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2. HBsAg-negative, and HBcAb- and/or HBsAb-positive
patients

e HBsAg becomes positive
o HBV DNA becomes positive in patients whose HBV
DNA level is below the sensitivity of detection

In Japan, 1-3% of the adult population is reportedly
HBsAg-positive and ~20—25% are HBsAg-positive with
HBcADb and/or HBsAbD positivity (4,6,12—16) (Table 1).
Thus, ~25% of the population of Japan, or about one out of
every four patients, are said to be at risk for HBV reactiva-
tion when undergoing chemotherapy. In addition, the risk of
HBYV reactivation is thought to depend on the degree of im-
munosuppression (the intensity of the chemotherapy,
whether immunosuppressive agents are administered in com-
bination, the type of malignant tumor and the immune re-
sponse in each patient etc.) and the characteristics of the
HBYV infection (viral load, HBV serological state etc.).
Regarding the degree of immunosuppression, associations
have been reported with steroid combination chemotherapy,
rituximab combination chemotherapy, hematopoietic stem
cell transplantation, organ transplantation and the presence
of malignant lymphoma; regarding the characteristics of the
HBYV infection, differences have been reported according to
the serological state of HBV-associated markers (HBsAg,
HBeAg) and the viral load of HBV DNA before chemother-
apy (1-4.,6).

HBsAG-PosITIVE PATIENTS

Numerous reports have described the reactivation of HBV
in HBsAg-positive patients with almost every type of

Table 1. Frequencies of hepatitis B surface antigen, hepatitis B core
antibody and hepatitis B surface antibody in patients from several countries

Authors City, country n HBsAg(+) HBcAb(+) HBcAb(+) or
HBsAb(+)

Yeo Hong Kong, 626 12.0% ND ND

etal. (12) China

Hui Hong Kong, 244 ND 62.0% 72.0%

et al. (6) China

Koo Singapore, 233 7.2% 34.3% ND

et al. (13) Singapore

Ludwig New York, 3343 1.3% 9.0% ND

et al. (14) the USA

Kusumoto  Nagoya, 3874 1.5% 20.0% 23.2%

et al. (4) Japan

Hattori Tokyo, Japan 1031 ND 16.9% ND

et al. (15)

Matsue Chiba, Japan 261 3.4% 24.3% ND

et al. (16)

Our hospital Chiba, Japan 863 2.9% 21.4% 25.2%

HBsAg, hepatitis B surface antigen; HBcAb, hepatitis B core antibody;
HBsADb, hepatitis B surface antibody; ND, no data.

malignant tumor and who were treated with a wide variety
of anticancer drugs; in these reports, the incidence of HBV
reactivation in HBsAg-positive patients was ~20-50%
(9,12,17-30) (Table 2). Moreover, a recent report indicated
that when the molecularly targeted drug everolimus was
used to treat HBsAg-positive patients with unresectable

hepatocellular carcinoma, HBV reactivation occurred in -

7 (59.1%) of the 22 patients (9). Thus, HBV reactivation
in HBsAg-positive patients is observed relatively frequently
in almost every type of malignant tumor and anticancer
drugs, and caution is required irrespective of the type of
cancer or the chemotherapy regimen.

HBSAG-NEGATIVE PATIENTS wiTH HBCAB AND/OR HBSAB
PosiTiviTy

In 2001, Dervite et al. reported, for the first time, a case of
HBYV reactivation in an HBsAg-negative patient who had
received rituximab combination chemotherapy (5); in 2006,
Hui et al. reported that when they used systemic chemother-
apy to treat 244 HBsAg-negative patients with malignant
lymphoma, HBV reactivation was observed in 8 (3.3%)
of them, and all 8 of these patients were HBcAb-positive
and/or HBsAb-positive (6). Also, in 2009, Yeo et al.
reported that when systemic chemotherapy was used to treat
80 HBsAg-negative patients with malignant lymphoma,
HBYV reactivation was observed in 5 (6.25%) of them; all
5 of these patients were HBcAb- and/or HBsAb-positive,
and rituximab and steroid combination chemotherapy had
been performed in all 5 patients (7). Thus, it became evident
that reactivation as a result of the combined use of chemo-
therapy with a high immunosuppressive effect, such as ritux-
imab, or combination therapy with a steroid can occur even
in HBsAg-negative patients with HBcAb and/or HBsAb
positivity who were generally believed to have recovered
from HBV infection and to have been virus-free (6,7,31—35)
(Table 3). However, almost all these reports concerned
patients with malignant lymphoma who had been treated
with rituximab, and reports of HBV reactivation in patients
with solid tumors or other treatment regimens have been
rare.

Risk Factors ForR HBV REACTIVATION

The following risk factors for HBV reactivation have been
reported: male gender, younger age, HBeAg positivity, high
HBYV DNA load, low titer of HBsAb at pretreatment, breast
cancer, malignant lymphoma, concomitant steroid treatment,
treatment with an anthracycline anticancer drug and treat-
ment with rituximab (6,7,12,13,22,24-27,31-34,36—42)

" (Table 4).

QutcoME OF Patients WHo DeveLorep HBV REACTIVATION

The prognosis of patients who develop liver dysfunction
because of HBV reactivation has been reported to be poor.
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Table 2. Main reports of HBV reactivation in HBsAg-positive patients
Regimen Cancer type No. of No. of all Proportion of Author Year

reactivations  patients reactivation (%)

DOX+CPA(AC)— CPA+MTX+5FU, etc Breast 17 41 41 Yeo (17) 2003
SFU4-CPA, etc Breast 19 61 31.1 Yeo (18) 2004
DOX+CPA(AC) or 5-FU+DOX+CPA(FAC) Breast 16 76 21 Yun et al. (19) 2011
CPA+DOX+5FU(CAF), DOX+CPA(AC)—DTX  Breast 23 111 20.7 Kim et al. (20) 2007
DOX+CPA(AC)—PTX or DTX Breast 18 128 14.1 Sohn et al. (21) 2011
Everolimus HCC 13 22 59.1 Dai et al. (9) 2011
SFU+CDDP-HAL 5FU+EPI+MMC-HAI HCC 8 33 24.2 Nagamatsu et al. (22) 2003
EPI+CDDP-TACE, CDDP-TACE HCC 15 37 40.5 Jang (23) 2006
EPI+CDDP-chemolipiodolization HCC 28 86 33.7 Jang (24) 2004
CDDP+DOX+5FU+IFN(PIAF) or DOX HCC 37 102 36 Yeo (25) 2004
EPI+CPA+Etop (ACE) Lymphoma 9 24 38 Cheng et al. (26) 2003
EPI+CPA-+Etop+PSL (PACE) Lymphoma 18 25 73 Cheng et al. (26) 2003
Various Lymphoma 13 27 48 Lok (27) 1991
Various Lymphoma 17 53 32 Leaw et al. (28) 2004
Various Solid & hematol 1 46 22 Nishida et al. (29) 2012
Various Solid & hematol 9 59 15.3 Eren et al. (30) 2009
Various Solid & hematol 15 78 19.2 Yeo (12) 2000

Dox, doxorubicin; CPA, cyclophosphamide; MTX, methotrexate; SFU, 5-fluorouracil; DTX, docetaxel; PTX, paclitaxel; CDDP, cisplatin; EPI, epirubicin;
MMC, mitomycin C; IFN, interferon; Etop, Etoposide; PSL, prednisolone; HCC, hepatocellular carcinoma; Solid & hematol, solid tumors and hematological
malignancies; HAI, hepatic arterial infusion chemotherapy; TACE, transcatheter arterial chemoembolization.

Table 3. Main reports of HBV reactivation in HBsAg-negative patients with HBcAb and/or HBsAb positivity

Regimen Cancer type  No. of reativations ~ No. of all patients ~ Proportion of reactivation (%)  Author Year
Rituximab-CHOP Lymphoma 5 21 23.8 Yeo (7) 2009
Rituximab-CHOP Lymphoma 3 52 5.8 Koo (31) 2011
Rituximab containing regimen Lymphoma 4 95 4.2 Pei (32) 2010
Rituximab containing regimen Lymphoma 2 74 2.7 Targhetta (33) 2008
Rituximab non-containing regimen  Lymphoma 2 245 0.8 Targhetta (33) 2008
Rituximab non-containing regimen  Lymphoma 2 51 39 Lok (27) 1991
Rituximab non-containing regimen ~ Lymphoma 2 62 3.0 Koo (31) 2011
Various+/— Rituximab Lymphoma 8 173 4.6 Hui (6) 2006
Various-/—Rituximab Lymphoma 1 67 1.5 Koo (13) 2010
Various+/—Rituximab Lymphoma 2 48 4.1 Fukushima (34) 2009
Various Myeloma 1 15 6.7 Yoshida (35) 2010

CHOP, cyclophosphamide + hydroxydaunorubicin + vincristine + prednisolone.

Yeo et al. used lamivudine to treat 32 patients who devel-
oped hepatitis as a result of HBV reactivation, but systemic
chemotherapy had to be discontinued in 22 (69%) of the
patients and 5 patients (16%) died of hepatic failure (43). In
addition, Umemura et al. reported HBV reactivation in 23
patients, and 5 (22%) of these patients developed fulminant

hepatitis, resulting in a liver-related mortality rate of 26%
and a mortality rate of 100% among the fulminant patients.
Meanwhile, 45 (9%) out of 529 patients with acute hepatitis
B developed fulminant hepatitis, and the liver-associated
mortality rate was 4 overall and 47% among the fulminant
patients. Thus, the rate of conversion to fulminant hepatitis
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12 HBYV reactivation following chemotherapy

Table 4. Risk factors for HBV reactivation in patients receiving
chemotherapy

Host-related factors Treatment-related factors

Younger age (12,13) Use of steroid (26,36)

Male sex (13,27) Use of anthracyclines

(12,36,41)

Use of rituximab
(6,7,32-34,42)

Cancer type: malignant lymphoma (12,36)

Cancer type: breast cancer (36,37)
Cancer type: liver cancer (22,24)
High HBV DNA level (36—38)
HBeAg seropositive (12,22,24)

High intrahepatic covalently closed circular
DNA (cccDNA) (39)

Low titer of HBsAb (31,40)
Elevated serum ALT level (25)

Completion of gy pNA HBsAg ALT
chemotherapy ) {+} increasing

G weeks |

140 weeks ’
18.5 (12-28) weeks /
HEBY DNA /
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Figure 2. Pattern of hepatitis B viral reactivation in a hepatitis B surface
antigen (HBsAg)-negative patient with hepatitis B core antibody (HBcAb)
and/or hepatitis B surface antibody (HBsAb) positivity (7). Hepatitis due to
HBYV reactivation often developed after the completion of chemotherapy
in an HBsAg-negative patient with HBcAb and/or HBsAb positivity.
An increase in hepatitis B virus DNA has been reported to occur an average
of 18.5 weeks before the onset of liver damage or hepatitis (7).

as a result of HBV reactivation and the liver-related mortal-
ity rate were significantly higher among patients with HBV
reactivation than among patients with acute hepatitis (44).
Thus, the prognosis of patients in whom HBV reactivation
causes liver damage is extremely poor, and suppressing re-
activation before it causes liver dysfunction is important.

CoOUNTERMEASURES AGAINST HBV REACTIVATION

There are two approaches to preventing liver damage as a
result of HBV reactivation: the prophylactic administration of
an antiviral drug before chemotherapy, and the periodic moni-
toring of HBV DNA levels and the deferred pre-emptive

administration of an antiviral drug when conversion to HBV
DNA positivity is detected.

HBsAG-PosiTive PATIENTS

Lau et al. randomly assigned 30 HBsAg-positive lymphoma
patients who were scheduled to receive systemic chemother-
apy into a prophylactic lamivudine group of 15 patients and
a control group of 15 patients, and they reported that HBV
reactivation occurred significantly less frequently in the
lamivudine group (0%) than in the control group (eight
patients, 53%) (45). In addition, a controlled study was
conducted to evaluate the frequency of HBV reactivation by
randomly assigning 76 patients with HBV-associated
unresectable hepatocellular carcinoma to a prophylactic
lamivudine therapy group and a control group when
transcatheter arterial chemoembolization using epirubicin
(50 mg/m?) and cisplatin (60 mg/m?) was performed (23).
The results showed a reduction in the frequency of reactiva-
tion (lamivudine group versus control group: 2.8 versus
40.5%, P < 0.001) and the frequency of hepatitis as a result
of reactivation (lamivudine group versus control group: 2.8
versus 29.7%, P = 0.003). Moreover, some meta-analyses
of prophylactic lamivudine administration have already been
reported (46,47), and the frequency of HBV reactivation, the
proportion of deaths, the chemotherapy delay and the propor-
tion of patients in whom chemotherapy was discontinued
because HBV reactivation was shown to be lower in the
prophylactic lamivudine groups. Thus, the prophylactic
administration of antiviral drugs, such as lamivudine, has
been shown to be useful in HBsAg-positive patients.

HBSAG-NEGATIVE PATIENTS wiTH HBCAB AND/OR HBSAB
PositiviTy

The prevention of HBV reactivation has not been fully
investigated in HBsAg-negative patients with HBcAb and/or
HBsAb positivity. Previous reports show that in most of the
patients who developed hepatitis, the hepatitis developed
after the completion of chemotherapy. Moreover, an increase
in HBV DNA has been reported to occur an average of 18.5
weeks before the onset of liver damage or hepatitis (6)
(Fig. 2), and it may be possible to prevent liver damage
arising from HBV reactivation even when the HBV DNA
level is monitored once a month and deferred pre-emptive
treatment with an antiviral drug is administered after the
detection of the conversion to HBV DNA positivity.
However, the usefulness of periodic HBV DNA monitoring
has not been fully clarified, and confirmation using a well-
designed prospective study is warranted. On the other hand,
the prophylactic administration of an antiviral drug before
chemotherapy in HBsAg-negative patients with HBcAb
and/or HBsAb positivity is not recommended for economic
reasons (48).
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HBYV REeACTIVATION GUIDELINES

The number of reports regarding HBV reactivation follow-
ing chemotherapy has been gradually increasing, and coun-
termeasures against HBV reactivation are urgently needed.
Guidelines for the treatment of HBV reactivation following
chemotherapy have been published by many groups: the
American Association for the Study of Liver Disease
(AASLD) Practice Guidelines in 2007 (49); the National
Institute of Health (NIH) Consensus Development
Conference Management of Hepatitis B in 2008 (50,51) and
the European Association for the Study of the Liver (EASL)
Clinical Practice Guidelines in 2009 (52). In 2009, the
Guidelines for the Prevention of Immunosuppressive
Therapy or Chemotherapy-induced Reactivation of HBV
Infection was announced by the Ministry of Health, Labour
and Welfare in Japan as a Joint report of the Intractable
Liver Diseases Study Group of Japan and the Japanese
Study Group for Standard Antiviral Therapy for Viral
Hepatitis (48) (Fig. 3). All these guidelines are similar
in principal (Table 2). When chemotherapy is going to be
performed, the prophylactic administration of an antiviral
drug in HBsAg-positive patients is recommended, and the
periodic monitoring of the HBV DNA level and deferred
pre-emptive administration of an antiviral drug after the
detection of conversion to HBV DNA positivity is recom-
mended for HBsAg-negative patients with HBcAb and/or
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i
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Figure 3. Japanese guidelines for the prevention of immunosuppressive
therapy or chemotherapy-induced reactivation of hepatitis B viral infection
(23). A screening examination for hepatitis B surface antigen (HBsAg)
should be performed in every patient scheduled to receive chemotherapy.
In patients with HBsAg-positive, Hepatitis B e antigen (HBeAg), HBe anti-
body (HBeAb) and hepatitis B virus (HBV) DNA levels should be mea-
sured, and an antiviral drug should, in principle, be prophylactically
administered before the commencement of chemotherapy. In patients with
HBsAg-negative, hepatitis B core antibody (HBcAb) and hepatitis B surface
antibody (HBsAb) should be measured. If a patient tests positive for either
HBCcAD or HBsAb, the HBV DNA level should be quantitatively assayed. If
the HBV DNA test is positive, an antiviral drug should be prophylactically
administered. If the test is negative (below the sensitivity of detection), the
HBV DNA level should be monitored monthly and the administration of an
antiviral drug should be started after the detection of a conversion to positiv-
ity. If the patient is negative for both HBcAb and HBsAb, no risk of HBV
reactivation exists, and periodic follow-up of the HBV DNA level is
unnecessary.

Jpn J Clin Oncol 2013,;43(1) 13

HBsAD positivity. A summary of the guidelines that have
been published by the Ministry of Health, Labour and
Welfare in Japan (48) is presented below (Fig. 3).

SCREENING EXAMINATIONS

A screening examination for HBsAg should be performed in
every patient scheduled to receive chemotherapy, and
patients with a high risk of HBV reactivation should be
identified.

HBsAG-PoSITIVE PATIENTS

HBeAg, hepatitis B e antibody (HBeAb) and HBV DNA
levels should be measured, and the patient’s HBV-related
status should be confirmed prior to the start of chemother-
apy. Since a high risk of HBV reactivation exists, an anti-
viral drug should, in principle, be prophylactically
administered before the commencement of chemotherapy.
However, because patients with chronic hepatitis or liver
cirrhosis as well as HBV carriers are sometimes included
among HBsAg-positive patients, a consultation with a hepa-
tologist is also recommended.

HBsAG-NEGATIVE PATIENTS

If a patient tests positive for either HBcAb or HBsAD, a risk
of reactivation exists and the HBV DNA level should be
quantitatively assayed. If the HBV DNA test is positive, an
antiviral drug should be prophylactically administered. If the
test is negative (below the sensitivity of detection), the HBV
DNA level should be monitored monthly and the administra-
tion of an antiviral drug should be started after the detection
of a conversion to positivity. As the rate of conversion to ful-
minant hepatitis and the liver-related mortality rate are high
when an antiviral drug is administered after liver damage
has occurred and the transaminases and total bilirubin levels
have increased, the deferred pre-emptive administration of an
antiviral drug before the onset of liver damage is important.
If the patient is negative for both HBcAb and HBsAb,
no risk of HBV reactivation exists, and periodic follow-up of
the HBV DNA level is thought to be unnecessary.

RECOMMENDED ANTIVIRAL DRUGS FOR PROPHYLACTIC
ADMINISTRATION

The usefulness of lamivudine as a prophylactic antiviral
drug to prevent HBV reactivation has been demonstrated in
some of the above-mentioned randomized, controlled trials
(23,45) and meta-analyses (46,47). However, because of
problems regarding the therapeutic efficacy against HBV and
the high frequency of HBV that is resistant to lamivudine,
entecavir should be recommended for use in Japan (48).
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14 HBYV reactivation following chemotherapy

TIMING OF THE TERMINATION OF PROPHYLACTIC ANTIVIRAL DRUG
ADMINISTRATION

No clear evidence exists regarding the termination of the
prophylactic administration of antiviral drugs. Once adminis-
tration has been continued for 12 months after the comple-
tion of chemotherapy and a decrease in the ALT level
to within the normal range and conversion to persistent
HBV-DNA negativity have been achieved, the termination
of the administration of the antiviral drug can be considered.
However, HBV reactivation has sometimes been reported
after the termination of the administration of an antiviral
drug, and close follow-up is necessary for the next
12 months after the termination of antiviral drug administra-
tion. The recently reported recommendation regarding the
safe withdrawal of antiviral drugs for chronic HBV patients
(53) may also be referred to upon the termination of antiviral
drug administration.

Table 5. Prospective studies on HBV reactivation

PRroBLEMS REGARDING HBV REACTIVATION

Guidelines for the prevention of immunosuppressive therapy
or chemotherapy-induced reactivation of HBV infection have
been announced (48), but the following issues should be
noted: (i) patients who are HBsAg-negative with HBcAb
and/or HBsAb positivity are regarded as a high-risk group,
but the frequency of HBV reactivation, the types of antican-
cer drugs and the cancers that facilitate HBV reactivation,
the clinical features of HBV reactivation and the optimal
method of management etc. have not been sufficiently eluci-
dated. (ii) Regular HBV DNA monitoring once a month and
the deferred pre-emptive administration of an antiviral drug
is recommended when performing chemotherapy in patients
who are HBsAg-negative with HBcAb and/or HBsAb posi-
tivity, but the usefulness of such measures has not been
clarified. Furthermore, the provisional clinical opinion of the
American Society of Clinical Oncology (ASCO), which was

Study subjects
Tumor type HBsAg HBsAg(—), No. of  Primary endpoint Study design No. for clinical Country
(+) HBcAD and/or planned trials registry
HBsAb (+) enrolled
patients
All malignant diseases Yes No 180 Incidence of HBV reactivation Randomized trial comparing NCT01580202 Korea
under prophylactic anti-viral prophylactic lamivudine
therapy versus entecavir
All malignant diseases  Yes No 70 Development of viral resistance ~ Randomized trial comparing NCT00489151 Hong
to anti-viral therapy prophylactic lamivudine Kong
versus adefovir dipivoxil
Solid tumors Yes No 110 Incidence of chemotherapy Randomized trial comparing NCT00516945 Hong
interruptions immediate use versus Kong
deferred use of lamivudine
Lymphoma No Yes 90 Incidence of HBV reactivation Randomized trial comparing NCT00926757 Taiwan
: prophylactic use versus
therapeutic use of entecavir
Lymphoma treated Yes Yes 600 Incidence of HBV reactivation ~ Prospective observational NCTO01311232 Korea
with trial
rituximab-containing
regimen
Patients receiving Yes Yes 530 Incidence of HBV reactivation Prospective observational UMINO000002859  Japan
immunosuppressive under HBV DNA monitoring trial
and/or anticancer drugs
Lymphoma treated No Yes 321 Incidence of HBV reactivation ~ Prospective observational UMIN000001299  Japan
with under HBV DNA monitoring trial
rituximab-containing
regimen
Solid tumors Yes Yes 300 Incidence rate of HBV Prospective observational UMIN000005369  Japan
reactivation under HBV DNA trial
monitoring and outcome of those
who develop HBV reactivation
Lymphoma treated No Yes 150 Incidence of HBV reactivation ~ Prospective observational NCT00931229 Taiwan
with under HBV DNA monitoring trial
rituximab-containing
regimen
Lymphoma treated No Yes 110 Incidence of HBV reactivation ~ Prospective interventional NCT01210287 China

with rituximab-CHOP

under lamivudine prophylaxis

trial
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published in 2010 (54), does not strongly recommend
routine screening and the prophylactic use of antiviral drugs
because the evidence was regarded as being insufficient to
determine the net benefit. Thus, these guidelines were
drafted in the absence of sufficient evidence of the ability to
avoid the risk of HBV reactivation. At present, numerous
well-designed prospective studies to clarify the present status
of HBV reactivation are being conducted in Japan and in
other countries (Table 5). In the future, the establishment of
strong evidence regarding HBV reactivation is anticipated.

CONCLUSIONS

Because HBV reactivation is often observed following
chemotherapy, even with recently developed molecularly tar-
geted agents such as rituximab, and in patients who are
HBsAg-negative with HBcAb and/or HBsAb positivity who
are generally believed to have recovered from an HBV infec-
tion and to be free of the virus, HBV reactivation has
attracted considerable attention in recent years. However,
many issues regarding HBV reactivation have yet to be clari-
fied, including how often reactivation actually occurs, which
regimens involve a high risk of reactivation and how fre-
quently monitoring should be performed. A variety of re-
search is currently under way in both Japan and abroad, and
strong evidence regarding HBV reactivation is anticipated
in the future.
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o Abstract

~ Background and Alms. Although the advent of uitra~deep sequencmg technology allows for the ana!yss of heretofor@
- undetectable minor viral mutants, a limited amount of mformatton is currently avatiable regardmg the clinical ;mpllcatlons
of hepatms B virus (HBV) genomrc heterogene;ty , :

Methads. To charactenze the HBV genetlc heterogenelty in assoccatlon wrth ants-wral therapy, we performed uitra-deep; ‘
sequencing of full-genome HBV in the liver and serum of 19 pattents wnth chromc viral mfectlon mciudmg 14 therapy~narvek ~
o and 5 nucleos(t)lde analogue(NA)-treated cases. : S 3 ! o i

, Results. Most genomtc changes observed in vxral vartants were smg!e base substltutsons and were W|dely d;stnbuted
- throughout the HBV genome. Four of eight (50%) chronic therapy-naive HBeAg-negative patients showed a relatively low
_ prevalence of the G1896A pre-core (pre-C) mutant in the liver tissues, suggesting that other mutations were involved in
- their HBeAg seroconversion. Interestingly, liver tissues in 4 of 5 (80%) of the chronic NA-treated anti-HBe-positive cases had
extremely low levels of the G1896A pre-C mutant (0.0%, 0.0%, 0.1%, and 1.1%), suggesting the high sensitivity of the
-G1896A pre-C mutant to NA, Moreover, various abundances of clones resistant to NA were common in. both the liver and
~serum of treatment-naive patients, and the proportion of M204VI mutants resistant to lamivudine and entecavir expanded
. in response to entecavir treatment in the serum of 35. 7% (5/14) of pattents, suggestlng the putatwe risk-of deve[opmg drug
resrstance to NA. ; :

. Conclusmn. Our fmdmgs lllustrate the strong advantage of deep sequencmg on vu’al genome as a tool for dlssecting the
'yjpathophysm!ogy of HBV mfection ' L : , , :
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Introduction well recognized that such mutations may have important

. . . . . implications regarding the pathogenesis of viral disease. For
. Hepatitis B virus (HBV) is a non-cytopathic DNA virus that  cyample in chronic infection, G to A point mutation at nucleotide
infects approximately 350 million people worldwide and is a main (nt) 1896 in the pre-core (pre-C) region as well as A1762T and
cause of liver-related morbidity and mortality [1-3]. The absence G1764A mutations in the core-promoter region are highly

of viro.l—encoded RNA—depcndent DN_A polymerase proofr.ead.ing associated with HBeAg seroconversion that in general results in
capacity coupled with the extremely high rate of HBV replication

yields the potential to rapidly generate mutations at each
nucleotide position within the entire genome [4]. Accordingly, a
highly characteristic nature of HBV infection is the remarkable
genetic heterogeneity at the inter- and intra- patient level. The
latter case of variability as a population of closely-related but
nonidentical genomes is referred to as viral quasispecies [5,6]. It is

the low levels of viremia and consequent clinical cure [7-9]. In
contrast, acute infection with the GI1896A pre-C mutant
represents a high risk for fulminant hepatic failure [10,11].
Although these facts clearly fllustrate the clinical implications of
certain viral mutation, increasing evidence strongly suggests that
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the viral genetic heterogeneity is more complicated than previously
thought [12,13]. :

The major goals of antiviral therapy in patients with HBV
infection are to prevent the progression of liver disease and inhibit the
development of hepatocellular carcinoma [14]. Oral nucleos(tjide
analogue (NA) have revolutionized the management of HBV
infection, and five such antiviral drugs, including lamivudine,
adefovir, entecavir, tenofovir, and telbivudine, are currently approved
medications [15,16]. These agents are well-tolerated, very effective at
suppressing viral replication, and safe, but one of the major problems
of NA therapy is that long-term use of these drugs frequently causes
the emergence of antiviral drug-resistant HBV due to substitutions at
specific sites in the viral genome sequences, which often negates the
benefits of therapy and is associated with hepatitis flares and death
[16,17]. It is unclear whether viral clones with antiviral resistance
emerge after the administration of antiviral therapy or widely preexist
among treatment-naive patients. .

There has been a recent advance in DNA sequencing
technology [18]. The ultra-deep sequencers allow for massively
parallel amplification and detection of sequences of hundreds of
thousands of individual molecules. We recently demonstrated the
usefulness of ultra-deep sequencing technology to unveil the
massive genetic heterogeneity of hepatitis C virus (HCV) in
association with treatment response to antiviral therapy [19]. On
the other hand, there are a few published studies in which this
technology was used to characterize genetic HBV sequence
variations [20—22]. Margeridon-Thermet et al reported that the
454 Life Science GS20 sequencing platform provided higher
sensitivity for detecting drug-resistant HBV mutations in the serum
of patients treated with nucleoside and nucleotide reverse-
transcriptase inhibitors [20]. Solmone et al also reported the
strong advantage conferred by the same platform to detect minor
variants in the serum of patients with chronic HBV infection [21].
Although in these previous studies low-abundant drug-resistant
variants were successfully detected, the analyses were focused on
the reverse-transcriptase region of circulating HBV in the serum
and thus the whole picture of HBV genetic heterogeneity as well as
the i vivo dynamics of HBV drug resistant variants in response to
anti-viral treatment remains to be clarified. Moreover, intrahe-
patic viral heterogeneity in patients that achieved the clearance of
circulating HBV is largely unknown.

By taking the advantage of an abundance of genetic information
obtained by utilizing the Illumina Genome Analyzer II (lumina,
San Diego, CA) as a platform of ultra-deep sequencing, we
determined the whole HBV sequence in the liver and serum of
patients with chronic HBV infection to evaluate viral quasispecies
characteristics. Moreover, we investigated the prevalence of rare
drug-resistant HBV variants as well as detailed dynamic changes
in the viral genetic heterogeneity in association with NA
administration. Based on the abundant genetic information
obtained by ultra-deep sequencing, we clarified the precise
prevalence of HBV clones with G1896A pre-C mutations in
association with HBe serostatus in chronically infected patients
with or without NA treatment. We also detected a variety of minor
drug-resistant clones in treatment-naive patients and their
dynamic changes in response to entecavir administration,
demonstrating the potential clinical significance of naturally-
occurring drug-resistant mutations.

Materials and Methods

Ethics Statement
The Kyoto University ethics committee approved the study, and
written informed consent for participation in this study was
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obtained from all patients. The study was conducted in
accordance with the principles of the Declaration of Helsinki.

Patients

The liver tissues of 19 Japanese patients that underwent living-
donor liver transplantation at Kyoto University due to HBV-
related liver disease were available for viral genome analyses.
These individuals included 13 men and 6 women, aged 41 to 69
years (median, 55.2 years) and all but one were infected with
genotype C viruses. Participants comprised 19 patients with liver
cirrhosis caused by chronic HBV infection, including 14 antiviral
therapy-naive cases (chronic-naive cases) and 5 cases receiving NA
treatment, with either lamivudine or entecavir (chronic-NA cases)
(Table 1). Serum HBV DNA levels were significantly higher in
chronic-naive cases than in chronic NA cases (median serum HBV
DNA levels were 5.6, and <2.6 log copies/ml, respectively,
Table 1). Liver tissue samples were obtained at the time of
transplantation, frozen immediately, and stored at —80°C until
use. Serologic analyses of HBV markers, including hepatitis B
surface antigen (HBsAg), antibodies to HBsAg, anti-HBc, HBeAg,
and antibodies to HBeAg, were determined by enzyme immuno-
assay kits as described previously [23]. HBV DNA in the serum
before transplantation was examined using a polymerase chain
reaction (PCR) assay (Amplicor HBV Monitor, Roche, Branch-
burg, NJ). To examine the dynamics of viral quasispecies in
response to anti-HBV therapy, paired serum samples of 14
treatment-naive patients before and after administration of daily
entecavir (0.5 mg/day) were subjected to further analyses on viral
genome.

Direct population Sanger sequencing

DNA was extracted from the liver tissue and serum using a
DNeasy Blood & Tissue Kit (Qjagen, Tokyo, Japan). To define the
consensus reference sequences of HBV in each clinical specimen,
all samples were first subjected to direct population Sanger
sequencing using the Applied Biosystems 3500 Genetic Analyzer
(Applied Biosystems, Foster City, CA). Oligonucleotide primers for
the HBV genome were designed to specifically amplify whole viral
sequences as two overlapping fragments using the sense primer
169_F and antisense primer 2847_R to yield a 2679-bp amplicon
(amplicon 1), and the sense primer 685_F and antisense primer
443_R to yield a 2974-bp amplicon (amplicon 2; Table S1). HBV
sequences were amplified using Phusion High-Fidelity DNA
polymerase (FINZYMES, Espoo, Finland). All amplified PCR
products were purified using the QJAquick Gel Extraction kit
(Qiagen) after agarose gel electrophoresis and used for direct
sequencing. The serum of a healthy HBV DNA-negative volunteer
was used as a negative control.

Viral genome sequencing by massively-parallel
sequencing

Massively-parallel sequencing with multiplexed tags was
performed using the Illumina Genome Analyzer II as described
[19]. The end-repair of DNA fragments, addition of adenine to the
3’ ends of DNA fragments, adaptor ligation, and PCR
amplification by Illumina PCR primers were performed as
described previously [24]. Briefly, the viral genome sequences
were amplified by high-fidelity PCR using oligonucleotide primers
as described above, sheared by nebulization using 32 psi N2 for
8 min, and then the sheared fragments were purified and
concentrated using a QIAquick PCR purification Kit (Qiagen).
Nucleotide overhangs resulting from fragmentation were then
converted into blunt ends using T4 DNA polymerase and Klenow
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Table 1. Characteristics of patients with chronic HBV infection analyzed in this study.

Chronic-naive (N=14)

Chronic-NA (N=5)

9/5

0.9 (0.5-31.1)

Brgime

1.7 (0‘6—4.5) ‘

i
<6 (<26¢~53}* maas i
ors

Activity

A2-A3 7

TValues are median (range).
*P=0.042.
doi:10.1371/journal.pone.0035052.t001

enzymes, followed by the addition of terminal 3’ A-residues. An
adaptor containing unique 6-bp tags, such as “ATCACG” and
“CGATGT” (Multiplexing Sample Preparation Oligonucleotide
Kit, Illumina), was then ligated to each fragment using DNA
ligase. We then performed agarose gel electrophoresis of adaptor-
ligated DNAs and excised bands from the gel to produce libraries
with insert sizes ranging from 200 to 350 bp. These libraries were
amplified independently using a minimal PCR amplification step
of 18 cycles by Illumina PCR primers with Phusion High-Fidelity
DNA polymerase. The DNA fragments were then purified with a
MinElute PCR Purification Kit (Qiagen), followed by quantifica-
tion using the NanoDrop 2000C (Thermo Fisher Scientific,
Waltham, MA) to make a working concentration of 10 nM.
Cluster generation and sequencing was 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 GA pipeline software version 1.4 with the default settings
provided by Illumina.

Genome Analyzer sequence data analysis

Using the high performance alignment software “NextGene®
(SoftGenetics, State College, PA), the 64 base-pair reads obtained
from the Genome Analyzer II were aligned with the reference
sequences of 3215 bp that were determined by direct population
Sanger sequencing of each clinical specimen. Reads with 90% or
more bases matching a particular position of the reference
sequences were aligned. Furthermore, two quality filters were
used for sequencing reads: the reads with a median quality score of
more than 30 and no more than 3 uncalled nucleotides were
allowed anywhere in the 64 bases. Only sequences that passed the
quality filters, rather than raw sequences, were analyzed and each
position of the viral genome was assigned a coverage depth,
representing the number of times the nucleotide position was
sequenced.

@ PLoS ONE | www.plosone.org

Allele-specific quantitative real-time PCR and
semiquantitative PCR to determine the relative
proportion of G1896A pre-C mutant

To determine the relative proportion of the G1896A pre-C
mutant, allele-specific quantitative real-time PCR was performed
based on the previously described method [25,26]. Oligonucleo-
tide primers were designed individually to amplify the pre-C
region of wild-type and the G1896A pre-C mutant HBV. Three
primers were used for this protocol, two allele-specific sense
primers, 1896WT_F (for wild-type) and 1896MT_F (for the
G1896A pre-C mutant), and one common antisense primer,
2037_R (Table S1). Quantification of wild-type and the G1896A
pre-C mutant was individually performed by real-time PCR using
a Light Cycler 480 and Fast Start Universal SYBR Master (Roche,
Mannheim, Germany) [27]. The relative proportion of the
G1896A pre-C mutant was determined to calculate the G1896A
pre-G mutant/total HBV ratios. Performance of this assay was
tested using mixtures of two previously described plasmids,
pcDNA3-HBV-wt#1 and pcDNA3-HBV-G1896A pre-C mutant
[28]. Semiquantitative PCR was performed using primers
described above, then agarose gel electrophoresis was performed.

Statistical analysis

Results are expressed as mean or median, and range.
Pretreatment values were compared using the Mann-Whitney
U-test or the Kruskal Wallis H-test. P values less than 0.05 were
considered statistically significant.

The viral quasispecies characteristics were evaluated by
analyzing the genetic complexity based on the number of different
sequences present in the population. Genetic complexity for each
site was determined by calculating the Shannon entropy using the
following formula:

Sn=_;?=1]vi(l@
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where 7 is the number of different species identified, fi is the
observed frequency of a particular variant in the quasispecies, and
N is the total number of clones analyzed [12,13]. The mean viral
complexity in each sample was determined by calculating the total
amounts of the Shannon entropy at each nucleotide position
divided by the total nucleotide number (e.g., 3215 bases) of each
HBV genome sequence.

Nucleotide sequence accession number

All sequence reads have been deposit in DNA Data Bank of
Japan Sequence Read Archive (http://www.ddbj.nig.ac,jp/index-
e.html) under accession number DRA0G00435.

Results

Validation of multiplex ultra-deep sequencing of the HBV
genome

To differentiate true mutations from sequencing errors in the
determined sequences, we first generated viral sequence data from
the expression plasmid, pcDNA3-HBV-wt#1, encoding wild-type
genotype G HBV genome sequences [28]. For this purpose, we
determined the PCR-amplified HBV sequences derived from the
expression plasmid using high-fidelity Taq polymerase to take the
PCR-induced errors as well as sequencing errors into consider-
ation. Viral sequences determined by the conventional Sanger
method were used as reference sequences for aligning the
amplicons obtained by ultra-deep sequencing. Three repeated
ultra-deep sequencing generated a mean of 77,663 filtered reads,
corresponding to a mean coverage of 38,234 fold at each
nucleotide site (Table S2). Errors comprised insertions
(0.00003%), deletions (0.00135%), and nucleotide mismatches
(0.037%). The mean overall error rate was 0.034% (distribution of
per-nucleotide error rate ranged from 0 to 0.13%) for the three
control experiments, reflecting the error introduced by high-
fidelity PCR amplification and by multiplex ultra-deep sequencing
that remained after filtering out problematic sequences. We also
confirmed that multiplex ultra-deep sequencing with and without
the high-fidelity PCR amplification with HBV-specific primer sets
showed no significant differences in the error rates on the viral
sequence data (mean error rate 0.034% vs 0.043%). Accordingly,
we defined the cut-off value in its current platform as 0.3%, a
value nearly 1 log above the mean overall error rate.

Next, we performed additional control experiments to verify the
detectability of the low abundant mutations that presented at a
frequency of less than 0.3%. For this purpose, we introduced
expression plasmids with a single-point mutation within that
encoding a wild-type viral sequence with a ratio of 1:1000 and
assessed the sensitivity and accuracy of quantification using high-
fidelity PCR amplification followed by multiplex ultra-deep
sequencing in association with the different coverage numbers
(Table S3). Repeated control experiments revealed that the
threshold for detecting low-abundant mutations at an input ratio
of 0.10% among the wild-type sequences ranged between 0.11%
and 0.24%, indicating that there was no significant difference in
the detection rate or error rates under the different coverage
conditions. Based on these results, the accuracy of ultra-deep
sequencing in its current platform for detecting low-level viral
mutations was considered to be greater than 0.30%.

Viral complexity of the HBV quasispecies in association

with clinical status

To clarify HBV quasispecies in association with clinical status,
we performed multiplex ultra-deep sequencing and determined
the HBV full-genome sequences in the liver and serum with
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chronic HBV infection. First, we compared the sequences of the
viral genome determined in the liver tissue with those in the serum
and found no significant differences in the viral population
between the liver and serum of the same individual. Indeed, the
pattern and distribution of genetic heterogeneity of the viral
nucleotide sequences in the liver tissue were similar to those
observed in the serum of the same patient (Figure S1), suggesting
that a similar pattern of viral heterogeneity was maintained in the
liver and serum of patients with chronic HBV infection.

Next, we compared the viral heterogeneity in the liver of
chronic-naive and chronic-NA cases. A mean of 5,962,996 bp
nucleotides in chronic-naive cases and 4,866,783 bp nucleotides in
chronic-NA cases were mapped onto the reference sequences, and
an overall average coverage depth of 1,855 and 1.514 was
achieved for each nucleotide site of the HBV sequences,
respectively (Table 2). The frequencies of mutated positions and
altered sequence variations detected in each viral genomic region
are summarized in Table 2. The overall mutation frequency of the
total viral genomic sequences was determined to be 0.87% in
chronic-naive cases and 0.69% in chronic-NA cases. Most
genomic changes observed in viral variants were single base
substitutions, and the genetic heterogeneity of the viral nucleotide
sequences was equally observed throughout the individual viral
genetic regions, including the pre-surface (preS), S, pre-core~core
(preCG-C), and X (Table 2). Consistent with the findings obtained
from the viral mutation analyses, the overall viral complexity
determined by the Shannon entropy value was 0.047 in chronic-
naive and 0.036 in chronic-NA cases, and the viral complexity was
equally observed throughout the individual viral genetic region
(Figure 1A). Among chronic-naive cases, we observed no
significant differences in the viral complexity in HBV DNA level,
age, or degree of fibrosis (Figure 1B).

High sensitivity of the G1896A pre-C mutant to
nucleos(t)ide analogues

Emergence of G1896A mutation in the pre-C region, and
A1762T and G1764A mutations in the core-promoter region is
well known to be associated with HBe-seroconversion [7-9]. We
then evaluated the prevalence of these three mutations in the
chronically HBV-infected liver, in association with HBe serologic
status and the NA treatment history. In chronic-naive cases, 6 and
8 patients showed the pre- and post- HBeAg seroconversion status,
respectively (Table 3). The mean prevalence of the G1896A pre-C
mutant in HBeAg-positive cases was lower than that in the
HBeAg-negative cases (27.4% and 46.5%, respectively). Impor-
tantly, however, 4 of 8 HBeAg-negative cases showed a relatively
low prevalence of the G1896A pre-C mutant (Liver #8, #12,
#13, #14), and all but one case (Liver #10) showed a high
prevalence of the A1762T and G1764A mutations, irrespective of
HBe serologic status and NA treatment history (Table 3). These
findings suggested that other mutations except G1896A, A1762T
and G1764A were also involved in the HBeAg seroconversion
status. Notably, liver tissues of all but one (Liver #17) chronic-NA
cases showed extremely low levels of the G1896A pre-C mutant
(0.0, 0.0, 0.1, and 1.1%), suggesting the high sensitivity of the
G1896A pre-C mutant to NA (Table 3).

To confirm the difference of the sensitivity to NA between the
wild-type and the GI1896A pre-C mutant, we examined the
dynamic changes of the relative proportion of the G1896A pre-C
mutant in the serum of 14 treatment-naive patients before and
after entecavir administration. Consistent with the findings
obtained by ultra-deep sequencing, quantitative real-time PCR
revealed that entecavir administration significantly reduced the
proportion of the G1896A pre-C mutant in 13 of 14 cases (92.9%)

April 2012 | Volume 7 | Issue 4 | 35052

— 251 —



Deep Sequencing on HBV Quasispecies

0.08 - tichronic-naive
- schronic-NA
2 006 A |
£ L
T
® 004 4 | %
£ i
o
£ i
&
B 0.62 -
7]
0.00 ; T 7 f v v
overall pre8 8 X preC-C
viral genomic region
HBV DNA age fibrosis
N.S. N.S. N.S.
2 0.087 ! } 2{0'08. ; % 0.08 ‘ !
1) 4 ) 4
£ 008 g o008 % £ 0.08
@ @ @
£ 0.04" @ £ 0.04 1;;1 & o004 E__i
£ £ £
8 0.027 8§ 0021 8 p.021
7] @ w
U"<50log ' 25.0 loy <55 years 255 years R F3-4

copiesim!l copies/im!

Figure 1. Viral complexity of the HBV quasispecies in  association with clinical status. (A) The Shannon entropy values for each viral
genomic region were determined in the liver of chronic-naive and chronic-NA cases. (B) Among the chronic-naive cases, the Shannon entropy values
are shown for patients with serum HBV DNA levels less than 5.0 log copies/ml (<5.0) and greater than 5.0 log copies/ml (=5.0) (left panel), patients
under the age of 55 years (<55) and over the age of 55 (=55) (middle panel), and patients with low (F1-2) and high (F3-4) liver fibrosis levels (right

panel). preS: pre-surface, preC-C: precore~core N.S.: not significant.
doi:10.1371/journal.pone.0035052.g001

Table 2. The frequency of mutation rate and the Shannon
entropy in each viral genome region.

Liver

Chronic-naive (N=14) Chrqhic—NA (N=5)

Average aligned reads 93,172

76,043

Average aligned nudleotides 5962996 4866783
Average cbvérage - 1;8\’55 o 1514
Mutation rate (%) o o
LR e S

pres o 081

s ' 096 071

e D e 072

X 063 061
Shannon entropy oo 0036

Mutation rate (%): the ratio of total different nucleotides from the reference
sequence to total aligned nucleotides.

preS: pre-surface, preC-C: pre-core~core.
doi:10.1371/journal.pone.0035052.t002
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irrespective of their HBeAg serostatus, while the G1896A pre-C
mutant were detectable in substantial proportion before treatment
in all cases (Figure 2A, 2B and 2C; p = 0.001). These results further
support the findings that HBV clones comprising the G1896A
mutation were more sensitive to NA than those with wild-type
sequences.

Prevalence of drug-resistant HBV clones in the liver of

treatment-naive patients

Increasing evidence suggests that drug-resistant viral mutants
can be detected in the serum of treatment-naive patients with
chronic HBV infection [20,21]. Thus, we next determined the
actual prevalence of spontaneously-developed drug-resistant
mutants in chronically-infected liver of treatment-naive patients
to evaluate whether NA treatment potentiates the expansion of
drug-resistant clones. The drug-resistant mutations examined
included two mutations resistant to lamivudine and entecavir,
four mutations resistant to entecavir, and three mutations resistant
to adefovir [16,17]. Based on the detection rate of the low-level
viral clones determined by the control experiments, we identified
the drug-resistant mutants present in each specimen at a frequency
of more than 0.3% among the total viral clones. Based on these
criteria, at least one resistant mutation was detected in the liver of
all of the chronic-naive cases with chronic HBV infection (Table 4).
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Table 3. The prevalence of G1896A mutation in the pre-C region, and A1762T and G1764A mutations in the core-promoter region

Mutation Frequency
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727/729
o oosneis (o9
2321/2325 (99.8)

2335/2339

1201912032 (999) 1216312170 (999) |
‘ 1/5191 o (0) ’ 4/5188 o
2341236 (998) 122671228
1234/1234 0 ' \1228/142'29 »
| Mesis2 (sE) M4ssise)
N 10%8/1410 N 1089/1’414
o s (974)  435/448
©  1esne2 (995 16251630
(423) 988/991 (997) 994/994 ‘
(1) 10151188 (854  1190/119%4
(1.1) ’ 34’13"8/3456 ‘ (99.5) 3446/346’2

The prevalence of the 9 drug-resistant mutations detected by ultra-
deep sequencing in 14 chronic-naive cases ranged from 0.3% to
30.0%, indicating that the proportion of resistant mutations
substantially differed in each case. The most commonly detected
mutation was M204VI (9 cases) and M250VI (11 cases), which
were resistant to lamivudine and entecavir, and entecavir,
respectively. Other mutations resistant to adefovir were detected
in 7 (50.0%) and 3 (21.4%) cases at Al81TV and N236T,
respectively (Table 4).

Nine (64.2%) chronic-naive cases possessed the M204VI
mutants in their liver tissues and the proportion of mutant clones
among the totally infected viruses ranged from 0.3% to 1.1%
among the M204VI mutant-positive patients. In chronic-NA
cases, 4 of 5 (80.0%) liver tissues harbored the M204VI mutants
with the proportion among the totally infected viruses ranging
from 0.4% to 18.7% (Table 4), while the mean serum HBV DNA
was suppressed below 2.6 log copies/ml (Table 1). These results
suggest that the mutant HBV clones comprising various drug-
resistant mutations could latently exist even in the liver of NA
treatment-naive cases.

Expansion of drug-resistant HBV clones harboring
M240VI mutations in response to NA administration

To clarify the risk of latent expansion of drug-resistant
mutations due to NA treatment, we next examined the early
dynamic changes of the prevalence of M204VI mutants in the

‘). PLOS ONE | www.plosone.org

in the liver of patients chronically infected with HBV.
. NA(duratxonof -
_ HBeAgiHBeAb | weatmeny | GI896A(PreC)
Chronic-naive
: Lrver #1 .
Liver #2 -
lvergs
Liver #4 '
hergs
'Li\'lér #6 o 228/621
Clver®r - 0/1193
‘ Liver #8 - 111/1892
lver#o -
\Liver'#m ‘ 4554/4593
bver 11
' Li\}er #12
Li&er #14 o
ChronicNA -
Liver #15 LAM ({56W) ' 0/390
f_i\}er,#16f i ETV aw . 0”399 /
Liver #17 LAM (144w)k 345}816 - B
Clver#is . LamM@Bw) /33
Liver #'1‘9 LAM (ﬁw) o ;18/4214 -
Values in parenthesis show mutation frequency (%): the ratio of total mutant clones to total aligned coverage at each nucleotide sites.
NA: nucleotide analogue, pre C: precore, CP: core promoter, LAM: lamivudine, ETV: entecavir.
doi:10.1371/journal.pone.0035052.t003

serum of treatment-naive patients in response to entecavir
treatment. Ultra-deep sequencing provided a mean 40,791- and
38,823-fold coverage of readings, which were mapped to the
M204VI nucleotide position at the YMDD sites of each reference
sequence in patients before and after entecavir treatment.

Five of 14 (35.7%) patients harbored the M204VI mutations
prior to entecavir treatment. Although the serum HBV DNA
levels were significantly reduced in response to entecavir in all
cases, the M204VI mutant clones were detected in 9 cases
(64.3%) after entecavir administration (Table 3). Notably, one
patient (Serum #3) who harbored the M240VI mutant clones at
baseline had a relatively large expansion of drug-resistant clones
among the total viral population in a time-dependent manner in
response to entecavir treatment (Table 5). Similarly, M240VI
mutant clones became detectable after entecavir administration
in four patients (Serum #I1, #7, #12, #13) that harbored no
resistant mutants at baseline (Table 5). We found no correlation
between the degree of the increase in the relative prevalence of
M204VI mutant clones and that of the reduction in serum HBV
DNA levels. Although only a limited number of patients exhibited
a substantial increase in M204VI mutant clones after adminis-
tration of anti-viral therapy, our findings might suggest that
entecavir treatment latently causes selective survival of drug-
resistant mutants in treatment naive patients with chronic HBV
infection.
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Figure 2. The reduction in the relative proportion of the G1896A pre-C mutant clones after entecavir administration. (A) The relative
proportion of the G1896A pre-C mutant was determined in the serum of treatment-naive patients pre- and post-entecavir administration using
quantitative real-time PCR. Serum #1~6 were HBeAg-negative and HBeAb-positive, and Serum #7~14 were HBeAg-positive and HBeAb-negative
before treatment. *: p<<0.05 (B) Semiquantitative PCR analysis was performed using primers specific to the wild-type (upper panel) or G1896A pre-C
mutant (lower panel) pre- and post-entecavir administration. A representative result from 5 cases is shown. (C) The relative proportion of the G1896A
pre-C mutant was compared in 14 treatment-naive patients between pre- and post-entecavir administration.

doi:10.1371/journal.pone.0035052.g002

Discussion

Direct population sequencing is the most common method for
detecting viral mutations [29]. Conventional sequencing tech-
niques, however, are not efficient for evaluating large amounts of
genetic information of the viruses. Newly developed ultra-deep
sequencing technology have revolutionized genomic analyses,
allowing for studies of the dynamics of viral quasispecies as well as
rare genetic variants of the viruses that cannot be detected using
standard direct population sequencing techniques [30,31]. The
sensitivity of ultra-deep sequencing analysis is primarily limited by
errors introduced during PCR amplification and the sequencing
reaction, thus it is a challenge to distinguish rare variants from
sequencing artifacts. In the present study, we optimized the ultra-
deep sequencing with a multiplex-tagging method and reproduc-
ibly detected variants within HBV quasispecies that were as rare as
0.3%. Based on this ultra-deep sequencing platform, we
determined the abundant genetic heterogeneity of HBV at the
intra- and inter-individual levels.

@ PLoS ONE | www.plosone.org

Because of its ability to handle abundant viral genome
information, ultra-deep sequencing allowed us to evaluate low-
abundant virus variants of patients with chronic HBV infection in
detail. It is widely accepted that HBe seroconversion is highly
associated with the emergence of G1896A pre-C and/or A1762T
and G1764A core promoter mutant clones [7-9]. Unexpectedly,
however, our results showed a diverse range of G1896A frequency
(0-99.9%) in HBeAg-negative subjects and a high prevalence of
core promoter mutations, irrespective of HBe serostatus. Consis-
tent with our observation, previous studies utilizing conventional
sequencing methods reported that the frequency of the G1896A
pre-C mutant ranged from 12% to 85% [32]. All but one patient
(Liver #10) showing a predominance of A1762T and G1764A
were infected with genotype C, while patient#10 was infected
with genotype B. Because A1762T and G1764A are reported to be
significantly more frequent in genotype C [33], the difference in
the prevalence of A1762T and G1764A in our study might be a
reflection of the viral HBV genotype rather than HBe serostatus.
Further investigation of the actual prevalence of these mutations
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Table 4. The prevalence of the 9 drug-resistant mutations detected by ultra-deep sequencing derived from liver tissue.
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(-): mutant clones less than 0.3% among total clones at each nucleotide sites.
LAM: lamivudine, ADV: adefovir, ETV: entecavir.
doi:10.1371/journal.pone.0035052.t004
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Table 5. The prevalence of M204VI mutation at YMDD site in patients before and after entecavir administration.

Entecavir treatment

Before

— Aﬁer

Prevalence of the mutated clones

Prevalence of the mutated clones

Period of NA treatment

. 222/32238
401/34,041

(1.2%)

Serum #8 748/65,573

336/28,702
169/14172

(1.1%

Serum #1

Serum #4

ru 6

2,839/34,162

258/27,958
e
wessrs

66,458

Serum #10

Serum #14 42/42,784

8/21,053

5/16,52
40/36,668

(-): mutant clones less than 0.3% among total clones at each nucleotide sites.
doi:10.1371/journal.pone.0035052.t005

and the elucidation of other unknown mutations involved in HBe
seroconversion are necessary for a better understanding of the
underlying mechanisms of HBe seroconversion.

One thing to be noted is that the majority of the chronic-NA
cases had extremely low levels of the G1896A pre-C mutant in
their liver tissues, even though those cases were serologically
positive for anti-HBe and negative for HBeAg. Moreover,
entecavir administration significantly reduced the proportion of
the G1896A pre-C mutant in the serum of the majority of patients
irrespective of their HBeAg serostatus, while the G1896A pre-C
mutant clones were detectable in a substantial proportion before
treatment in all cases. These findings suggest that the G1896A pre-
C mutant have higher sensitivity to NA than the wild-type viruses.
Consistent with this hypothesis, several previous studies reported
that NA is effective against acute or fulminant hepatitis caused by
possible infection with the G1896A pre-C mutant [34,35]. Based
on these findings, early administration of NA might be an effective
strategy for treating patients with active hepatitis infected
predominantly with the G1896A pre-C mutant.

Ultra-deep sequencing has a relatively higher sensitivity than
conventional direct population sequencing and is thus useful for
detecting drug-resistant mutations not detected by standard
sequencing [20,21]. Recently, we revealed that drug-resistant
mutants were widely present in treatment-naive HCV-infected
patients, suggesting a putative risk for the expansion of resistant
clones to anti-viral therapy [19]. Here, we demonstrated that
various drug-resistant HHBV variants are present in a proportion of
chronically HBV-infected, NA-naive patients. Several studies
using ultra-deep sequencing provided evidence that naturally-
occurring drug-resistant mutations are detectable in treatment-
naive individuals with human immunodeficiency virus-1 infection
[30,36,37]. Consistent with the cases of human immunodeficiency
virus-1 infection, a few studies detected minor variants resistant to
NA in the plasma of treatment-naive patients with chronic HBV
infection [20,21]. It remains unclear, however, whether these
minor drug-resistant mutations have clinical significance. Our

PLoS ONE | www.plosone.org

Mutation frequency (%): the ratio of total mutant clones to total aligned coverage at each nucleotide sites.

observation of the relative expansion of viral clones with the
M204VI mutation during entecavir therapy in some cases
indicates the possibility that preexisting minor mutants might
provide resistance against NA through the selection of dominant
mutant clones. Future studies with a larger cohort size are required
to clarify the clinical implications of the latently existing low-
abundant drug-resistant mutations.

The current ultra-deep parallel sequencing technology has
limitations in the analyses of viral quasispecies. First, because the
massively-parallel ultra-deep sequencing platform is based on a
multitude of short reads, it is difficult to evaluate the association
between nucleotide sites mapped to different genome regions in a
single viral clone. Indeed, potential mutational linkages between
the pre-G and reverse transcriptase regions were difficult to
elucidate due to the short read length of the shotgun sequencing
approach. Second, accurate analysis of highly polymorphic viral
clones by ultra-deep sequencing is also difficult because the
identification of mutations depends strongly on the mapping to the
reference genome sequences.

In conclusion, we demonstrated that the majority of patients
positive for anti-HBe and negative for HBeAg lacked the
predominant infection of the G1896A pre-C mutant in the
presence of NA treatment, suggesting that the G1896A pre-C
mutant have increased sensitivity to NA therapy compared with
wild-type HBV. We also revealed that drug-resistant mutants
are widely present, even in the liver of treatment-naive HBV-
infected patients, suggesting that the preexisting low-abundant
mutant clones might provide the opportunity to develop drug
resistance against NA through the selection of dominant
mutations. Further analyses utilizing both novel and conven-
tional sequencing technologies are necessary to understand the
significance and clinical relevance of the viral mutations in the
pathophysiology of various clinical settings in association with

HBYV infection.
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Figure S1 Comparison of the viral complexity between
the liver and serum of the same individual. Shannon
entropy values throughout the whole viral genome of the liver and
serum of the representative two cases are shown. (upper two
panels, case #11; lower two panels, case #14). preC-C: pre-
core~core, preS: pre-surface, P: polymerase.

(TIF)
Table S1 The oligonucleotide primers for amplifying
HBYV sequences in each clinical specimen.
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Table §2 Error frequency of Ultra-deep sequencing for
the expression plasmid encoding wild-type genotype C
HBV genome sequences by the three control experi-
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Reactivation of hepatitis B virus by immunosuppressant or chemotherapy
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