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Fig. 3. (A) Resistance to CsA of T1280V and D2292E mutants. While under G418
selection, established replicon cells were treated with CsA at the indicated doses.
(B) Standard methods described in Section 2 were used to determine the colony-
forming abilities of T1280V and D2292E mutants.

known to confer CsA resistance to some HCV genotypes [25-28],
and as a single mutation, it conferred CsA resistance to three sep-
arate HCV strains in our hands. In contrast, T1280V in NS3 was not
previously identified as a CsA-resistance mutant, and in our hands,
it had no impact on CsA resistance as a single mutation (Figs. 2E
and 3A).
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D2292E was the most significant resistance mutation in this
study (Fig. 4C). This mutation is also significant in the regulation
of HCV genome replication [29], and close to the CypA binding
region [30] (Supplementary Fig. 1). With several genotypes (1a,
1b, 2a, 3, 4, and 6), D2292E is frequently observed after Debio-
025 selection [28,31]. Other different mutations in NS5A and
NS5B were identified in other studies of CsA resistance [7]; there-
fore, various mutations could influence HCV resistance to CsA.

In addition to the D2292E mutation, the T1280V mutation in
NS3 was present in both clones #6 and #7. Despite its presence
in both clones, it did not confer CsA resistance as a single mutant,
nor did it enhance the effects of the NS5A CsA-resistant mutants
(Fig. 2E). Instead, it partially rescued the colony-forming defect
caused by D2292E (Fig. 3B). We used three assays—colony forma-
tion assay without CsA treatment (Fig. 3B), cell survival assay of
established replicon cells with CsA and G418 dual-treatment
(Fig. 3A), and HCV replication inhibition assay without G418 treat-
ment (Fig. 2E and Table 2)—to evaluate the HCV replication compe-
tence of each of these two mutations (D2292E, T1280V). It is
difficult to fully explain all of the results, and comparison of the
two CsA-resistant clones (clone #6 and #7) leaves some questions
unanswered. These clones were similar to each other when consid-
ering survival during CsA and G418 dual-treatment (Fig. 1B), but
they show differences in their resistance in HCV sub-genome rep-
lication assay (Fig. 2B and E). Apparently, each mutation in clone
#7, except for D2292E, had no effect on the results of the HCV
sub-genome replication inhibition assay with CsA. These findings
might suggest that these mutations were important to G418 resis-
tance, but not to the resistance of HCV to CsA treatment. In con-
trast, each of three other mutations in NS5A (D2303H, S2362G,
and E2414K) that were found in clone #6 were required for the
maximum level of drug resistance conferred by a mutant NS5A
in this study. To our knowledge, D2303H is a novel CsA-resistant
mutation, and as a single mutation, it conferred CsA resistance
comparable to D2292E. D2303H, like D2292E, was located in car-
boxy-terminal of domain II of NS5A, which is reportedly a CypA
binding site [9]. S2362G and E2414K were mutations in domain
III of NS5A, and these mutations may have influenced the pepti-
dyl-prolyl isomerase enzymatic catalytic activity of CypA [22].
The V1681A mutation in NS4A identified in clone #6 greatly
enhanced the CsA resistance of a HCV construct that had NS3
and NS5A replaced with Cs6#6 sequences (Fig. 2B-D). Though

Table 1

The list of each mutated amino acid sequences in 16 clones throughout whole non-structural region.
NS3 4A | 4B NS5A 5B
AA. No. 106211275{12801156011609|1612)168111797{2109]217912197)2231]2269|2292|2303|2320|2362|2387{2414}2992
p5.1 VID|[T]|S|K | \% | D|IS|P|L|{S|D|D|K|S|S|E|M
ifIV|D|V|G|K|T|A]|I D|S|P|L|S|D|D|K|G|S|K|M
2l V|D|V]|S|E | \% |l {N|S|P|L|S|D|D|K|S|S|E|M
3 V| D|IV|G|K|T|A|I D|IS|{PIL|IS|E|H| K|G|S|K|M
CE6iE 4V | DIV|G|K|T|A|I D|S|P|L|S|E|H|K|G|S|K|M
5\ V| D|IV|G|K|T|A|I D|S|P|L|S|E|H|K|[G|S|K|M
6l V|D|V|G|K|T|A|I E|S|P|L|S|E|H|K|G|S|K|M
NV|ID|IV|G|K|T|A|I E|S|P|L|S|E|H|K|G|S|K|M
sf V| D|V|G|K|T|A|I D|S|P|L|S|E|H|K|G|S|K|M
i1 1 |G|V|S|E | V | N|S|P|P|P|E|D|K|S|P|G|T
2l V| D|V|S|E | Vv | N|S|P|P|P|E|D|K|S|P|G|T
3 1 |G|V |S|K | V| V| N|P|L|L|S|E|D|T|S|S|E|M
a6l 41 |G|V ]|S|K l|{v| VvV|D|(P|L|L|S|E|D|M|S|S|E|M
51 1 |G| V|S|K l|{V|V|D|/P|L|L|S|E|D|T|S|S|E|M
6f 1 |G|V ]|S |K N AN DR TP L ST ER DS T | SL S I PER T
711 |G |V|S|K lfv|v| D|/P|L|L|P|E|D|K|S|P|G|T
f] VID|V|[S|E[T|[V|[T|[N|S|[P|[P|P|E|[D|K|[S|P|[G]|T

The two gray-highlighted lines were selected as the representative sequences of CsA_6UM_#6 and #7 and used to generate the derivative

constructs.
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Fig. 4. Amino acid sequences of HCV-RMT-tri (GT1a) and HCV-JFH1 (GT2a) around (A) T1280V and (B) D2292E. (C) Location of the CsA resistant mutations in NS5A. Amino

acid sequences around the positions of four CsA resistant mutations.

Table 2
Evaluation of resistance to CsA of mutants that have single mutations or combinations
of multiple mutations.

Mutations ICs0 (pm) Fold change
NS3 NS5A

RMT-tri (RMT, GT1a) - - 0.79 1.0
- D2292E 2.1 27
T12801 - 0.96 1.2
T12801 D2292E 2.46 3.1
T1280V - 0.91 1.2
T1280V D2292E 2.54 3.2

JFH1 (JFH1, GT2a) - - 0.49 1.0
- D2292E 13 2.7
T12801 - 0.51 1.0
T1280I D2292E 1.38 2.8
T1280V - 0.69 1.4
T1280V D2292E 1.2 24

Threonine at site 1280 (RMT-tri or JFH1) were mutated to isoleucine (adaptive
mutation of Conl replicon) or valine (major mutation of CsA resistant clones).
Aspartic acid at 2292 was mutated to glutamic acid.

Table 3
Evaluation of amino acid mutations in NS5A that conferred CysA resistance.
Mutations in NS5A ICso Fold
D2292E D2303H S2362G E2414k (WM change
Con1_5.1 0.11 1.0
(GT1b)  © 0.88 7.9
&) 0.52 4.7
O 0.12 1.0
O 0.30 2.7
O O (@] 1.0 9.4
O O 1.8 16.6
(@] O 0.95 8.5
Q O 1.5 13.1
O O O o 2.80 25.7

we have not assessed V1681A as single mutant, analyzing its
mechanism of CsA resistance and its cooperation with other muta-
tions in NS3 and NS5A must be worthwhile because V1681A
greatly enhanced the CsA resistance of some constructs.

In all, we evaluated three cyclophilin inhibitors—CsA, NIM811,
and Debio-025. Among them, Debio-025 showed the strongest
inhibition (ICsp values to any mutants) and was tolerated by
CsA-resistant mutations (ICso index change values, Fig. 2 and

Table 4

Evaluation of amino acid mutations in NS5A that conferred NIM811 resistance.

Mutations in NS5A ICso Fold
D2292E D2303H S2362G E2414k (WM change

Con1_5.1 0.054 1.0

(GT1b) o 0.324 6.0

(®) 0.184 3.4

O 0.056 1.0

O 0.125 2.3

& 6] 6] 0.455 8.4

@] (@] 0.635 11.8

@] O 0.403 7.5

O O 0.599 11.1

o] @] @] O 0.923 17.1

Table 5
Evaluation of amino acid mutations in NS5A that conferred Debio-025 resistance.
Mutations in NS5A ICso Fold
D2292E D2303H S2362G E2414k (MM  change
Con1_5.1 0.024 1.0
(GT1b) ®] 0.095 4.0
@] 0.074 3.1
Q 0.028 1.2
O 0.024 1.8
() ) O 0.139 5.8
© O 0.198 8.3
O O 0.139 5.8
(@] O 0.185 7.8
@] (@] (@) O 0.263 11.0

Table 3-5). It was interesting that the resistant mutants differed
so greatly in their tolerance of these three inhibitors because all
three inhibitors have the same mode of action. Garcia-Rivera
et al. concluded that CsA resistance of HCV mutants were solely
derived from dependence of the NS5A proteins on cyclophilins
[28]. Our results might indicate that other factors are important
to CsA resistance, in addition to residual cyclophilin activity.
Drugs that are intended to treat chronic HCV infection and that
target important nonstructural HCV proteins—the serine protease
NS3/4A, the large phosphoprotein NS5A, or the RNA-dependent
RNA polymerase NS5B—have reached the clinical trial stage of drug
development [32-34]. Two oral HCV protease inhibitors were
approved by the FDA, and some of the drugs could achieve a sus-
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tained virologic response (SVR) [35]. However, to develop treat-
ments that eradicate individual chronic HCV infections, additional
studies on the emergence of drug-resistant HCV mutants and on
the molecular interactions at HCV replication complexes are
necessary.

Our new findings provided insights into the way by which HCV
acquires resistance to cyclophilin inhibitors, and these insights will
facilitate the development of this type of anti-HCV drug for clinical
use.
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tatic focal nodular hyperplasia (FNH) (A3
2399, gpl30METF R EERIZEBIL-6/gp130/
STAT ROEHI RFERIIC X Y, REMBRILZER
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CHRFRIAIAICERY 2FREICHT 2 iR LAREORERICET 3HMR

205

125 BEE Y (SAA & CRP) DR R 41 CHHill
T&%. La»L, HCAICBITA2ZhbDSAEHE
EHE, bEDLERFMRIOEAShTRAT:
B, choDHTFOUT AP OBERBHSEE
THY, PeOTEROLEERMRBLE ORBLE
PEETH5.

ERRRAICIE, BER R 7 v a— VEBUC X 2 IBH;
FEoBEEIRBRIShTwS, MBFENCE, &
FERIIE R % 1 5 BEEEREE & 2 o AEOMEE
RS, BEGENE, ERNOLRFEETHY, K
HOBREEHEALRELOMBIREZETS
(X1-D, E).

4) BTN EZORER |

ZDX) RBETRECESSSEBIVEE
HOBKRFBZHFESHO P E LY OOH DR
»T, TROHCADKREE T 525, WwThoi’
EFREIRVHELVHEABE D L. 72,
BETREZAETHIRETH 525 wkOHCA
DRBLEIRLZZEFAOFEDMESA TS,
REIEER»ORET 2OV ETH o728,
FAERHCA S, BEREBLEIBE K2 EOBERF
RBEEHH S DORER (K1-D) #E S h, £
HoBRBELERL L TRETIBFEIZEILONS.
¥ 72, f-cateninZ RBHCAL IR L DR
Fl, 518, BROBETFERNY — V&R TEH
DHEAEREDEW/ENTEY, #ROHCAOHE
BIUBKHERLOTYVEDENSBLETHS.
BIETERICESSRBERENY -V ITL 285
BRELOFHLEFETH P, RaEREBET
5T %L, RRE HB&EZmMIRL, B4 OREH
EDHTEUENDS.

2. PREMEENIEEAZAL (focal nodular
hyperplasia ; FNH) 3 X UPRBEEED
B RIRHRE (FNH-like nodule)

1) IREMEEENEERZAE (FNH)
FNHIZFBEN GEEIEEN) CREL, BRH
BaBmm~15cmOERHZ2ET 5. $2/30E

PLIER, $1/332RTHS. FRRERBX
UClREEFERICHZLEZONTEY, Bk
HERIRIC BT 2 EHRE OB R EARN 2
REBTH 5.

HCA i, R0 WIFHROBER Y S
% 555, FNH T, #3088 iR &K
HRICHU 2 BEERREIRERTH Y (H2-A),
FOERBERICR A OmE, BT LL-BER
M, T-RBRE, EENCREHELEPREICE
BLUCHIRERE, U Yy REHE, BERT S o
(FRifeo#HEX, SENOKLE) 2205 (K
2-C, D). MENFITIIRAFRBEZO % (B
2-E). glutamine synthetase DREZREICTH
DNy —V2RTORBERTHY, B-
cateniniE LA HCAL DENICEE LR T
»5" (H2-F).

2) [REMESETSEIRRRE

(FNH-like nodule)

—7, POEREZEDRY, TLRFHELR
J& VRS 8 4 8 T R AR W 2 (FNH-like nodule.
2-B) b LIZLIFRE SN, HCALOEHHPEET
H5 BECIVELTHLTHSA, FNHOH D
0~51 % % /.0 % K © & B B % FNH-like
noduleT & %% 19 # 7, FNH & FNH-like
nodule & MR ITER L 7: —E OB
FEZRBLTHY, FNH-like noduleiZ FNH
DOHBERELDZZ b H 5.

3) 7 a—ILZBREICH SN BERREE

T2, HESHENROMEICL Y EFEHSh
TVAREHELT, TVa—VEKEZFITALDLD
BERESH 2D 51219, % 5%FOFNH-like
nodule® % 1L ¥ & & B % % (hypervascular
hyperplastic nodule in heavy drinker) i&, %
BERHEIHRENE. FEEZERCEAETS
Z itk BRSO 20, FHE L o525
Bk, MBI FNHS FNH-like nodulelZ
UL, BENICIBHER ~u) 7y okl

Tha—VicERETARIRARICHEATS. L -
LSRR, AL, MBEEEmEED, 8 -

CRP : C-reactive protein
gp130 : glycoprotein 130
IL-6 : interleukin-6
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SAA : serum amyloid A
STAT : signal transducer and activator of transcription
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206 EEFEHFFHERMBE (FFREFTRBES KA L ER]

A ToOR (EEHE) B vo0O% (EE)

C REERR (HERES)

-

F REEER
E RIZE&R (HERS) (k£ : HE®, % : glutamine synthgtaseﬁ‘.ﬁﬁé&)

NELAL

. B2 A REERSEETR B : REEEISEERE
) C. D: MEEEET E  RRSISaRC S 5N
W RRLSuiRE F: RESESE

s I R %
A BERLESBICEROBRZERDS (—).
B : LV EERDRMZEEDH DD, HOHEROMERRIFFROEL.

C : SBikR. BEPDOORBERICIENAEMERE (*), HmE (), MESERE (—) Z8DD.

D : &K BHROOBEBCHITDHEME (~) SHIESRE (—) ZRD 5.

E: &kt PIREELOEBMS ZRHDD, Bk ) ENBRSEEREEY MBS, —) 2BH5DHT. Pk
KACEIRICHE T DHEE (/) SERBEE) RO

F: 237508 HERETEHPOMICEROBEZRDS (£ —). glutamine synthetase R E () THREIN

DREM(C. FHNTHHREOBIRE (Fe) 230D,
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CEHPFRVAIWICERT 5HREICKH T 3 HMRHILAREORECET2ME 207

A To70& B =EESHS (HER®)

U LT L LR R TR ERE
0 10

;

C (HE)“

¥ E3 FoEE

¢ A: BREEOERERCEBEROD. LHHCEE

RESLTHD, ASICEEEOBEEEDS (=),

B: E=Ivo0& BRROEBRINICERRZRDD

).

H CmicR SRREERS (D CRESS) OER
| BOREST. BERSICRIEESN SR NE

DEEEEDD. BESICENEEENEL, B

P COBOMERSERDD.

BERICL PR OBNPEETHS. 77,
RIEMHCABRDO SAABGHORH IHEI LT
5%, TOERIAHTHS.

{' FFERE (hepatic hemangioma)

Jrim R, e BRSO TR HENE
{, HOVERHBOXETIFRET S (Bl 3).
RIS & & 15 18 I & A R 1 T & B A i i
¥HBH, KESIERRUEETHS. Bl
1% & (sclerosing hemangioma) i 744K il
FESLRIERK, #EL, BiEs X O O
RAIL) = X0 2RMEILE v, REOKES 55
MR AR CEEZBRDSLRBTHS.

PAIRE L T 3 B ARl O R 2 E
T, MEEERREZEL, SEERESTRARE
275 (H3-A). MlFNCEOBWIREO L
HEHAECREL T, MEEICIImMBATRHRL,
WFE1BEOHNEMRBTEN STV (K

152

3-B,C). BET ME L IRELFEMTHES
nTw 5%, LR PIIRBRZ & HFE A O MR
FiE@D V. LELIZNEROEERYD Y, S,
WFiL, AR EOBWILEELEHED L) ISk
b (K3-B, C), TORENREICLR S L B Ltk
BHEE 25, WFRRRHRIEERBELEmEED
Brf, MERENA LN ZVD, MEEODRH
WL 2%,

4 MERFISALE
¥ (angiomyolipoma ; AML)
MEHRE (AML) i3, 20Kk <,
%, T, RIGERRARAE L - MERER T
HY, 10~72REDOWBEFERICHEEL, HOHH
ZHEEE RV, REENCEBEI 2V, ERY
B2 EE (R4-A) T, F¥H10cm K, 1/31 X 5cm
DTFThs HHERRISOZECIVSELERE
2L, BiirZviEa, DEFS wEREE,

s F
-
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208 EBEFBRFMRRMEE [FAFRREDN KA LE K]

A TOOR(E : BEHOARSS, £ : EEtsmEm

B4 A~C: MEHEGE D : BBIRS =R < MERAISHHE

A BFEFIOAZISSE CIHBEFARCRUOESZRDD (£ —). BERIEERCIEIPrEaR-E2I2ESE
RBHDE ).

B : K. FEIGROSETESHS ZRY.

C &K MERAHIRAC RmHhia (x) DS ZRY. FahMlismodE LEEE20, FRICELLE
FERBZRT .

D: =¥ 70& HERBT2DOESEZRDHD (K. —) B, BRI ERB T DHDILRD EEDHEL.
HMB45 D&% E () Tl LWFNOESHBBURREEZDD.

HMB : human melanin black
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CHPFRVAINAICERY 2HBELICH T 2 HR#ILAREOREICHT 2ME

E5 HBEHHiaIRE

A KIBmMMADOEBHEDBE ZRDD. EBEREGX
<, BREPOPREEELTLS.

B : FERE FCHSNICIESHRRET, /\RREH
B(TBELTLS.

C : FAREICH ST IBEMEaRET, EHBAICTS |

ROBIDOEEEFWRE (—) 258D 3.

PERBERSPZVWEIRABBEZET S, MBRFEHIC
Mm%, PR, R SERE A, $7-
RREL (RI4-B, C), B#ffEmM b ALN 2,

MEFEE 27-OER L, BILERES il
LOERIVPERTH LA, WEBIE B2 265%
2L, EHIBERTSTHS. LarL, FEEoR
Rz A5 % A A 18 R R TR I 1Y
L, UiE LIZIES R < BA B B Bs 5
(R4-C). ¥, IEPRERLRE S % K < JEFI (K4-D)
LRI A% 5 % 5 monotypic epithelioid
angiomyolipoma (perivascular epithelioid
cell tumor, PEComa) ¥, %720 —& L5
WS wEESHER TIZ, WBEEHC S N
BEOEHIVERETHS. LELIREZH OB
ICHIEL 2528, PR —H—L AT ) —v7—
71— (HMB45, Melan A) O %EREHRSH O
DF L5 (K4-D).

154

5. ABE{MRaAREE (bile duct adenoma)

JRE MR E SRR T ICHRL, MREED
BENIPS2505~2cmBEORKMHERE (B
5-A) T, ZLALRFHPHRBICBARARR L
BIEd% v, BEEBEIER L, PR R RHE
RIKABOKHE LTALR, BCEHPEED
FREFMFICHFROBBERENE LTYRER S
HERZ & S REBRT 5. Mk L, SLAFR~FEROME
E LRI % P oD BBl o 72/ NRE %
L, BICHAT 2 (R15-B). BRI S REIH
Th Y, HEMBRE (von Meyenburg complex)
CALND &) RRBEOHRITIZ V. MEICEL
DREDORMEAL, V) ¥ RO FRE Lo RIEM
RRBEEZMEI e, NI EBELT
PIIRIR % 32 BIERI 3% W (R15-C). LB O
EEZBDLENLH 5.

KRB ONREE DS % 5 FHNBEERED 5 i

MBER & OB P MBEL 25, BEOLZ 5,
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