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Abstract
Objective/Aims—To determine whether early viral dynamics and evolution predict outcome of
primary acute hepatitis C virus (HCV) infection.

Methods—HCV- and HIV-negative injection drug users were enrolled prospectively and
followed monthly to identify acute HCV infection using RNA detection. Subjects with more than
one month between HCV RNA negative and positive visits were excluded to ensure stringent
acute infection. Differences in medians of log-transformed viral RNA levels and evolutionary
rates in each gene of a 5’-hemigenomic amplicon were assessed using the Mann-Whitney Rank
Sum test. Correlation coefficient was calculated using Spearman Rank Order.

Results—Initial viremia level was 50-fold higher in subjects with spontaneous clearance
(compared with persistence) of primary acute HCV infection (median 7.1 versus 5.4 log10 IU/mL,
P=0.002). Initial viremia level in subjects with IL-28B-C allele and clearance was higher than that
in subjects with IL-28B-T allele and persistence (P=0.001). Evolutionary rates in the
hypervariable region 1 (HVR1) region of E2 gene were significantly higher in self-resolvers than
those in persistence subjects during early infection, whereas other genes/regions had comparable
rates. All major substitutions in HVR1 in persistence subjects were convergent changes whereas
over the same time interval clearance subjects displayed divergent evolution, indicating different
immune responses between the two groups.

Conclusions—Spontaneous clearance of acute HCV infection is predicted by high initial
viremia as well as favorable IL-28B genotype, and associated with rapid envelope sequence
evolution. This linkage of host genetics, viral dynamics, and evolution provides new directions for
mechanistic studies.

INTRODUCTION
Approximately 170 million people are currently infected with Hepatitis C virus (HCV)
worldwide, with continued transmission mostly through blood supply in under-developed
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areas and needle sharing in developed countries.(1) The estimated infection incidence is
12.9 per 100 person-years among injection drug users (IDUs).(2) Following acute infection,
which is usually asymptomatic, 60–80% of infected individuals progress to chronic
infection, which is the leading cause of death from liver diseases and indication for liver
transplantation in the United States.(3,4)

In spontaneously-resolving infections, patients usually experience clearance during the first
year of infection, with the majority eliminating the virus within the first 6 months, during
which complicated virus-host interactions, i.e. initiation of innate and adaptive immunity of
the host and accordant adaptations of the virus, occur that may determine outcome in most
infected patients.(5–9) However, investigation of virus-host interactions during this critical
period of time has been greatly hampered by limited availability of study subjects and
samples, as a majority of HCV infected individuals remains asymptomatic.(10,11) For
symptomatic individuals, symptoms usually develop weeks or even months after infection.
As a result, viral kinetics and viral evolution during early phase of acute HCV infection have
rarely been investigated and their impacts on infection outcome remain poorly understood.

Two years ago, a strong association between variation in or near the IL-28B gene and the
outcome of spontaneous or treatment-induced HCV clearance has been reported from
separate study cohorts, though the mechanistic basis for these associations remains
unknown.(12–15) IL-28B encodes IFN-λ3, a member of the IFN-λ family, with anti-HCV
activity in vitro(16,17) and in vivo.(18) Separately, it has been reported that higher HCV
RNA level is associated with persistence of acute infection.(19,20) We hypothesized that
IL28B polymorphisms, early viral kinetics, adaptive immunity, and outcome are linked
during acute HCV infection.

Adaptive immunity is crucial in determining the outcome of acute infection. Studies in
human beings and chimpanzees suggest that clearance of viremia is associated with vigorous
CD4 and CD8 T cell responses.(5,21,22) However, HCV often persists despite the detection
of HCV-specific T cell responses during acute infection, indicating that initiation of cellular
responses alone may not be sufficient for HCV clearance.(6,23) On the other hand, there has
been controversy about whether humoral immune responses contribute to viral clearance.
Studies in chimpanzees revealed weak and delayed humoral responses resulting in
incomplete protection.(24,25) In vitro, nAbs do not block cell-to-cell spread of HCV.(26) In
contrast, human studies using autologous envelope proteins detected nAb in spontaneous
resolvers whereas chronically evolving subjects have delayed initiation of nAb responses.
(27,28) Using the more sensitive autologous HCVpp method and evolutionary inference,
several recent studies have demonstrated that nAbs drive sequence evolution in envelope
proteins and thus contribute to clearance of HCV variants.(27,29,30) Therefore, we
hypothesize that sequence evolution patterns are different between individuals who
spontaneously clear compared with those who develop persistence during early acute HCV
infection.

We investigated viral kinetics and evolution during early phase of primary acute infection in
spontaneously-resolving and persisting acute HCV infections in human subjects. Here, we
report for the first time that high initial viremia level is strongly correlated with spontaneous
clearance of primary acute HCV infection. Rapid sequence evolution was found in resolving
infection compared with slower and convergent evolution in patients who progressed to
chronicity.
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Materials and Methods
Study subjects

The Baltimore Before-and-After Acute Study of Hepatitis (BBAASH) cohort prospectively
enrolls HCV-negative injection drug users in Baltimore and follows them monthly to detect
HCV RNA and anti-HCV seroconversion in order to identify primary acute infection.(31)
To investigate early viral dynamics and evolution with respect to outcome, the following
criteria were employed to include only subjects with stringently acute primary infection, and
in whom spontaneous clearance or persistence could be determined: (i) primary anti-HCV
seroconversion; (ii) an interval no more than 1 month between HCV RNA negativity and
positivity; (iii) sufficient follow-up to determine outcome as spontaneous clearance (HCV
RNA negativity for at least 2 months within the first 18 months, with re-infection only when
a genetically-distinct viral strain is identified) or persistence (viremic for at least 24 months
with a phylogenetically-consistent strain); and (iv) anti-HIV and HBsAg negative. Written
informed consent was obtained from each subject, and at each visit counseling is provided to
reduce the risks of injection drug use. All participants with acute HCV infection were
referred for evaluation for possible treatment. The BBAASH study protocol was approved
by the Institutional Review Board of the Johns Hopkins University School of Medicine.

HCV testing protocol
A detailed HCV testing protocol has been described previously.(32) Briefly, HCV RNA was
extracted from serum using a Qiagen MinElute column (Qiagen, Valencia, CA) and
measured using a real-time RT-PCR assay (TaqMan HCV analyte-specific reagent, Roche
Molecular Diagnostics, Indianapolis, IN). Amplification products were monitored on a
COBAS TaqMan Analyzer (Roche Molecular Diagnostics), with detection limit of 50 IU/
mL. Genetic similarity of viruses from sequential visits was determined by phylogenetic
analysis on Core-E1 region as previously described,(32) with uncorrected genetic distance
over 0.05 considered a different virus strain.

Genotyping of IL-28B gene polymorphism
Genotyping of IL-28B SNP rs12979860 was conducted using the ABI TaqMan Allelic
Discrimination kit and the ABI7900HT Sequence Detection System (Applied Biosystems)
as previously described.(13)

Amplification, cloning and sequencing of the 5’ hemigenome
HCV RNA was extracted, and the region from 5’-untranslated region to NS3/NS4A junction
was reverse transcribed, nested-PCR amplified and cloned as previously described.
(30,33,34) Superscript II reverse transcriptase (Invitrogen) was used with RT primer
6080G1R-16 (5‘-CCGGTTCATCCAYTGC-3’). Nested-PCR was performed using
Platinum Taq Polymerase High-Fidelity (Invitrogen) and the same set of primers as
described previously,(34) followed by gel purification, ligation, and transformation utilizing
the TOPO XL PCR cloning kit (Invitrogen). Template resampling is avoided by this method.
(33) Twenty-four clones were randomly selected, amplified using a high-fidelity polymerase
(TempliPhi; GE Healthcare Products, Inc.) and sequenced as previously described,(30)
producing a partial E1/E2 sequence of 603 nt, with 282 nt of E1 and 321 nt of E2,
containing HVR1. Phylogenetic trees were built based on these sequences to determine
representative clone(s) nearest the center of the tree.(35) Representative clones were
sequenced across the entire 5.2 kb hemigenomic region.
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Sequence alignment and phylogenetic analysis
Sequence contigs were assembled and aligned as previously described using CodonCode
Aligner (version 2.0.6; http://www.codoncode.com/aligner/), ClustalX (version 2.0;
http://www.clustal.org/clustal2/) and BioEdit (version 7.0.9.0;
http://www.mbio.ncsu.edu/BioEdit/bioedit.html).(30) Reference sequences comprised 390
1a and 296 1b well defined human HCV complete genome sequences from GenBank.
Maximum likelihood trees were built using PhyML (version 3.0). Divergence and rate of
non-synonymous (dN) and synonymous (dS) evolution were calculated using MEGA
(version 4.1; http://www.megasoftware.net). MargFreq (version
1.0.1,http://sray.med.som.jhmi.edu/SCRoftware/MargFreq) was used to generate consensus
amino acid sequences. VarPlot (version 1.7,
http://sray.med.som.jhmi.edu/SCRoftware/VarPlot) was used to detect directional evolution.

Statistical analysis
Correlation coefficient was calculated using the Spearman Rank Order as implemented in
SigmaPlot (version 11.2). Viral RNA levels were analyzed and compared using Mann-
Whitney U test. P values less than 0.05 were considered statistical significant.

Nucleotide sequence accession numbers
Nucleotide sequences described in this report have been submitted to GenBank and have
been assigned accession numbers ___ through ___.

Results
Inclusion Criteria and Characteristics of subjects

Thirty subjects satisfied all inclusion criteria, 14 with clearance and 15 with persistent
viremia, with similar baseline characteristics (Table. 1). As is typical for our cohort,(31)
most subjects were self-identified as Caucasians and infected with genotype 1a HCV.
Median (IQR) duration of viremia was 2.5 (1.25, 4) months for clearance subjects.

Higher initial HCV RNA level correlated with spontaneous clearance of primary HCV
infection

Initial viral RNA level in the clearance group was significantly higher than that in the
persistence group (median 7.1 and 5.4 log10 IU/mL in clearance and persistence groups,
respectively, P=0.002) (Fig.1A). Among the 14 clearance subjects, 12 (86%) had initial
HCV RNA level higher than 6 log10 IU/mL, whereas among the 15 persistence subjects only
3 (20%) had initial viremia higher than 6 log10 IU/mL. Half of clearance subjects had initial
HCV RNA over 7 log10 IU/mL, whereas only one out of 15 persistence subjects (6.7%) had
values over 7 log10 IU/mL (Fig.1A). Individual and median viral RNA curves demonstrated
early peak and fall of viral RNA levels in the clearance group compared with blunted peak
and relatively stable viral RNA levels in the persistence group during the first year of
infection (Fig. 1B, 1C). ALT levels peaked about 2 months after infection onset in both
groups, later than the initial viral RNA peak (Fig.1C). ALT levels didn’t differ by outcome,
and initial viremia level did not correlate with HCV genotype (P>0.05).

Analysis of IL-28B genotype with respect to outcome and viremia
We examined IL-28B genotype in this cohort because recent reports indicated that the
favorable treatment-response IL-28B genotype (C/C homozygosity at rs12979860)
identified in persons with chronic infection (12) was also associated with spontaneous
clearance during acute HCV infection (Table. 1).(13) There were more C/C homozygotes in
the clearance group (9 of 14, 64%) compared with the persistence group (4 of 15, 27%),
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consistent with prior reports for spontaneous clearance, though this difference was not
statistically significant in this relatively small cohort. Nevertheless, a strong correlation was
observed between IL-28B genotype and initial viral RNA level, with C/C (C) genotype
strongly associated with higher initial viremia and the C/T or T/T (T) with lower viremia
(P=0.00074). To detect bias after the first visit (retention, management decisions, etc), we
examined initial viral RNA level and IL-28B genotype data in all subjects (including those
in whom spontaneous outcome is not known) in the BBAASH cohort who were strictly
acutely infected (lapse between HCV RNA negativity and positivity less than 1 month) and
whose IL-28B genotype data were available. In this larger group (n=44), strong association
between IL-28B genotype and initial HCV RNA level was also observed (P=0.00005).

To examine heterogeneity within these groups, we classified subjects into four groups:
Cleared subjects with IL-28B genotype C/C (clear-C); Cleared with genotype C/T or T/T
(clear-T); Persistent with genotype C/C (persist-C); Persistent with genotype C/T or T/T
(persist-T). Initial viral RNA level was significantly higher in clear-C subjects than in
persist-T subjects (median 7.2 and 5.4 log10 IU/mL, respectively, P=0.001); however, the
smaller clear-T and persist-C groups had highly variable but similarly intermediate viremia
(median 6.6 and 6.7 log10 IU/mL, P> 0.05, Fig.2A). The clear-T group did have a
significantly higher HCV RNA level at initial viremia than did the persist-T group (Fig.2A),
suggesting an independent effect of HCV RNA level. Median viral RNA curves of the four
groups demonstrated similar patterns of viral kinetics for clear-C and clear-T groups but
slightly different viral dynamic pattern for persist-C and persist-T groups, where persist-C
group had a high initial viremia peak followed by more fluctuation in median viral RNA
than the persist-T group (Fig.2B). To extend our analysis of factors associated with
outcome, we examined viral evolution.

Rapid evolution in HVR1 correlated with spontaneous clearance of primary HCV infection
To study viral evolution during acute HCV infection at matched intervals, we identified
participants who met two additional criteria: (i) at least 2 amplifiable samples available
during the 1st year of primary infection to allow calculation of evolutionary rates, and (ii)
visit intervals between 2 and 6 months to minimize bias in evolutionary rate calculation.
Thirteen (3 clearance and 10 persistence) subjects, all subtype 1a, satisfied both of these
criteria, with median (range) sampling intervals 3 (2–3) and 4.5 (2–6) months, respectively.

Because HVR1 evolution during acute infection is largely driven by nAb selective pressure,
(30) and nAb responses have been detected earlier in cleared subjects than in subjects who
develop persistent infection,(28) we hypothesized that the evolutionary rates in HVR1
would differ between outcome groups during early acute infection. The rate of genetic
change overall (data not shown) and rate of nonsynonymous change (dN) were comparable
between outcome groups in the whole hemigenomic regions. However, higher-resolution
comparison of clearance versus persistence subjects’ rates of dN revealed that the rates in
particular regions were very different. This is evident when E2 is divided into E2-HVR1 and
E2-nonHVR1 segments (Fig.3). Significantly higher rates of change were observed in
HVR1 in cleared subjects than in persistent subjects (P=0.01 for comparisons of rate of
evolution as well as rate of dN), and comparable rates in all other regions.

To investigate potential mechanisms linking sequence change in HVR1 with outcome, we
characterized amino acid sequence changes in the HVR1 in both self-resolved and
persistently infected subjects, some of whose nAb response profiles have been previously
reported (Fig.4).(27) In self-resolved subjects amino acid sequences in HVR1 diverged
rapidly from initial sequences in association with strong and early initiated nAb responses
(subject 110, 117), whereas HVR1 aa sequences remained stable or changed slowly with the
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lack or late development of nAb responses in subjects who progressed to chronicity (subject
13, 28 and 29).(27,30)

As previously described, viral amino acid substitutions can be classified as either centripetal
or centrifugal with respect to a worldwide consensus sequence, representing either purifying
(negative) or positive selection pressures.(36–38) To determine whether the amino acid
substitutions in HVR1 are centripetal or centrifugal, we compared each amino acid
substitution with the worldwide genotype 1a consensus sequence. Notably, all major amino
acid replacements in the HVR1 in persistence subjects were centripetal (substitutions that
change toward the 1a worldwide consensus sequence), in contrast, every clearance subject
examined had centrifugal replacements (Fig.4).

Discussion
Variations in IL-28B are associated with outcome of HCV infection,(12–14) but the
mechanistic links between the protective genotype and spontaneous outcome remain
unknown. Prospective monthly follow-up of HCV-uninfected subjects who became acutely
infected revealed (i) a strong correlation between IL-28B genotype and initial HCV RNA
level during primary acute HCV infection (P=0.00005), with the favorable IL-28B genotype
(rs12979860-C homozygosity) correlated with higher initial viremia level, and (ii) a strong
positive correlation between initial HCV RNA level and spontaneous clearance
(P=0.00099). These findings are both counterintuitive and coherent with findings in other
studies.

In this study, spontaneous resolution was more strongly predicted by initial HCV RNA level
than by IL-28B genotype, with the former association reaching statistical significance even
in this relatively small cohort. The association of protective IL28B genotype with high
initial viremia resonates with recent findings from chronic infection that the protective
IL-28B genotype is associated with higher (untreated) HCV RNA levels (12) and lower
intrahepatic ISG levels.(39) Prior work demonstrated that lower baseline ISG expression
predicts response to treatment.(40,41) It is apparent that IL28B genotype predisposes toward
a phenotype that is associated with clinical outcome, and that the association between
phenotype and outcome is likely to be stronger than for genotype because other factors are
likely to contribute.(15) Taken together, the current and prior work suggest that the
protective IL28B genotype is one factor that predisposes to high initial HCV RNA during
acute infection and low baseline ISG during chronic infection, and that these represent
measurable phenotypes in vivo that strongly predict the outcomes of interest, i.e.
spontaneous resolution and treatment response, respectively. Our group recently assessed
cytokine and chemokine levels in this cohort as potential markers of such a phenotype, but
found no correlation between early levels of those factors and outcome or IL28B genotype.
(42)

These data may appear to differ somewhat from previous findings showing higher HCV
RNA level is correlated with persistence of acute infection.(19,20) Most studies
investigating acute HCV infection have used either clinical symptoms, i.e. jaundice as well
as other non-specific symptoms, or first clinical presentation/visit to identify acute infection.
(19,20,43,44) The current study demonstrates that the initial HCV RNA peak preceded the
ALT peak by about 2 months, and the HCV RNA level dropped rapidly after the initial peak
in clearance subjects. Hence, it is likely that using symptoms to identify study subjects
would result in missing this early viremia peak in clearance subjects. In addition, patients
presenting symptomatically might include persons with prior cleared HCV infection (which
we excluded), and reinfection is associated with brief, low-level viremia.(32)
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The mechanisms linking IL-28B genotype, initial viremia level, viral evolution rate and
outcome remain unknown. High-level HCV replication could trigger strong innate immune
responses through pathways such as Toll like receptor 3 (TLR-3) (45) and retinoic-acid-
inducible gene I (RIG-I) (46) and hence initiate strong adaptive immune responses that
could eventually lead to eradication of the virus.(47) Lower initial viremia may limit
inflammation in a manner analogous to preliminary evidence suggesting that small HBV
inocula can result in higher rates of persistence in chimpanzees (48); in the current study, we
could not assess inoculum size.

Accumulating data support a role for nAb responses in HCV control, though their role in
spontaneous clearance remains unclear.(24-30) HCV sequence evolution is shaped by
selective pressures, i.e. immune pressures (positive selection) and intrinsic viral fitness
constraints (negative selection), reflected in evolutionary patterns.(9,27,30,33,37,38,49) We
found that HVR1 was the only region with significantly different evolutionary rates between
the two outcome groups and that these rates were significantly higher in clearance subjects
than those in persistence subjects. The few sequence changes observed in HVR1 during the
first year of persistent infection were convergent changes, consistent with reversion in the
absence of immune pressure.(27) In clearance subjects rapid sequence evolution in HVR1
was accompanied by evidence of strong nAb responses.(30,50) Nonrandom evolution with
respect to outcome suggests that pressure from nAb responses driving HVR1 evolution
contribute to clearance of some viral variants.

In this study, we explored for the first time the potential linkage among IL-28B genotype,
viral dynamics during early phase of HCV infection, early viral evolution patterns, and
infection outcome. Detailed immunological results are not available because the inclusion
criteria for this study were focused on studying viral evolution rather than the availability of
large volume of blood draws.(6) Nonetheless, our prospective sampling, stringent inclusion
criteria, high resolution of early viral dynamics, and detailed analysis of hemigenomic clone
sequences make this the largest and highest-resolution study of viral dynamics and evolution
and their correlation with infection outcome and host genetics in humans during early phase
of acute HCV infection to date.

In summary, we demonstrate for the first time that initially high HCV RNA level is
predictive of spontaneous clearance, that IL-28B genotype is associated with initial HCV
RNA level, and that initial early evolutionary patterns in HVR1 are correlated with infection
outcome. These new links are not explained by conventional models of acute HCV
infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of initial viral RNA levels and viral kinetics in subjects with self-resolving
and persistent infections
(A) Median viral RNA of each individual during segmented period of time during acute
infection. (B) Dynamic change of viral RNA levels in each individual during acute infection.
(C) Median viral RNA and ALT curves for clearance and persistence groups. Dashed
horizontal lines indicate lower limit of detection for HCV RNA (50 IU/mL).
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Figure 2. Initial viral RNA and early viral kinetics in correspondence with IL-28B genotype and
infection outcome
(A) Initial viral RNA for four outcome/IL-28B groups. Boxes indicate median and inter-
quartile ranges of log-transformed HCV RNA, with 5th and 95th percentiles indicated.
IL-28B genotypes are indicated on X axis (C for C/C and T for C/T or T/T). Significant P
values (Rank Sum) are shown. (B) Median viral RNA curves for each outcome/IL-28B
group during the first year of infection.
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Figure 3. Comparison of evolutionary rates for each gene/region of the 5’-hemigenome between
cleared and persistent subjects
Rate of nonsynonymous evolution is depicted as filled (clearance) or empty (persistence)
circles for each gene/region and each individual. E2 is divided into E2-HVR1 (HVR1) and
E2-nonHVR1 (nHVR1) regions. P values (rank sum) are shown for each comparison of
rates.
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Figure 4. Amino acid sequence evolution of HVR1 in clearance and persistence subjects
Consensus sequences of HVR1 for genotype 1a HCV are shown above. Type 1 logos (with
letter height proportional to frequency) illustrate initial viral quasispecies. Type 2 logos (51)
compare amino acid sequences to initial sequences, with the height of each amino acid
indicating the log2 unlikelihood of observing the amino acid at a given position. Amino
acids that change toward the 1a consensus are depicted with hollow letters. Subjects with
comparable visit intervals are depicted in parallel for comparison. Red colored subjects are
those with nAb data reported previously (27). Subjects 8 and 13 (indicated by asterisks) who
had intervals between HCV RNA negativity and positivity over 1 month but less than 3
months were also included. Amino acid sequence evolution with nAb titers of subject 29
have been shown elsewhere.(30)
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Table 1

Characteristics of study subjects

Clearance
N=14

Persistence
N=15

P value

Female Gender (%) 57 40 ns

Caucasian Race (%) 100 87 ns

Genotype 1a (%) 71 93 ns

Age at seroconversion (mean±std) 24.8 ± 2.6 25.5 ± 4.0 ns

IL-28B genotype C/C (%) 64 27 ns
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