mucosal infection by HIV-1. J Exp Med 206: 1117-1134.

PLOS Pathogens | www.plospathogens.org

52.

53.

54.

56.

57.

58.

60.

61.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

Hepatitis C Virus Transmission

Perelson AS, Neumann AU, Markowitz M, Leonard JM, Ho DD (1996) HIV-1
dynamics in vivo: virion clearance rate, infected cell life-span, and viral
generation time. Science 271: 1582-1586.

Quinkert D, Bartenschlager R, Lohmann V (2005) Quantitative analysis of the
hepatitis C virus replication complex. J Virol 79: 13594-13605.

Macdonald RA (1961) “Lifespan” of liver cells. Autoradio-graphic study using
tritiated thymidine in normal, cirrhotic, and partially hepatectomized rats. Arch
Intern Med 107: 335-343.

Shin EC, Park SH, Demino M, Nascimbeni M, Mihalik K, et al. (2011) Delayed
induction, not impaired recruitment, of specific CD8(+) T cells causes the late
onset of acute hepatitis C. Gastroenterology 141: 686-695, 695 ¢681.

Cuevas JM, Gonzalez-Candelas F, Moya A, Sanjuan R (2009) Effect of ribavirin
on the mutation rate and spectrum of hepatitis C virus in vivo. J Virol 83: 5760~
5764.

Sanjuan R, Nebot MR, Chirico N, Mansky LM, Belshaw R (2010) Viral
mutation rates. J Virol 84: 9733-9748.

Wertheimer AM, Miner C, Lewinsohn DM, Sasaki AW, Kaufman E, et al.
(2003) Novel CD4(+) and CD8(+) T-cell determinants within the NS3 protein in
subjects with spontaneously resolved HCV infection. Hepatology 37: 577-589.

. Kuntzen T, Timm J, Berical A, Lennon N, Berlin AM, et al. (2008) Naturally

occurring dominant resistance mutations to hepatitis C virus protease and
polymerase inhibitors in treatment-naive patients. Hepatology 48: 1769-
1778.

Volkow P, Brouwer KC, Loza O, Ramos R, Lozada R, et al. (2009) Cross-
border paid plasma donation among injection drug users in two Mexico-U.S.
border cities. Int J Drug Policy 20: 409-412.

Timm J, Lauer GM, Kavanagh DG, Sheridan I, Kim AY, et al. (2004) CD8
epitope escape and reversion in acute HCV infection. J Exp Med 200: 1593-1604.

. Cox AL, Mosbruger T, Lauer GM, Pardoll D, Thomas DL, et al. (2005)

Comprehensive analyses of CD8+ T cell responses during longitudinal study of
acute human hepatitis C. Hepatology 42: 104-112.

Smith DB, McAllister J, Casino C, Simmonds P (1997) Virus ‘quasispecies’
making a mountain out of a molehill” J Gen Virol 78 (Pt 7): 1511-1519.

. Duffy S, Shackelton LA, Holmes EC (2008) Rates of evolutionary change in

viruses: patterns and determinants. Nat Rev Genet 9: 267-276.

. Malet I, Belnard M, Agut H, Cahour A (2003) From RNA to quasispecies: a

DNA polymerase with proofreading activity is highly recommended for accurate
assessment of viral diversity. J Virol Methods 109: 161-170.

Mansky LM, Temin HM (1995) Lower in vivo mutation rate of human
immunodeficiency virus type 1 than that predicted from the fidelity of purified
reverse transcriptase. J Virol 69: 5087-5094.

Powdrill MH, Tchesnokov EP, Kozak RA, Russell RS, Martin R, et al. (2011)
Contribution of a mutational bias in hepatitis C virus replication to the genetic
barrier in the development of drug resistance. Proc Natl Acad Sci U S A 108:
20509-20513.

Kalinina O, Norder H, Magnius LO (2004) Full-length open reading frame of a
recombinant hepatitis C virus strain from St Petersburg: proposed mechanism
for its formation. J Gen Virol 85: 1853-1857.

Noppornpanth S, Lien TX, Poovorawan Y, Smits SL, Osterhaus AD, et al.
(2006) Identification of a naturally occurring recombinant genotype 2/6
hepatitis C virus. J Virol 80: 7569-7577.

Taucher C, Berger A, Mandl CW (2010) A trans-complementing recombination
trap demonstrates a low propensity of flaviviruses for intermolecular recombi-
nation. J Virol 84: 599-611.

Bernardin F, Herring B, Page-Shafer K, Kuiken C, Delwart E (2006) Absence
of HCV viral recombination following superinfection. J Viral Hepat 13: 532
537.

Klepper AL, Eng F, Walewski J, Schwartz M, Schiano TD, et al. (2011) HCV
double-stranded RNA is abundant and may be an important viral resevoir in
persistence and relapse. American Association for the Study of Liver Diseases,
Hepatology Supplement pp. Oct; 54 (54), 1342A #2094.

Brenner BG, Roger M, Routy JP, Moisi D, Ntemgwa M, et al. (2007) High rates
of forward transmission events after acute/early HIV-1 infection. J Infect Dis
195: 951-959.

Hollingsworth TD, Anderson RM, Fraser C (2008) HIV-1 transmission, by stage
of infection. J Infect Dis 198: 687-693.

. Pilcher CD, Eron [], Jr., Vemazza PL, Battegay M, Harr T, et al. (2001) Sexual

transmission during the incubation period of primary HIV infection. Jama 286:
1713-1714.

Wawer MJ, Gray RH, Sewankambo NK, Serwadda D, Li X, et al. (2005) Rates
of HIV-1 transmission per coital act, by stage of HIV-1 infection, in Rakai,
Uganda. J Infect Dis 191: 1403-1409.

Ma ZM, Stone M, Piatak M, Jr., Schweighardt B, Haigwood NL, et al. (2009)
High specific infectivity of plasma virus from the pre-ramp-up and ramp-up
stages of acute simian immunodeficiency virus infection. J Virol 83: 3288-3297.
Fierer DS, Factor SH, Uriel AJ, Carriero DC, Dieterich DT, et al. (2011) Sexual
transmission of hepatitis C' virus among HIV-infected men who have sex with
men-New York City, 2005-2010. MMWR Morb Mortal Wkly Rep 60: 945-950.
van de Laar T, Pybus O, Bruisten S, Brown D, Nelson M, et al. (2009) Evidence
of a large, international network of HCV transmission in HIV-positive men who
have sex with men. Gastroenterology 136: 1609-1617.

Sack-Davis R, Daraganova G, Aitken C, Higgs P, Tracy L, et al. (2012)
Hepatitis C virus phylogeny is associated with the social-injecting network in a
cohort of people who inject drugs. PLos One In press.

August 2012 | Volume 8 | Issue 8 | 1002880



81.

82.

83.

Busch MP, Murthy KK, Kleinman SH, Hirschkorn DF, Herring BL, et al.
(2012) Infectivity in chimpanzees (Pan troglodytes) of plasma collected before
HCV RNA detectability by FDA-licensed assays: implications for transfusion
safety and HCV infection outcomes. Blood 119: 6326-34.

Bar KJ, Tsao C-y, Iyer SS, Decker JM, Yang Y, et al. (2012) Early low-titer
neutralizing antibodies impede HIV-1 replication and select for virus escape.
PLoS Pathog 8: ¢1002721.

Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, et al. (2012)
Generation of transmitted/founder HIV-1 infectious molecular clones and
characterization of their replication capacity in CD4 T lymphocytes and
monocyte-derived macrophages. ] Virol 86: 2715-2728.

PLOS Pathogens | www.plospathogens.org

24

84.

86.

87.

Hepatitis C Virus Transmission

Wilen CB, Parrish NF, Pfaff JM, Decker JM, Henning EA, et al. (2011)
Phenotypic and immunologic comparison of clade B transmitted/founder and
chronic HIV-1 envelope glycoproteins. J Virol 85: 8514-8527.

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst Biol 52: 696-704.

Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics 22: 2688-2690.
Salazar-Gonzalez JF, Bailes E, Pham KT, Salazar MG, Guffey MB, et al. (2008)
Deciphering human immunodeficiency virus type 1 transmission and early
envelope diversification by single-genome amplification and sequencing. J Virol

82: 3952-3970.

August 2012 | Volume 8 | Issue 8 | 1002880



