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firmed. Moreover, the resistance rate becomes higher for pa-
tients with a lamivudine-resistant mutant, as high as 20%
within 1 year for adefovir and 51% after 5 years for entecavir.

It is important to detect and quantify these mutant strains,
and various methods have been developed for such measure-
ments. The most common method for the detection of mutant
viruses is direct sequencing after PCR amplification. However,
the detection limit of a minor strain in the heterogeneous virus
population is about 20%. Recently, a new method called ul-
tradeep pyrosequencing has been developed (26, 36). This
sequencing relies on the detection of DNA polymerase activity
by measuring the pyrophosphate (PP;) released by the addition
of a deoxyribonucleoside monophosphate (INMP) to the 3'
end of a primer. The detection limit decreased to 1% by this
technique.

There are several methods for hybridization-based genotyp-
ing: the line probe assay (LiPA) (12, 22, 37), mixed hybridiza-
tion-sequencing-PCR (minisequencing) (15), and the oligonu-
cleotide tip assay (13). The sensitivity of the LiPA is 5 to 10%,
and that of the minisequencing assay is 2 to 10%. The sensi-
tivity of the high-density DNA chip reported by Tran et al. was
30 to 50%, but it was able to detect 245 mutations, 20
deletions, and 2 insertions at 151 positions (39). Hong et al.
reported that mass spectrometry is another method for the
detection of mutants. Matrix-assisted laser desorption ion-
ization-time of flight mass spectrometry (MALDI-TOF MS)
had a detection limit of 100 copies/ml and a sensitivity of 1%
(10).

Some modified real-time PCR methods have been devel-
oped for the quantification of mutant viruses: PCR with
molecular beacons (32), PCR with a minor groove binder
(MGB), PCR with a locked nucleic acid (LNA)-mediated
probe (3, 19, 38), and amplification refractory mutation
system PCR (ARMS-PCR) (33).

An MGB can fit snugly into the minor groove, which is the
deep narrow space between the two phosphate-sugar back-
bones of a double-stranded DNA helix.

Afonina et al. reported that a DNA probe with a tripeptide
{1,2-dihydro-(3H)-pyrrolo[3,2-e]indole-7-carboxylate} (GDPL,),
which is conjugated to the 5’ ends of short oligodeoxynucle-
otides (ODNs), formed unusually stable hybrids with cDNA
and can be used as a PCR primer (1). This MGB probe has a
higher melting temperature (7,,,) and greater specificity than
ordinary DNA probes, especially when a mismatch is in the
MGB region of the duplex (7, 16). Zhao et al. reported a
real-time PCR method using a TagMan-MGB probe for the
measurement of total amounts of HBV DNA (41), and we
have reported the quantification of lamivudine-resistant mu-
tants by the type-specific TagMan MGB probe assay (40).

Several authors have reported a similar sensitivity of 10%
for the detection of minor variants (9, 11, 25). Intraexperimen-
tal variability was reported to be 4.9% by Lole and Arankalle
(24) and 1.0 to 2.2%, depending on the type of mutant, by our
own evaluation (40).

However, our study revealed that the accuracy of quantifi-
cation was reduced in the case of measurements of minor
strains in a mixed population. Therefore, we introduced PNAs
to be used in combination with the MGB probes.

PNAs are DNA mimics in which the deoxyribose phosphate
backbone of DNA has been replaced by N-(2-aminoethyl)gly-
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cine linkages (30). They recognize and bind to their comple-
mentary nucleic acid sequences with high thermal stability and
specificity (31). PNAs cannot function as primers for DNA
polymerase and can be used to block a PCR amplification
process in a sequence-specific manner. This PCR clamping
allows for direct analysis of single-base mutations by PCR.

Kirishima et al. (14) reported a sensitive method for the
detection of a lamivudine-resistant mutant by PNA-mediated
PCR clamping with restriction fragment length polymorphism
(RFLP) analysis, and Mori et al. performed semiquantitative
measurements of mutants using PNA (28).

Under the real-time PCR conditions used in our assay, one
reaction cycle started at 95°C for denaturation and finished at
60°C for extension. The T,, of PNA was designed to be 3°C
higher than that of an MGB probe. Because of this difference
in temperature, PNA is expected to clamp a noncomplemen- -
tary strain first, and then an MGB probe will hybridize to the
target strand. As a result, the assay was able to achieve a
significant reduction in mismatches. However, an amplification
delay was observed with an excessive amount of noncomple-
mentary PNA. No matter how well an assay is constructed,
mismatches cannot be completely avoided as long as the reac-
tion includes a matching process. However, it is thought that
the actual measurement can be performed correctly by setting
the appropriate concentration of the reaction mixture. As
for the limit of detection, we showed that a level of the minor-
ity strain equivalent to 0.01% of the predominant strain could
be measured by our assay. However, more-robust analysis is
required to determine the true analytical sensitivity of the
assay by measuring a number of clinical samples.

This requires a precise knowledge of the sequence of the
mutants prior to determination by this assay; as such, this assay
cannot be construed as a general method for the study of viral
quasispecies where mutants and emerging mutants will have an
unknown sequence. However, it seems ideally suited for the
approach of measuring a known mutant virus, such as HBV
mutants resistant to nucleoside/nucleotide analogues.

Although the risk of breakthrough hepatitis is thought to
correlate with the duration of infection with mutant viruses
(23), not only the duration but also the change in the mutant
strains is important for the occurrence of hepatitis. We re-
ported that the patterns of the YMDD and LLAQ motifs often
changed from YMDD and LLAQ to YIDD and LLAQ, YIDD
and LMAQ, and YVDD and LMAAQ, in that order, and that
the degree of liver damage increased as the mutations accu-
mulated (29). As demonstrated by the case presented in this
report, breakthrough hepatitis seems to have a relationship
with the specific types of mutants and the length of time from
the emergence of a new mutant. The degree of increase in the
viral load after the emergence of dual mutations was smaller
than that after the emergence of the first mutation, despite the
fact that the level of liver dysfunction was higher with the dual
mutations. This result suggested that breakthrough hepatitis
correlated closely with changes in viral characteristics. Das et
al. (5) reported differences in inhibitory effects on HBV DNA
polymerase between different lamivudine-resistant mutants.
The inhibitory effects were measured by recombinant HBV
DNA polymerase expressed in a baculovirus transfer vector.
The fold changes in inhibition of the DNA polymerase were
8.0 for the M204I mutation, 15.2 for the L180M and M2041
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mutations, and 25.2 for the L180M and M204V mutations,
compared to the wild type. The results for our clinical case
showed a tendency similar to that reported in the evaluations
of Das et al. and similar to the results of a recent molecular
modeling study. Sharon and Chu demonstrated that binding
energy for mutant HBV polymerases was significantly different
between dCTP and 3TC and that 3TC lost binding affinity with
the mutants in comparison to the natural substrate dCTP (34).
L.180 residues did not interact directly with 3TC, but the M180
mutant caused loosening of the hydrophobic pocket formed by
the residues A87, F88, P177, L180, and M204. Consequently,
dual mutations (L180M plus M204I or L180M plus M204V)
were more likely to show a steric clash between 1204 or V204
and 3TC.

Despite the high risk of multidrug resistance evoked by
lamivudine, it has been widely used, mainly due to its low cost.
Substitution of any of the residues T184, S202, and M250, in
addition to the M204V and L180M mutations, is necessary for
the emergence of an entecavir-resistant mutant. Therefore, it
is important to observe the change in the L180 substitution
prior to M204V emergence, even for cases where a drug other
than lamivudine has been administered.

In conclusion, we have developed a new method for the
accurate quantification of lamivudine-resistant strains in a
mixed virus population. This is the first report of the combined
use of an MGB probe and PNAs for the quantification of
viruses using real-time PCR. This methodology should prove
immensely useful for better understanding of the dynamics of
the emergence of HBV-resistant mutants. Moreover, this assay
has the versatility to be applied as a sensitive method for the
quantification of a single-nucleotide mutation in a heteroge-
neous population not only of viruses but also of other nucleic
acids.
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\Z, TEREIDIFN 1 B 1 [\ 4 8 B #%5418561 %
IFNGEREEE L CHEL 22 (%R 1).

IGHRBALE 4 AR TOHBV-DNAK T &IZ, IFN
2 DR L LAMAESEETRE o7, $72, HBV-
DNAD#EA S, sk H MO B S 2 &
T&, FNLUBEORERETICHT SN B4
£, Ihk, E1M, E28EELT, BY

=539~
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WAL 3R B52% E15

&1 HBeHURFESI O EHAAR (4 3B IRFTDER

IFN24-&I 8 LAMEE BEREE IFNTEREE
REBIEKL 18 12 6 85
Biclk 12/6 10/2 3/3 56/29
) (%) 32.6+2.3 37.5+11.1 25.0+3.7 32.5+7.5
IBE ARG R P<0.05
ALTYE (Iu/n) 176.7£157.1 465.9+491.0 263.5+290.4 205+188.3
HBe#flR (cn 136.1+94.9  121.8+64.4  99.0-66.4  124.9+784
HBV-DNAE (LGE/mi) 8.0+0.7 7.840.8 7.540.8 7.840.8
BtATR 4 AR
HBV-DNAKTE (LGE/mi) 24+1.3 3.2+14 3.3+1.2 1.4+1.0
HBefEETE (%) 50.7+62.7 60.3£46.0  57.9%+41.1  20.9+34.0
(P LB R )

F2 FEHREMICH 2 AEEEOHBY-DNA

ﬁ&ﬁﬁ
% 148 %24
(LGE/mi/B) (LGE/mi/H)
IFN243-&) % 0.23+0.12 0.08=+0.05
LAM# 0.3440.22 0.0940.08
BB 0.44+0.15 0.07+0.03

BEXBHLL. GFRAET, ELHETORSE
EAREWERZRD: (£ 2).
INLORERIL, TFNEHBRT o 7 BE Ot
RIZEY, oy A VAR E RS 5 HeE
ZARLTWVS.

HEHC BT 5 BRFRICH T 2 AEE
LT3, HBeHIRBHBERFKEE 2 IR
& LT, IFNBD24:EM G L BT F- 1 7 5%
16BBDFEEHERS 217> T& 72 ik, B,
RBRIEEDS TR RIFNO AERE IR 7 a5
BHAHHL, BREMOICEEZRTTLARTS
O ra—=VEERLTYS(F2).

LR} o> [F R FE VA TR D HEEUIE,

@2 HIFREFERIC L D, Hiy A VAREB L
RIEBRIERN R & R S 7.

@7 A IV RZRLI-LET, AHICHEN L
IR % BT 5.
OEBETILBORA Y Ny v FIC X 5 FFRE
DHIFE % EET 5.

OEBT o 750G bIc X 2R
EHIHIT 5. .
RET, BRI, FERB~LHBEEEH
BR7 T 072 AV HHBVIAEX L& s ¢
TWwh,

IFN (2438) 1B 77 0O 7 8%
RIBFFAEEDRE

LR BIT 5, HBeHUEHIEEBHTFAEEIC
LT, ®1TRLZTE P 3= VT, IFNB24
HEE & RERT 1 7 HE 1638 [ o [ EEGE F 1A &
T o TR RT. MRIZ49FIT, IFNB1 H
3007 BAL %, #HA 4 AMIEEIC 5~6[E, Ll
20BR %8 3 k5 & L, BERT - 7 8ANL,
16:8M, EHARLTHT L L. BE L

16 24 (8)
1 J

0 4
| |
%
(3mU)
LAM or ETV [
(100mg)  (0.5mg) (AN

2 HROIFN+ERT F 0 J AR ®
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R3 BT F 07 8ES & OIFN (24:8R) 6 O HBe L E B 5

NAE i BB
(Lam or ETV)  (IFNB+Lam or ETV)

TEBI L 75 49

B/% 54/21 25/24

i (%) 40.9+13.4 38.7+12.8

FZARFALTIE  (IU/)) 277.7+319.1 182.7+168.1

HBV-DNAE (LC/mi) 74412 74410

PrecoreZE & : wildfBAL/ # DAt 34/12 32/13

CPLEE » wildfBAL/ # DA 4/42 8/37

genotype :B/C 1/33 1/35

F score 1 0/1/2/3/4 5/10/11/10/7 2/10/18/9/3

A score 10/1/2/3 0/16/20/1 1/11/15/4

BZEmE (A) 17.2410.2 19.94+17.2

R4 ABEMARBEOHBHE/MAEOT(L (KL 3 &
(%) LIA)
801
SCERH HBe reversion
;%é 601 DR 1~3 5% (34£HUM)
S A BE (n=175)
C a0 [LAM37} 19 2 1
= ROy ETV38)  (253%) (23%)  (1.3%)
& 20 "27.3% TS - PFF% (n=49)
LAM23) 19 3 5
o IFNB+[ETV26J (38.8%) (61%)  (10.2%)
0 6 12 18 24 30 (A)

EEEA RN

x5 BRMEARORE BIAK 3 £LK)

3 AEERDORESCEME

Ee7 o 7iE, LAMAS23%l, ETVASR66IT3H -
72, WRELT, FEHICHEEET Fosag s
B S L 7-HBeHi R By 417551 (LAM 3741,
ETV386l) DFhFR & Bk L 72 (R 3). MBEOEE
T, BEMBEOBEEIARALTEN SIS, fHHE
DEERRPEROBERN D o 7. Bk 58
T, W5HMEICHIBRIZERITT, SCiERR, 4
2 &S 1D Lok S S IckEHIEE L,
FNDA T TH B,

Kaplan-Meieri# 12 & 2 BESCEBHZE L LT 2
HEBLIZGE, 12087, 240 B 0SCiE
BER, MERT U S HEAIBED27.3%, 294%I2
LT, BRRABETIE, 36.3%, 40.3% & E=EDE
%R LA, SRR EEICIES
2 Ho 72 (P=0.15) (& 3).

IGHRBAMG L ELLAOSCERFINE 41, Bk
5 D19%1(25.3%) L B LT, BEABETIZ196)
(388%) L BERTHo7-. EBEIBRIELANT

HibE it PR R
(B€LA) sc 1AM EIV

H B (n=75) .
[LAM37] 2 0 16/37 0/38
ETV38 (23%) (0%) (43.2%) (0 %)

PEF B (n=49)

LAM23 14 4 1%/23 0/26
IFNBJF[ETV%} (28.6%) (8.2%) (4.3%) (0 %)

* BRI CLAM B 5.

TOSCHIE, BFhEZ2160(27.6%), BEEET
($2261(44.9%) L2 ), AR TEENVER T
072 (P=0.06). —7, SC# 3 LA IZHBeHE
VERET HEFIE, EEETR 1604 TH
5%, BERABETIESFICRDE. LiL, 2o
FERIT, HMBELGERBE L T, MY 2 AES
MA@ELZLILICBRTALELLNS (FR4).
BERETIZ, MENAEBMGE 3 € UM ICHEEE
247 BIHT1451(28.6%) TH h, #DHH5SC
TERTHEFD DY, #HRMICIE, 3EFORK
BOHFTIE, —EDSCEREHEREL TV 7-(5).
—7, BEET o s BENC T A SRk
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DHBICOVTIE, LAMOEMESETIIEER
(ZE8%, 3761641 (43.2%) I TRk % 360 72,
ETVICE L Cid, BRECTIREERDHEAH
TR Tz,

REIROEREZBEL T, WSEHDER
M % Kaplan-Meieri% 2 & 5 BAESCHE R T2
TARE, HHITIIEMY, FETIE30mE Eost
RETAERMED LT A1Em 2RO /2 (H 4,5).

WAL B R B52% B1F

B Bl X147 CHBeE O BMAL /B o T
WEREE LT, JRERIALTE, F#h, M5k &
HITLNEY, AEOHHEET, #EFTFHE
ENBEEHIIBNTENERLM LIS TREN
ERLTWA,

(%)
s | B [t
g O - fit AR SI6%
E (
o 39.5% 450%  GEEE
\ 40 4 0, 0 . "
% , 3{1.3& 34.2% 0%
=
20 | R
21.2% 21.2%
0 - R
| ] | | | | | [ ] | | [
0 12 24 (B o 12 24 (B)
AR EARE BERIAE AR
4 MRIB L REERNORESCERR
(%)
a0 | S0MEHE | 30RLLE
60 -
. --ﬁﬁuﬁ %
i HBE  454%  484%
2 40 . 435%
i% ' 0
% 35.4%
= ;
20 24.1% 24.1%
O - |
[ | [ I I [ I T [ | | I
0 12 24 (B) 0 12 o4 (B)
BEBIATAHARS AERRR IR

5 Fed L UAREIEGORESCERM XK
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BINC B U B IFNSEI-
BT 70 7 SEIGHE DR R AE

TEREIDIFNSA) & ER 7 F 1 7 5| 0 Bk -
PR 5B LT, Schalm 5 2¥E(EZ B ER
(RCT) DEE R & LT\ 5. 2306l DHBeHE
Pt %, IFNo-2b(1,0005 847, B3 @, 168
), LAM(100mg,#H, 52:8R), WEHEH (8
ABOLAM%E TR 5%, 16BEOGH), » 3
TIHE L, 52BHEDSCEIE, #hFh, 19%,
18%, 29% T, HriZ, IBEFIARFALTEDIE S £
- R 2L EOBEREETH40% & FBEDSCE ER
LTwW53,

20004EX AT DHKERTIE, HBV genotypedl®
BREIfTONTEST, F72, SFHIGELLAM
B 5 T OEITHL 2o 72099, g Ti,
PEG-IFN&HK| DE A%, B EFRIBETA FT
A%, IFNEHIZPEGIFNa .l & 2o TX
Tw5 6)~8) i

T4, PEG-IFNo##| & R 7 F 1 &7 84| o ff
FICET 5 KB ABE 2RCTO R RAHRE &
NTETW5. HBeHUREREMEGNIIxT LT, Laub®
1%, LAMEY, PEG-IFNo-2a¥H, W#EIGEE O
3 BE814611C & 48 BANDRCT%R 4T o 7=, ¥ 72,
Janssen 519%, PEG-IFNo-2bHEJHEE & LAM +
PEG-IFNo-2bf B D 2 BE3074] T1T - 725238
DRCTZATo T\ 5. BHEORKERIL, 7T0% L
AHEA, genotypelt A $7-13 D OFEBETH -
7o, BUEL, S5UMBAT VT AR L LTW
573, genotypedliZid, B EIATH30%, C Elps
#60% L, BAENTOSHERRELR D, »
THhORERICB VT, PEGIFNoEF & 87
F 8 7EE x REGER L1256 ORI eI R
DHBefUREEM bIZ, PEGIFNo AR & 13
ZFEETH Y, BEHABED LFREZHRIIFD L
ol INLIEBEHEFIORCTIC X AEEMED
BWERTHAHY, DHPETORENZERR
HPERLHY, 41, PEGIFNEAZICEAT
DFHEPLETH 5.

2 OORCTIZERL TV A DML, BEHESED
HBV-DNAE (¥, PEG-IFNHH# 582 6t
HTHERICBLTAbOD, BRTHICIIGHARE
DELAEIKE , HROICHEDOHBV-DNA

—-543-
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VRVPRIETHLETHA. T, HBeli
FEREMES %35 & L7zRCTT b [ DE %
RLTWwAW),

Woo 5313, B BIFFRIGEEROBEE, <
A ZFEZT X 5 @ %47V, PEG-IFN+LAMBE
B OPEG-IFN B 58 1203 2 AR 1L,
4 v Xtbe LT, HBV-DNAR#AKIZ5.75, ALT
E#4k131.83, HBefitE 2> 5 M SCi0.99, HBe#t
REetE{r131.26, HBsHLUE &AL 131,40, H i 3
BEEIZ0.82 L FE L T A, &6, HEx DiE
BRI OBP THEIYMEI TV & 55 S L5 BT
T%, PEGIFN+ LAMfBtF#&#EE1Z, HBV-DNA
atk{t, HBefURFEMAY, HBsHUEEEALIZBW
T, PEGIFNEM L ) b EMICAEDIT SN T
w3,

13 FR%E A OO R

AIRRDORCTIZ BT HIGHEE THEOHTHB VAR,
PEGIFN#ZSDFEN R OKELREER L 2o
TBH, REIIRICETAIFNOERITRENT
Wa, bbb, KETFuSEEOEER TS
HHBVISTEHIGIZIR & 0 b, IENOTERIEIC &
b RGATHARREEE DA, BB ARIMEIC 1358
CHERL, #/MDRCTTIZ, PEGIFNEHICx§
AEFRBREDEMNMIIR SN WERE 2 a7,

—H T, BEFOHBV-DNAKA AR 1L, IFN
EAGERT 0 7 OB RS EAR S E LTS
PUITERNZ EATREN, bNONWDORS T b [
DFERITRENT VA, /2, B TORCTHES
SHRITTXTPEGIFNIGESI TH 575, bivbh
BT o TV ARERBIFNZRS i1, W7 4 AR
DA S GA5~6 H) TH H, PEGIFN 118
) EHMEASLE L Bbb,

B BIFFJIEEROFHEIL, EFICL ) K& (ER
BR% D, FIC, HBeHUREBSE TIiLIAmEEEE
DERRERNOEE©ZT, ALTEOEE % sk L
12843V 7 DHIHBRARERICOHET S, 4
&I, 0L RHRROEEI RIS TRIES
HICHFGTLHERZHTL, EFAOBRREIT-T
WS LERHALEBDNS,

SN .
IFNBAI L ZBRT 70 V7 RAIOGERIC LY, 1
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AR R OHBV-DNAE TR (208 & 2 HEed &
505, HBeHUEREBIDOSCERZRICE LTI,
PEGIFNEMER 5203 2 BBR 7 - 1 & Sk
DTSRRI 2o T\, 418, b
DE &N DREFI O, IFNEE| - H5EO,
B, AREICBRET 5 R % ORI L D B
E)HHEBEbND,
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