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Table 1 Baseline characteristics of 90 patients

Entecavir + HBIG (n = 26) Lamivudine + HBIG (n = 63) P-value
Age (years) 55 (33-68) 53 (26-64) 0.062t
Men/women 19/7 46/17 0.995%
Primary disease 0.595%
Acute liver failure 6 (23%) 9 (14%)
Liver cirrhosis, HCC~ 6 (23%) 20 (32%)
Liver cirrhosis, HCC™ 14 (54%) 34 (54%)
HBV markers before LDLT
HBsAg" 24 (92%) 61 (97%) 0.350%
HBeAg" 6 (23%) 18 (29%) 0.595%
HBV DNA before LDIT <26 (<2.6-7.6<) 3.7 (<2.6-7.6<) 0.010t
<2.6 log IU/mL 14 (54%) 19 (30%) 0.024%
Follow-up period (months) 25.1 (0.2-58.6) 70.6 (0.5-109.2) <0.001t

Qualitative variables are shown in number; and quantitative variables expressed as median (range).

tWilcoxon rank sum test.

+y° Test.

HBeAg, hepatitis B e antigen; HBIG, hepatitis B immunoglobulin; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; HCC,
hepatocellular carcinoma; LDLT, living-donor liver transplantation.

RESULTS of 26 patients (54%) showed less than 2.6 log IU/mL of
serum HBV DNA in the ETV group. Median follow-up

Patient characteristics period was 25.1 months (range, 0.2-58.6) in the ETV
WENTY-SIX PATIENTS who received ETV plus HBIG  group, whereas it was 70.6 months (range, 0.5-109.2)

(ETV group) after LDLT for HBV-related end-stage in the LAM group.
liver disease were included in this study. Baseline char-
acteristics of these patients are listed in Table 1 and L
compared with those of 63 control recipients who Efficacy and safety of prophylaxis with ETV
received LAM plus HBIG (LAM group) at our institute plus HBIG
already present in our database. The two groups of Survival rates of the patients treated with ETV plus HBIG
patients did not differ significantly by age, sex, primary estimated by Kaplan-Meier analysis was 73% at both 1
diseases or serological markers for HBV before LDLT. and 3 years (Fig. 1a). There was no difference between
Serum HBV DNA levels before LDLT were significantly the ETV group and the LAM group, in which survival
lower in the ETV group than in the LAM group. Fourteen rates were 81% at 1 year, 78% at 3 years and 73% at
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5 years. Causes of death in patients in the ETV group
were pneumonia (n=2), sepsis (n=1), pulmonary
hemorrhage (1 =1}, cerebral hemorrhage (n=1), graft
liver failure (n= 1) and multiple organ failure (n=1),
none of which were related to ETV. No HBV recurrence
was detected in the median follow-up period of
25.1 months in the ETV group, whereas the HBV recur-
rence rate was 2% at 1 year, 4% at 3 years and 6% at
5years in the LAM group (Fig. 1b). Three patients in
the LAM group had HBV recurrence at 10, 34 and
46 months after LDLT. The emergence of HBV with
LAM-resistant mutations in the YMDD motif was con-
firmed in two of the three patients. HBV mutations of
another patient could not be determined because of the
low level of serum HBV DNA. As the follow-up period of
the ETV group was shorter than that of the LAM group
and the HBV recurrence in the LAM group occurred in
long-term follow-up after LDLT, the rate of HBV recur-
rence was not significantly different between the ETV
and LAM groups. No patients had adverse events due to
ETV administration.

DISCUSSION

N THIS STUDY, we demonstrated that ETV combined

with HBIG provides effective and safe prophylaxis in
preventing hepatitis B recurrence after LDLT.

Two studies of patients receiving a combination of
ETV and HBIG after liver transplantation have been
previously reported.'®” One study demonstrated that
30 recipients who received ETV plus HBIG prophylaxis
had no recurrence of HBV and no adverse effect relat-
ing to ETV.” The other study showed that no
HBV recurrence was observed in two recipients with
HBV-associated cirrhosis receiving ETV, tenofovir and
HBIG.'* Both studies showed the efficacy and safety of
prophylaxis with ETV and HBIG in preventing short-
term recurrence of HBV after liver transplantation.
The current study confirmed their results for longer
follow-up periods. Our results showed that prophylaxis
with ETV and HBIG has similar efficacy and safety to
that with LAM and HBIG, but did not show any further
advantage of ETV compared to LAM treatment. Longer
follow up might be needed to reveal the difference of
HBV recurrence rate. One characteristic of our present
report is that all patients in this study underwent LDLT.
Our results suggest that prophylaxis with ETV and
HBIG in patients after LDLT has similar efficacy and
safety to patients after deceased-donor liver transplan-
tation demonstrated in the previous reports.'*"” More
recently, efficacy of ETV monotherapy in preventing

©® 2012 The Japan Society of Hepatology
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recurrence of HBV for liver transplant recipients with
chronic hepatitis B was reported.' The study demon-
strated that most patients showed disappearance of
HBsAg and undetectable serum HBV DNA after liver
transplantation without HBIG. Although long-term
efficacy of ETV monotherapy needs be confirmed, both
our data and previous reports suggest that ETV is an
effective and safe antiviral agent in the post-transplant
setting.

ACKNOWLEDGMENTS

HIS WORK WAS supported by Japan Society for the

Promotion of Science (JSPS) Grants-in-Aid for Sci-
entific Research (no. 21229009 and 23590972), Health
and Labor Sciences Research Grants for Research on
Intractable Diseases, and Research on Hepatitis from the
Ministry of Health, Labor and Welfare, Japan, and a
grant from Bristol-Myers-Squibb.

REFERENCES

1 Davies SE, Portmann BC, O'Grady JG et al. Hepatic histo-
logical findings after transplantation for chronic hepatitis B
virus infection, including a unique pattern of fibrosing
cholestatic hepatitis. Hepatology 1991; 13: 150-7.

2 O'Grady |G, Smith HM, Davies SE et al. Hepatitis B virus
reinfection after orthotopic liver transplantation. Serologi-
cal and clinical implications. ] Hepatol 1992; 14: 104~
11.

3 Todo S, Demetris A), Van Thiel D, Teperman L, Fung f],
Starzl TE. Orthotopic liver transplantation for patients with
hepatitis B virus-related liver disease. Flepatology 1991; 13:
619-26.

4 Lok AS, McMahon BJ. Chronic hepatitis B. Hepatology
2007; 45: 507-39.

5 Carman WF, Zanetti AR, Karayiannis P et al. Vaccine-
induced escape mutant of hepatitis B virus. Lancet 1990;
336: 325-9.

6 Ilsu HY, Chang MI1, Liaw SH, Ni YH, Chen HL. Changes
of hepatitis B surface antigen variants in carrier children
before and after universal vaccination in Taiwan. Hepatol-
ogy 1999; 30: 1312-7.

7 Kohno H, Inoue T, Tsuda F, Okamoto 11, Akahane Y. Muta-
tions in the envelope gene of hepatitis B virus variants
co-occurring with antibody to surface antigen in sera from
patients with chronic hepatitis B. J Gen Virol 1996; 77 (Pt
8): 1825-31.

8 Yamamoto K, Horikita M, Tsuda F et al. Naturally occur-
ring escape mutants of hepatitis B virus with various muta-
tions in the S gene in carriers seropositive for antibody to
hepatitis B surface antigen. ] Virol 1994; 68: 2671-6.

- 410 -



Hepatology Research 2013; 43: 67-71

9

10

11

13

Carman WEF, Trautwein C, van Deursen FJ er al. Hepatitis B
virus envelope variation after transplantation with and
without hepatitis B immune globulin prophylaxis. Hepa-
tology 1996; 24: 489-93.

Ghany MG, Ayola B, Villamil FG et al. Hepatitis B virus §
mutants in liver transplant recipients who were reinfected
despite hepatitis B immune globulin prophylaxis. Hepatol-
ogy 1998; 27: 213-22.

Ueda Y, Marusawa H, Egawa H et al. De novo activation of
HBV with escape mutations from hepatitis B surface anti-
body after living donor liver wansplantation. Antivir Ther
2011; 16: 479-87.

Ali H, Egawa H, Uryuhara K et al. Prevention of hepatitis B
virus recurrence after living donor liver transplantation.
Transplant Proc 2004; 36: 2764-7.

Ueda VY, Takada Y, Haga I et al. Limited benefit of bio-
chemical response to combination therapy for patients
with recurrent hepatitis C after living-donor liver trans-
plantation. Iransplantation 2008; 27 (85): 855-62.

14

15

16

17

- 411~

Entecavir and HBIG after LDLT 71

Raut V, Mori A, Kaido T et al. Splenectomy does not offer
immunological benefits in ABO-incompatible liver trans-
plantation with a preoperative rituximab. Transplantation
2012; 15 (93): 99-105.

Kobayashi S, Shimada K, Suzuki H et al. Development of a
new method for detecting a mutation in the gene encoding
hepatitis B virus reverse transcriptase active site (YMDD
motif). Hepatol Res 2000; 17: 31-42.

Jimenez-Perez M, Saez-Gomez AB, Mongil Poce L, Lozano-
Rey IM, de la Cruz-Lombardo J, Rodrigo-Lopez JM. Efficacy
and safety of entecavir and/or tenofovir for prophylaxis
and treatment of hepatitis B recurrence post-liver trans-
plant. Transplant Proc 2010; 42: 3167-8.

Xi ZF, Xia Q, Zhang JJ et al. The role of entecavir in pre-
venting hepatitis B recurrence after liver transplantation.
] Dig Dis 2009; 10: 321-7.

Fung J, Cheung C, Chan SC ¢ al. Entecavir monotherapy is
effective in suppressing hepatitis B virus after liver trans-
plantation. Gastroenterology 2011; 141: 1212-9.

© 2012 The Japan Society of Ilepatology



JCM

Journals ASM.org

Dynamics of Defective Hepatitis C Virus Clones in Reinfected Liver
Grafts in Liver Transplant Recipients: Ultradeep Sequencing Analysis
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Department of Gastroenterology and Hepatology,* Department of Primary Care and Emergency Medicine,” and Department of Surgery,” Graduate School of Medicine,
and Department of Nanobio Drug Discovery, Graduate School of Pharmaceutical Sciences,” Kyoto University, Shogoin, Sakyo-ku, Kyoto, Japan

Hepatitis C virus (HCV) reinfects liver allografts in transplant recipients by replicating immediately after transplantation, caus-
ing a rapid increase in blood serum HCV RNA levels. We evaluated dynamic changes in the viral genetic complexity after HCV
reinfection of the graft liver; we also identified the characteristics of replicating HCV clones using a massively parallel ultradeep
sequencing technique to determine the full-genome HCV sequences in the liver and serum specimens of five transplant recipi-
ents with genotype 1b HCV infection before and after liver transplantation. The recipients showed extremely high genetic heter-

ogeneity before transplantation, and the HCV population makeup was not significantly different between the liver and blood
serum specimens of the individuals. Viral quasispecies complexity in serum was significantly lower after liver transplantation
than before it, suggesting that certain HCV clones selectively proliferated after transplantation. Defective HCV clones lacking
the structural region of the HCV genome did not increase in number, and full-genome HCV clones selectively increased in num-
ber immediately after liver transplantation. A re-increase in the same defective clone existing before transplantation was de-
tected 22 months after transplantation in one patient. Ultradeep sequencing technology revealed that the genetic heterogeneity
of HCV was reduced after liver transplantation. Dynamic changes in defective HCV clones after liver transplantation indicate

that these clones have important roles in the HCV life cycle.

he hepatitis C virus (HCV) has an approximately 9.6-kb plus-

strand RNA genome that encodes the viral core, envelope gly-
coprotein 1 (E1), E2, and p7 structural proteins and the NS2, NS3,
NS4A, NS4B, NS5A, and NS5B nonstructural proteins (1). A char-
acteristic of HCV infection is its remarkable genetic diversity with
a high degree of genetic heterogeneity in each patient, which is
referred to as a quasispecies. In heterogeneous HCV clones, a
dominant viral population might evolve as a result of its viral
replicative fitness and concurrent immune selection pressures
that drive clonal selection.

In HICV-positive liver transplant recipients, HCV reinfection
of the liver allograft occurs at the time of transplantation, and
replication of HCV begins immediately after transplantation.
Blood serum HCV RNA levels then rapidly increase to levels that
are 10- to 20-fold higher than pretransplant levels. It is thus
hypothesized that specific HCV clones that have growth advan-
tages increase after liver transplantation. Although several studies
have attempted to clarify the change in genetic heterogeneity fol-
lowing liver transplantation, the abundant diversity and complex-
ity of HCV have been obstacles to a detailed evaluation of viral
genetic heterogeneity. The recent introduction of ultradeep se-
quencing technology, which is capable of producing millions of
DNA sequence reads in a single run, however, is rapidly changing
the landscape of genome research (2, 3).

In this study, we performed ultradeep sequencing analyses to
unveil the levels of viral quasispecies of genotype 1b HCV in the
liver and the serum specimens from 5 patients who underwent
living donor liver transplantation (LDLT) and clarified the
changes in viral genetic complexity after reinfection of HCV in the
graft liver. In the analyses, we found that the population of defec-
tive HCV clones that lack structural regions of the HCV genome
changed after liver transplantation. We then clarified the dynam-
ics and characteristics of the defective HCV clones.
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MATERIALS AND METHODS

Patients. The participants comprised 5 Japanese adult patients with end-
stage liver disease with genotype 1b HCV infection who underwent LDLT
at Kyoto University Hospital between May 2006 and September 2008.
Serum samples were obtained before and 1 month after liver transplanta-
tion. In addition, a blood serum sample from a patient in the chronic
hepatitis phase 22 months after liver transplantation was obtained and
analyzed. Liver tissue samples were obtained from 4 patients (patients
1-4) at the time of transplantation, frozen immediately, and stored at
—80°C until use.

Tacrolimus with a steroid or mycophenolate mofetil was administered
to induce immunosuppression in the patients. A patient who received an
ABO blood type-incompatible transplant was treated with rituximab,
plasma exchange, and hepatic artery or portal vein infusion with prosta-
glandin E1 and methylprednisolone (4).

The ethics committee at Kyoto University approved the studies (pro-
tocol no. E1211), and written informed consent for participation in this
study was obtained from all patients.

Virologic assays. The HCV genotype was determined using a PCR-
based genotyping system developed by Ohno et al. (5) to amplify the core
region using genotype-specific PCR primers for the determination of the
HCV genotypes la, 1b, 2a, 2b, 33, 3b, 4, 53, and 6a. The blood serum HCV
RNA load was evaluated before LDLT 1 month post-LDLT and then every
3 months after LDLT using PCR and an Amplicor HCV assay (Cobas
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Amplicor HCV monitor; Roche Molecular Systems, Pleasanton, CA) until
April 2008 or a real-time PCR-based quantitation method for HCV (Co-
bas AmpliPrep/Cobas TagMan HCV test; Roche Molecular Systems)
starting May 2008.

Direct population Sanger sequencing. To define the representative
reference sequences of full-length HCV in each clinical specimen, serum
samples collected before liver transplantation were first subjected to direct
population Sanger sequencing using the Applied Biosystems 3500 genetic
analyzer (Applied Biosystems, Foster City, CA) (6). Total RNA was ex-
tracted from 140 pl of serum using a QlAamp viral RNA minikit (Qiagen,
Valencia, CA) and reverse transcribed in a volume of 20 pl with the
OneStep RNA PCR kit AMV (TaKaRa Bio, Ohtsu, Japan). The HCV ge-
nomes were amplified using Phusion high-fidelity DNA polymerase
(Finnzymes, Espoo, Finland). Oligonucleotide primers were designed to
amplify the first half (~5,000 bp) and latter half (~4,500 bp) of the geno-
type 1b HCV genome sequence. PCR products purified by the QIAquick
gel extraction kit (Qiagen) were assayed for direct sequencing. The nucle-
otide sequences of the PCR products were determined using an ABI Prism
BigDye Terminator ready reaction kit (Applied Biosystems). A blood se-
rum sample from a healthy volunteer was used as a negative control.

Massively parallel ultradeep sequencing. Paired-end sequencing
with multiplexed tags was carricd out using the Illumina Genome Ana-
lyzer II. End repair of DNA fragments, the addition of adenine to the
3'-ends of the DNA fragments, adaptor ligation, and PCR amplification
by [lumina-paired end PCR primers were performed as described previ-
ously (6, 7). Briefly, the viral genome sequences were amplified with high-
fidelity PCR and sheared by nebulization using 32 Ib/in® N2 for 8 min, and
the sheared fragments were purified and concentrated using a QIAquick
PCR purification kit (Qiagen). The overhangs resulting from the frag-
mentation were then converted into blunt ends using T4 DNA polymerase
and Klenow enzymes, followed by the addition of terminal 3'-adenine
residues. One of the adaptors containing six unique base pair (bp) tags,
such as ATCACG and CGATGT (multiplexing sample preparation oligo-
nucleotide kit; Illumina), was then ligated to each fragment using DNA
ligase. Adaptor-ligated DNAs in the range of 200 to 350 bp were then size
selected by agarose gel electrophoresis. These libraries were amplified in-
dependently using a minimal PCR amplification step of 18 cycles with
Phusion high-fidelity DNA polymerase and then purified using a
QTAquick PCR purification kit for a downstream assay. Cluster genera-
tion and sequencing were performed for 64 cycles on the Illumina
Genome Analyzer II according to the manufacturer’s instructions. The
obtained images were analyzed and base called using the GA pipeline
software version 1.4 with default settings provided by Illumina. Validation
of the multiplex ultradeep sequencing of the HCV genome was performed
using a plasmid encoding full-length HCV as a template, as reported pre-
viously (6). The overall error rates were determined to be, on average,
0.0010 per base pair. We also confirmed that high-fidelity PCR amplifica-
tion with HCV-specific primer sets followed by multiplex ultradeep se-
quencing resulted in no significant increase in the error rates of viral
sequencing data (ranging from 0.0012 to 0.0013 per bp; per-nucleotide
error rate, 0.12% to 0.13%) (6).

Genome Analyzer sequence data analysis. Using the high-perfor-
mance alignment software NextGENe (SoftGenetics, State College, PA),
the 64-base tags obtained from the Genome Analyzer Il reads were aligned
to the reference HCV RNA sequences of ~9,200 bp that were determined
by direct population Sanger sequencing in each clinical specimen. Entire
reads were removed from the analysis when the median quality value
score was <20 and when they contained >3 uncalled nucleotides. Low-
quality bases were trimmed from the reads when >3 consecutive bases fell
below a quality score of 16. Based on the above criteria, reads were aligned
if =90% of their bases matched a particular position of the reference
sequence. Each position of the viral genome was assigned a coverage depth
representing the number of times that nucleotide position was sequenced.

Detection of defective HCV clones. The methods for detecting defec-
tive HCV clones were reported previously (8). Briefly, reverse transcrip-

3646 jcm.asm.org

tion-PCR (RT-PCR) was performed using the OneStep RNA PCR kit
(TaKaRa) with the extracted RNA from liver and blood serum as a tem-
plate and two pairs of primers, 5'-CGCCGACCTCATGGGGTACA-3’
and 5'-TGGTGTACATTTGGGTGATT-3' for the first RT-PCR (HCV-
P1) and 5'-TGCTCTTTCTCTATCTTCCT-3" and 5'-GTGATGATGCA
ACCAAGTAG-3' for the second PCR (HCV-P2). The PCR products were
analyzed by electrophoresis in 0.8% agarose gels stained with ethidium
bromide. Each purified DNA sample was sequenced at least three times
using an ABI Prism BigDye Terminator ready reaction kit (Applied Bio-
systems). To determine defects in the HCV genome, the sequence of each
sample was compared with the registered HCV genome sequence.

Statistical analysis. The viral quasispecies nature was evaluated by
analyzing the genetic complexity based on the number of different se-
quences present in the HCV population. The genetic complexity was de-
termined by Shannon entropy index, calculated as follows:

3= a f)
N

where 7 is the number of different species identified, fi is the observed
frequency of the particular variant in the quasispecies, and N is the total
number of clones analyzed (9, 10). Statistical comparisons of the com-
plexity between two groups were made using the Wilcoxon rank sum test
or the Mann-Whitney U test. P values of <0.05 were considered to be
statistically significant.

SH: -

RESULTS

Patient characteristics. The clinical and virological characteris-
tics of the 5 patients are summarized in Table 1. Four of the 5
recipients were male, and the median age of the patients at the
time of LDLT was 52 years (range, 47 to 65 years). All patients had
decompensated cirrhosis caused by chronic hepatitis C, and 3 pa-
tients had hepatocellular carcinoma before liver transplantation.
Right-lobe grafts were used for all patients. All patients had an
HCV genotype 1b infection. The median blood serum HCV RNA
load before transplantation was 5.5 log IU/ml (range, 4.6 t0 6.6 log
IU/ml) and was 5.9 log IU/ml (range, 5.8 to 6.4 log IU/ml) 1
month after liver transplantation; however, this difference was not
significant (P = 0.18).

HCV population did not significantly differ between liver
and serum samples. To clarify the landscape of HCV heterogene-
ity as a quasispecies, we determined the viral full-genome se-
quences in liver and serum samples collected from the 5 recipients
before transplantation using multiplex ultradeep sequencing and
compared the results with those obtained by the direct population
Sanger sequencing method. The HCV nucleotide sequence reads
obtained by ultradeep sequencing were aligned to the consensus
viral sequences in the serum specimen of each individual that were
determined by direct population Sanger sequencing. A mean of
1,548-fold coverage was achicved at each nucleotide site of the
HCV sequences in each specimen. First, the nucleotide sequence
complexities expressed as the Shannon entropy index of HCV in
the liver were compared with those in the serum. The overall viral
complexity determined by the Shannon entropy index did not
significantly differ between the liver and scrum samples of each
individual (see Fig. S1 in the supplemental material). Moreover,
the patterns and distributions of genetic heterogeneity of the viral
nucleotide sequences in the liver tissue sample were similar to
those observed in the serum sample of the same patient (see Fig. S2
in the supplemental material). Next, we compared the viral ge-
nome sequences in the liver tissue with those in the serum in the
same paticnt at the sites of the reported mutations that are related
to the efficacy of interferon treatment and drug resistance against
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TABLE 1 Baseline characteristics of 5 patients with chronic HCV* genotype 1b infection

Defective HCV Clones in Liver Transplantation

Data for patient no“:

Patient characteristic” 1 2 3 4 5
Age (yr) 65 52 47 58 48
Sex Female Male Male Male Male
Existence of HCC + F - + —
Child-Pugh score 10 10 9 10 10
MELD score 14 15 14 15 15
HCV viral load (log 1U/ml)
Pre-LDLT 4.6 6.6 4.9 5.5 2.9
Post-LDLT
1mo 5.9 6.1 5.8 5.8 6.
22 mo 6.5
HCV infection
Duration of hospital visit (yr) 37 18 2 24 13
Route of infection Blood transfusion Unknown Unknown Unknown Unknown
Blood type AB identical A identical A identical A identical A incompatible

]mmunosuppressanls

Tacrolimus, MMF

Tacrolimus, MMF

Tacrolimus, PSL

Tacrolimus, MMF

Tacrolimus, PSL

“ HCV, hepatitis C virus.

® HCC, hepatocellular carcinoma; MELD, model for end-stage liver disease; LDLT, living donor liver transplantation.

¢ MMF, mycophenolate mofetil; PSL, prednisolone.

HCV protease and polymerase inhibitors (see Table SI in the sup-
plemental material). The prevalences of these mutations of the
HCV genome in the liver were similar to those in the serum of the
same patients. These findings suggested that a similar pattern of
viral heterogeneity was maintained in the liver and serum of pa-
tients with chronic HCV infection.

Early dynamic decrease of viral complexity after liver trans-
plantation. To clarify the changes in the viral quasispecies after
liver transplantation, we investigated the change in the viral com-
plexities of the serum specimens before and 1 month after liver
transplantation in these 5 patients. The mean coverages of 1,284-

fold and 1,141-fold were mapped to each reference sequence be-
fore and after liver transplantation, respectively. We then esti-
mated the genomic complexity by calculating the Shannon
entropy index for each nucleotide position before and after liver
transplantation (Fig. 1A). The level of viral complexity of the
blood serum HCV significantly differed between pretransplanta-
tion and posttransplantation (mean Shannon entropy index,
0.056 versus 0.029; P = 0.043), demonstrating that the viral qua-
sispecies nature after reinfection and replication in the graft liver
became more homogeneous than that before transplantation. To
identify the specific regions in the HCV genome that were respon-
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FIG 1 Changes in the genetic complexity of the HCV genome before and after liver transplantation. (A) Mean Shannon entropy index values for the averall HCV
genome in 5 LDLT recipients before and after liver transplantation. (B) Mean Shannon entropy index values for each HCV genomic region before (black bars)

and after (white bars) liver transplantation are shown. The error bars in panels A and B represent the standard deviation.
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*, P < 0.05; ns, nonsignificant.
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FIG 2 Dynamics of defective HCV clones indicated by coverage numbers of ultradeep sequence of HCV genome. Coverage of ultradeep sequence of HCV
genome inliver (A), serum samples before liver transplantation (B), and serum samples after liver transplantation (C) for patient 1. The degree of coverage (fold)
at cach nucleotide site of the HCV sequence is shown. Nucleotide 1 indicates the first nucleotide of the core region of HCV RNA. Similar results were obtained

in the samples from patients 2, 4, and 5.

sible for the selective increase in HCV after liver transplantation,
we analyzed the changes in complexity of each region of the HCV
genome (Fig. 1B). A decrease in the genetic complexity after liver
transplantation was observed throughout the individual viral ge-
netic regions. In particular, the complexity during pre- and post-
transplantation was significantly different in the NS4A, NS4B,
NS5A, and NS5B regions, suggesting that these regions are impor-
tant for active proliferation of HCV at the early phase of reinfec-
tion in the graft liver. We then examined whether a specific nucle-
otide position was associated with a decrease in complexity after
liver transplantation, but none of the specific nucleotide positions
that changed by >50% after liver transplantation compared to
before transplantation were commonly identified in the 5 patients
(data not shown); this indicates that no association exists between
a specific nucleotide position and the decrease in complexity after
liver transplantation.

Defective HCV clones became undetectable immediately af-
ter liver transplantation. Using the ultradeep sequencing analy-

3648 jcm.asm.org

ses, we found that the sequence coverage of viral genomic regions
spanning from the end of the core to the middle of NS2 was
smaller than those of the other regions in several liver and serum
samples before liver transplantation, but this tendency was not
observed in the samples after liver transplantation (Fig. 2). As we
previously identified the defective HCV clones lacking the struc-
tural regions of the HCV genome in the serum samples of HCV-
positive liver transplant recipients (8), we speculated that the pres-
ence of the defective HCV clones would result in the smaller
coverage of E1-NS2 before transplantation, and the population of
the defective clones would change after liver transplantation.
Therefore, we next analyzed the population change of the defec-
tive HCV clones between before and after liver transplantation.
Using RT-PCR analysis with the primers HCV-P1 and HCV-P2
(Fig. 3A), we detected both defective HCV clones and full-genome
HCV cdlones before liver transplantation at various ratios in each
sample, except for in patient 3 (Fig. 3B). The defective HCV clones
became undetectable and the full-genome HCV clones became
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FIG 3 Dynamics of defective HCV clones based on RT-PCR analysis. (A) Schematic presentation of the HCV genome and the primer sets used in this study. (B)
Results of RT-PCR analysis by using RNA samples as a template, which were extracted from blood serum before and 1 month after liver transplantation in all
patients and 22 months afler transplantation in patient 5. HCV-P1 and HCV-P2 (panel A) were used as primers. Lanes M1 and M2, the molecular weight markers
MassRuler DNA ladder mix (Fermentas, Canada) and Lambda DNA-HindllI Digest (New England BioLabs, USA), respectively. The values shown indicate the
sizes of the band in the molecular weight markers. Black arrowheads, full-length PCR fragment of 2,618 bp; white arrowheads, defective HCV clones that were
confirmed by sequencing analysis. The Shannon entropy index values of these HCV specimens in the serum (before and after liver transplantation) are shown at

the bottom.

dominant in the serum samples 1 month after liver transplanta-
tion, indicating that the defective HCV clones have less of a repli-
cation advantage than the full-genome clones. In patient 3, the
defective HCV clones were undetectable both before and after
liver transplantation.

To determine the internal structure of the deletions in the de-
fective HCV genomes, major amplified fragments from each of
the four patients with defective HCV clones before transplanta-
tion were subcloned for further sequence analyses. Schematic rep-
resentations of the defective HCV RNA detected in the blood se-
rum specimens of these patients are shown in Fig. 4. Sequence
analyses revealed that the structural region was widely deleted in
all of the defective HCV clones. The 3'-boundaries of the deletions
were quite diverse in the clones, while the 5'-untranslated region
and core regions were prescrved in all four clones, as reported
previously (8). Two distinct defective clones were found in patient
2. All of the deletions identified were in frame, implying that these
defective HCV genomes have the potential for translation from
the core to the authentic end of NS5B without a frameshift.

We then analyzed the dynamics of the defective HCV clones at
the chronic hepatitis phase after liver transplantation in patient 5.
As shown in the Patient 5 column in Fig. 3B, RT-PCR from a
serum sample collected at 22 months after liver transplantation,
when a liver biopsy specimen demonstrated findings of chronic
hepatitis C with fibrosis (METAVIR score, Al F1), showed thata
defective HCV clone had reappeared. The size of the defective
clone was the same as that found in the serum before transplanta-
tion, and we confirmed by sequence analysis that the deleted re-
gion of the defective HCV clone was identical to that in the pre-
transplant serum sample. The viral complexity analyzed by
calculating the Shannon entropy index from ultradeep sequencing
data also returned to the pretransplantation level at the chronic
hepatitis phase (Shannon entropy values, 0.056 before transplan-
tation, 0.022 at 1 month posttransplantation, and 0.069 at 22
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months after liver transplantation). These findings indicated that
the reconstitution of HCV heterogeneity occurs at the chronic
hepatitis phase after liver transplantation, and the same defective
HCV done present before liver transplantation reappears at the
chronic hepatitis phase after liver transplantation.

DISCUSSION

The present study revealed two major findings from ultradeep
sequencing analyses of the HCV genome sequence in liver trans-
plant recipients before and after liver transplantation. First, the
viral heterogeneity of HCV significantly decreased after liver
transplantation, indicating that the clones with advantages for in-
fection and/or replication in hepatocytes rapidly increased after
liver transplantation. Second, full-genome HCV clones selectively
increased, while the defective clones did not increasc in number
during the period immediately after liver transplantation.

The discovery of differences in the populations of HCV quasi-
species between the liver and serum of the same individuals has
been controversial. Most previous studies examined the HCV se-
quencing mainly for the hypervariable region in E2 using the
Sanger sequencing method (11-13) or single-strand conforma-
tion polymorphism (12, 14, 15), but the findings were conflicting.
In the present study, we obtained full-genome HCV sequences
using ultradeep sequencing analysis. Our results suggested that a
similar HCV population exists in the liver and blood serum, at
least at the specific sites related to interferon sensitivity and drug
resistance. These results are clinically important because we con-
firmed that the scrum samples, which are easily obtained from
patients, reflect the HCV population in the liver and are thus use-
ful for analyses of resistance and sensitivity to treatment.

Differences in the HCV population between individuals can be
determined by multiple factors, such as the duration of hospital
visit, route of HCV infection, fibrosis progression, degree of in-
flammation, and the presence of hepatocellular carcinoma. In our
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FIG 4 Schematic presentation of major defective HCV clones in 4 patients before liver transplantation. The values in the schema indicate the nucleotide numbers
from the first ATG of the core region in HCV RNA. Nucleotide and amino acid sequences before and after the deleted region of the HCV genome are shown. E1,
envelope glycoprotein 15 E2, envelope glycoprotein 2; NS, nonstructural protein.

analysis, we could not find an association between these clinical
characteristics and the nature of the HCV population between
patients. However, we speculated that undetectable defective
HCV clones present before liver transplantation in patient 3 might
be associated with a shorter duration of HCV infection. In patients
1 and 3, the difference in viral complexity as measured by the
Shannon entropy index values between before and after liver
transplantation was small. The reason is unclear at present, but
differences in the clinical features of infected patients might affect
the results. Further large-scale investigations may reveal the rela-
tionship between clinical features in patients and the nature of a
specific HCV population.

Qur large-scale analysis using ultradeep sequencing demon-
strated that the complexity of all regions of the HCV genome was
dramatically reduced 1 month after liver transplantation com-
pared with the pretransplantation level of complexity. This find-
ing is consistent with findings from previous reports using Sanger
sequencing methods that showed that heterogeneity is decreased
in the hypervariable region of E2 of HCV after liver transplanta-
tion (16, 17). Gretch et al. (16) analyzed HCV quasispecies before

3650 jcm.asm.org

and after liver transplantation by comparing the differences in the
hypervariable region of the HCV genome in 5 transplant recipi-
ents. They found that different HCV clones were present in pre-
transplant blood serum and relatively homogeneous quasispecies
variants emerged after liver transplantation in all 5 cases. Hughes
etal. (17) demonstrated that the viral complexity of the hypervari-
able region 1 in postperfusion liver tissue at 2.5 h after liver trans-
plantation was significantly lower than that in explanted liver and
in pretransplant serum, although there was no significant differ-
ence in the complexity between the explanted liver and pretrans-
plant serum. Our present data confirmed the results of these pre-
vious studies and added new information from the full-genome
ultradeep sequencing. In particular, our data demonstrated a new
aspect of the analyses of full-genome and defective HCV clones,
because the defective HCV clones lack hypervariable regions that
were analyzed in previous studies. Interestingly, our analysis re-
vealed significant decreases in complexity in the NS4A, NS4B,
NS5A, and NS5B regions after transplantation, although a de-
creasing trend was detected in all regions of the HCV genome.
Because the region from NS4A to NS5B has important roles in
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HCV replication (18-20), a decrease in the complexity of the
NS4A to NS5B sequence after liver transplantation might indicate
the presence of the specific NS4A to NS5B sequence in the HCV
genome that confers advantages in the reinfection and/or replica-
tion processes. Therefore, we attempted to identify the specific
HCV genome sequences with such advantages. However, we
could notidentify a common feature of the HCV genomic changes
in amplified HCV clones after liver transplantation among the 5
cases tested. This may be due to differences between individuals in
the relative fitness of a viral subpopulation in its host, which is
determined by multiple factors, including infection capacity, rep-
lication ability, and mechanisms by which to escape from immune
pressure.

We previously identified defective HCV clones in the blood
serum of patients after liver transplantation (8). Other groups also
reported that defective HCV clones exist in the liver and serum of
patients with chronic hepatitis C and patients with immunosilent
infections (21-25). These reports demonstrated that deletions in
the HCV genome were present mainly in the structural region,
while the 5’-untranslated region, the core, and NS3 to NS5B re-
gions were preserved, and that most of the deletions were in frame,
indicating that the preserved regions can be translated to the
authentic terminus. Indeed, Sugiyama et al. (24) recently demon-
strated that the defective genome can be translated, self-repli-
cated, and encapsidated as an infectious particle by trans-comple-
mentation of the structural proteins in vitro. Pacini et al. (23) also
reported that defective HCV clones show robust replication, effi-
cient frans-packaging, and infection of cultured cells. These data
suggest that the abilities of defective HCV genomes to infect, rep-
licate, and be encapsidated do not differ from those of full-ge-
nome HCV. The in vivo data reported here, however, clearly reveal
that the amount of defective HCV clones was lower than that of
full-genome HCV after liver transplantation, although the reason
for this remains unknown. Onc possibility is that the capabilities
to infect, replicate, or be encapsidated differ between defective
HCV and full-genome HCV in vivo. It is noteworthy that an iden-
tical defective HCV clone that was detected before transplantation
reappeared during the chronic hepatitis phase after transplanta-
tion in patient 5. This finding suggests that the defective clone in
the blood serum also infected the graft liver, replicated, and was
encapsidated in the graft liver after liver transplantation. There-
fore, the speed of these steps would differ between defective HCV
clones and full-genome HCV clones.

The present study revealed a limitation of the massively parallel
ultradeep sequencing technology in the analyses of viral quasispe-
cies. Becausc the massively parallel ultradeep sequencing platform
is based on multitudinous short reads, it is difficult to separately
evaluate the association between nucleotide sites that are mapped
to different viral genome regions in a single viral clone. Indeed, it
is difficult to clarify the potential mutational linkage between dif-
ferent viral genomic regions because of the short read lengths of
the shotgun sequencing approach.

In conclusion, after liver transplantation, viral heterogeneity
decreased significantly and the number of full-genome HCV
clones increased immediately, whereas the defective HCV clones
began to increase in number over alonger period. Further analysis
will reveal the significance of the changes in defective HCV clones
after liver transplantation.
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