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* Indication of Liver Transplantation for Primary
Sclerosing Cholangie;is
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BIE, #4377, BIHEE, B0 QOL. BEL
EOMBAICOWTHBRAZ R 2 HHT 5,

Wi (FBHERFHR)
COBETEBEOL Y T7+—AFI ey 247

771

- 307 -



®1 FETFHEK

R=0.03x% {age in years}+054loge (bilirubin in mg/ df) +

New Mavo Model

054 xloge (asparatate aminotransferase in U/ m/) +1.24 (if
history of variceal bleeding *} — 0.84 X (albumin in g/ d?)

MELD score=38%loge (T.Bil in mg/ di) +11.2%Joge

(INR) +96xloge (creatinine in mg/ di) +64 % (etiology : 0

MELD

if cholestatic or alcohalic, 1 otherwise)
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THENCHE D 2 & ¥h 5, WEHESRHICETLTBE
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RERADOY A% RS TRENEYD 5,
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DIRFER, PHIToNDE, TNSOERITEZD QOL
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FEBIDE  EBHMBORBEIEHER Z & 2% {BH
BSCHEBEC 25T &b E v, WEERBRAEHAT
1, KIBHEOHFOT LD H A5 IEPAR SR
WEBAGZ Y-V IHFERETH D, Tl
KEEROMBETARZ ¥ Pa— b MR RRTR
% 672V PSC T, JHEREL 10~20% 10515
EvhbRTWEY, DAETOREOHRETE, &
4% LEETH Y, BERFROFH - BH2TI I
FEEE R ERRS VAL, WHRSNMEIC L 24T
BEETHL, BEv—7— (CEA, CAI19-9) %
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DWRWII B TIREBROBIICOVWTREBRESATY
BOTEEIIENTZN,

Tk S PSCDEREE, FHRIUAZ 2 HiELLTE
ERICDE, HVIRECETREBRIELOREI
FHESNTE 2, TORENRIDEE IR,

New Mayo model DF#TF#lE 7 1P 12 PSC DF#
FPHNT AL QL LTHERDERA SN TS,
Mayo clinic D& — A _R— I S5FHEFUDF A
AD, Fis mMBYYLY E AST (aspartate
aminotransferase), 7V 7 I VE, Tu oy ¥ v
B, REFREOOMMOFEE XT3 & Risk
score WM END, THDEFNTRSHIEL S 44
FTOFHENLEFCBWHER SN B, New Mayo
model TREMISNAY A 227 %Ik %
low risk group, 0LLE 23R % intermediate risk
group, 2 2L % high risk group 1244}, intermediate
risk group T® 14E, SEEFRIEENFN90%, 80%
LLI-¢d 555 high risk group Tid #1711 50~
60%, 30~40%TH Y'Y, PSC I+ 2 FBRKEiT

IR UBL L THAIEREIDATTT

2RYLTHIHHEUBBOEFROEIRE L LTHEH
FTRETH 5B,

WTireendEi e LTl {# & Child-Pugh A3 7
DBHWHENRTWAR, Child-Pugh A I 7k PSC B#
DFHEHABLEVWI EFE N,

R AEOERELEZ R L, EICHE F>r—Fo
BEHFBEZERE LTHHAERTWEFHRE LT
MELD (The Model for End-Stage Liver Disease)
score 1d Bo W, MIRETCEE ST T % TIPS
{Transjugular Intrahepatic Portosystemic Shunt) @
BT HBEREs s A7 & LTRBELTHRT
ol ELEHARA2BHCEHETBY,
PBCHEHAOFTHHATiEh v MELD RAITEHEL
TOBAFR MBLYNEIE 7 L7 F= 18,
INR, BHREOHET, &s—AR—Y L CHBEHET
BETH D, BAERIO MELD A2 7 25 AU ETRBH
BR\OFHIFEIFRTHSA, PSC TlRLTL
PTHEMBLECEIHELH 5, — K
MELD A 37 15 HU L ORMIFHEE S BHE OB &
O bBBICBTORABEERERLT
TSR
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¥ 2 PSC HHEFETOLLE

Diagnosis

Confirmed diagnosis of primary sclerosing cholangitis prior to liver transplantation

and
Cholangiography

Intrahepatic and/ or extrahepatic biliary stricturing, beading, and irregularity >90 days

or
Histology

Fibrous cholangitis and/ or fibro-obliterative lesions with or without ductopenia, biliary fibrosis, or biliary cirrhosis

Exclusion criteria
Hepatic artery thrombosis/ stenosis
Established ductopenic rejection
Anastomotic strictures alone

Nonanastomotic strictures before posttransplantation day 90

ABO incompatibility between donor and recipient
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ZRNTIEECHRNEVRTHEIRKTH-TEF-BIBRERIAE
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PREIENTOBIcD, RETCHTIRNBBALFEOSY RO
THB. A704 FAN-OBIE, ZOLI2BEDBMBIZS LD
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FHPHEBRCEET HENE. Ysvd, RLOEEZO@BTEIETH
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PSRNV EVH (F VT aNFaq F) K,
WLOIE - SeyEIDH BAG TR ) v F e it
N 7% b7 R (SLE) & & OIBERH, BlE,
THEE R %, REIWELRLEOT7 LAF—
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F0 4 FEMESEEICBITAFH TR, BB
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" Perioperative management for patients treated with
B shuencorticoids
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31 COBFRTHIRBOMBLE ZRRUEETRICHE, BED
EEREBIIRCIELERIBRORT O FEiE5T 308 HH 5.

B, BEOLS BRI L AER/NEO X F
T4 FERMATAESEITLNELII1I%2-T
EyALE
AETREPAFO 4 PRS- EEOBWNER
EFOEFEICONT, BHOMRAER L TS
T A,

. BEICHT3EEREEE
diaanFaq R

B RSV EVEEADBEERERODL
BORVEYTHDB?. FhaanviFa4 FidE
BRETEELSH, HETHLHHWENS cor-
ticotrophin-releasing hormone (CRH), FT&HE:AffE &
0 S A BB BB R AR V£~ (adrenocorti-
cotrophic hormone : ACTH) & &Il & - TH#
RETEFIT, CORGRESHBIIVIRTH-TES-
2l % & ® % (hypothalamic-pituitary-adrenal
axis : HPA axis) EFENRTWB2, BERAT
R EBIZS~10mg/m/E DI VF Y-
(hydrocortisone 20~30mg/ H. prednisolone 5~
Tmg/ BIZABE) HHALHZ b o THWENRT
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WA? EFICBEMEMbS EMEINF V-
BERTCEFTLEALED, 4~68H T peakic
EL, BBULUBETEEREI RS £E
OB L o TIZEEREIR S D0 48~728F
A AersY. INFV—LVOSBETERORE
TELZDY BRTHIOmg/mY B EAR%
BeL, £EOEEHERICESTH. BEMIC
&, EROMR:, BRERY Sva—-2 - BE-
EHAB MR REE - AUBREROME R
TH b, FHEEE BB 2 EEREE
TBELIEH TR 126D,
EficharraandFaq FoES
HPA axis#¥ffl§ 5% $/ ACTHAMWH %<
43 L ECAMTRIREESEE L, ZREREAR
LI sY. BIBAREEIRE LR, FER
A, BILE, BBEREEFED Y, BefBrRe L
TS MY o AME, BA )7 A, Hya—
WIMFEEARSE T 2 F— 2 A, R4 &A% 5
NBM7 HPA axis WIS N7 KB THFlf % &
15 &, EERTEYR ACTHR IV F /b
OEENFTEY, EIFEES 2 v ZiZHsY. L
EEMA T O A4 FESBEICHT SRR
L ABURAETEBEOET CTH 5,

. BIEREMSERE
SURBETLRBENT Y X 7E#

BIEF R BA AR L LTI, o v — 0
EEENSE & ACTHRIBERA H 5. MAIICBIY
L HLHR 3V F S — v B i R 1 5~20
ug/ATHO, BTRAFOL FREIRRTICERML T
B, ACTHHI B RERIX, &M ACTH (tetra-
cosacide acetate 250ug) 2HHiEdH BV IidEEL
THEET ORI M E ACTHR S 1% oM
aNFS-NEHAEL, FOLAOBRELRLM
HThHY, EELHERT~18ug/dNHERETLEL
B4 5. MEINFV—LVEDKT R ACTHH
BEERC BT A ERIEOBE HBIETR DR
RL, BRORTFOA FLEEFLETD
Y9 LapL, BEOFMN CEMEICEITHE
FEETAIELIBIBEAE WY, FaanF
a4 FIRAZXEROFH (HILEREELR L)
Tid, ACTHHHABR CRIBTRELFML TR
FO4 FERLRETRETHAHI,

HPA axisiZ1 H#& 7= ) prednisolone 5mg#i4

UToHETE, 5L S TERICHERS
5200 BMLUAOEETHIE KESHh
J2ZNIINF 3L FOEE - BFICESTEES
HPA axis#EREh 3 L vibhTwa s, BBl
REERPH TV A DTy, Ehvaan
FIA4 FOES5EFPRILLTHS HPA axis DG
HEEAT2EFCIEMEETZ b Ty
5% XoT, BEIFEBICIEMY Lichih]
H & 7: 1 prednisolone 20mgfi& Ll LD Va3
MFaA FERSINTVBHEEA db0iks
Wi hh 59 Cushing EREHE LB LTV 5546
i HPA axis?fl s, BIEHEERTIREICS
LT RETHBY, T, BERIEMICS
AL Lich ) 13 &7 Y prednisolone 5~
0meg Y %IEE ENTWAYEEE, ACTHIHNK
BB & ORIT R RN L D ORI
e EMIT 54, RITREETIS2b0E LT
MIBT A" L LEBIE, Fraandaqg
FAEESENTWBHITBIT S HPA axis#i
DR S WIM, RKndkEdq, BiEsmh s
SEMHSTMT A LTS B 27,

. SUREALEXFOC FHN-

BRI & B IRMT AT Tl e B
SRS, BMLEYETHRE LW
EENTWE. BFHICAEIITTRLl BT 5
&, BRETRBOBEFRITEOMTERT & U T
Sh, BRI a2 bR BT~ EBTTHY.

BHHEAF a4 FH2N— QR OREIE1953
ED Lewis 5L 23 DTH Y, HfIBENLA
FO4 FAN—RITEEERGO4EDLET, L
Brv2anvFas FERALTCWAEEH LW
BEEEFTRBLTWAEFIEKEOATOA
g e CINE A o NP b o TN R A
FhRY % A& LT hydrocortisone 200mg F #ai
B LEMBE CER T2 HE & 50idH
B - #7542 hydrocortisone 100mg #3%5 L, #i
WMTA2HFEFHRY, BETE I VaavFas
FIRAZE OB GRITEEre0REFILS
(hwekBbh, bt kEAFOS K
NGB BERWEELZLERTHAEY, Ll &
ESREE COBIEM R A HETHLZ L b,
KETELZVWELTLIRALPORATOSL KA
W= T Twd,
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BRORERE BREOTEE

FvaanFas PS5

B E | RE~NVETER KBARS
WE, WM SLTRE

hmEE | FIEBESN SBEOR &
BERAMRS WX EETH
;/)’\;.

B OE | LmE BRFES EEZE
IR, FFEDRR, BEREES

B OE | RIEESav s

hydrocortisone 25mg ¥ 72 1% methylprednisolone 5mg % FHf
L H B 5 VI RERICHE

hydrocortisone 50~75mg £ 7= 1% methylprednisolone 10~
15mg* FHEBEHHVIEEERICIHFEL, #EL1~28H
THEERICET

hydrocortisone 100~150mg ¥ 7z methylprednisolone 20~

Omg % EMEE D2 VITBERICHEL, SR L2~38M
TEERILET

hydrocortisone 50~100mg % 6~8B i T & ICigiE T 4213
0.18mg/kg/ B 0 35 % B ¥ 1< fludrocortisone 50ug/ H %
av iR T ST (#E»S LEARMER) 5T 5.
BAWKNA I N L o eliiEF R T LBEEE=F YT
LooWiRT 5

5mg/ BEVF @ prednisolone %5 SN T2 BE TR, BFEOHEFROBRSELETHHH, BMOLETL W

Smg/ B LA E® prednisolone %5 SN TV A BE T MEOBERFRICMATLES2ES5T5

20024E 12 Coursin 521, BERENICLER
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A ER T L B2 N5 FAEHX
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Identification of the Niemann-Pick C1-like 1 cholesterol
absorption receptor as a new hepatitis C virus entry factor

Bruno Sainz Jr!, Naina Barretto!, Danyelle N Martin?, Nobuhiko Hiraga3, Michio Imamura3, Snawar Hussain!,

1

Katherine A Marsh?, Xuemei Yul>3, Kazuaki Chayama3, Waddah A Alrefail** & Susan L Uprichard!-?

Hepatitis C virus (HCV) is a leading cause of liver disease
worldwide. With ~170 million individuals infected and current
interferon-based treatment having toxic side effects and

marginal efficacy, more effective antivirals are crucially needed!.
Although HCV protease inhibitors were just approved by the

US Food and Drug Administration (FDA), optimal HCV therapy,
analogous to HIV therapy, will probably require a combination

of antivirals targeting multiple aspects of the viral lifecycle.

Viral entry represents a potential multifaceted target for antiviral
intervention; however, to date, FDA-approved inhibitors of

HCV cell entry are unavailable. Here we show that the cellular
Niemann-Pick C1-like 1 (NPC1L1) cholesterol uptake receptor
is an HCV entry factor amendable to therapeutic intervention.
Specifically, NPC1L1 expression is necessary for HCV infection,
as silencing or antibody-mediated blocking of NPC1L1 impairs
cell culture—derived HCV (HCVcc) infection initiation. In addition,
the clinically available FDA-approved NPC1L1 antagonist
ezetimibe?:3 potently blocks HCV uptake in vitro via a virion
cholesterol-dependent step before virion-cell membrane fusion.
Moreover, ezetimibe inhibits infection by all major HCV genotypes
in vitro and in vivo delays the establishment of HCV genotype 1b
infection in mice with human liver grafts. Thus, we have not only
identified NPC1L1 as an HCV cell entry factor but also discovered
a new antiviral target and potential therapeutic agent.

HCV is thought to enter cells via receptor-mediated endocytosis
beginning with interaction of the viral particle with a series of cell
surface receptors, including the tetraspanin CD81 protein, scavenger
receptor class B member I (SR-BI, also known as SCARB1)> and the
tight-junction proteins claudin-1 (CLDN1)® and occludin (OCLN)”*$,
followed by clathrin-mediated endocytosis and fusion between the
virion envelope and the endosomal membrane®!?. Although the
specifics of each interaction are not fully understood, it is now recog-
nized that multiple cellular factors, as well as many components of
the viral particle, not just the viral glycoproteins, participate in the
entry process. For example, the HCVcc particle is associated with
cellular lipoproteins (for example, low-density lipoprotein and very-
low-density lipoprotein)!112 and is enriched in cholesterol'3, the latter

of which has been shown to be necessary for HCV cell entry!>14,

Apart from the likely function of cholesterol in viral membrane
stabilization and organization, the dependence of HCV infectivity
on cholesterol led us to reason that other cholesterol-uptake receptors
(apart from SR-BI and LDLR), such as NPCIL1, might also have a
role in HCV cell entry.

NPC1L1, a 13-transmembrane-domain cell surface cholesterol-
sensing receptor (Fig. 1a) expressed on the apical surface of intes-
tinal enterocytes and human hepatocytes, including Huh7 cells
(Supplementary Fig. 1), is responsible for cellular cholesterol
absorption and whole-body cholesterol homeostasis'>!6. Similar to
what has been observed for other HCV entry factors®, we observed
downregulation of NPCIL1 in HCVcc-infected Huh7 cultures.
Specifically, as early as day 4 after infection NPCIL1 protein levels
were markedly reduced and remained downregulated until the end of
the experiment at day 12 after infection (Fig. 1b). Having observed a
correlation between NPC1L1 expression and HCV infection, we next
determined whether NPCIL1 expression levels affect HCV infec-
tion by transfecting Huh7 cells with siRNAs targeting NPCIL1 or
the known HCV entry factors CD81 or SR-BI. Compared to cells
transfected with an irrelevant control siRNA, CD81-, SR-BI- and
NPC1L1-silenced cells were significantly less susceptible to HCVecc
infection (Fig. 1¢). The inhibition was HCV specific, as silencing of
these proteins had no effect on vesicular stomatitis virus G protein-
pseudotyped particle (VSVGpp) infection (Supplementary Fig. 2a).
Inhibition of HCV also correlated with a reduction in NPCIL1
mRNA and protein and was NPCIL1 specific and not the result
of off-target effects (Fig. 1d,e, Supplementary Figs. 3 and 4a,b).
Although protein amounts were only marginally lowered by siRNA
knockdown, the effect on HCV was considerable, highlighting the
sensitivity of HCV to small changes in NPCILI levels. Notably,
SR-BI mRNA expression has been shown to be reduced by NPC1L1
knockdown in nonhepatic cells!” and SR-BI is an HCV entry factor”,
but we found that SR-BI expression was not adversely affected
by NPCI1LI silencing in Huh7 cells (Supplementary Fig. 4c,d).
Finally, NPC1L1 silencing had no effect on HCV subgenomic RNA
replication, full-length infectious HCVcc RNA replication or secre-
tion of de novo HCVcc (Supplementary Fig. 5).
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Because siRNA-mediated knockdown of NPCIL1 suggested that
HCV infection is inhibited at a step before RNA replication or secre-
tion, we next assessed whether HCV infection was susceptible to
inhibition by antibody-mediated blocking of cell surface NPCI1L1.
Compared to cells treated with irrelevant IgG control antibodies,
HCVcc infection, as measured by intracellular HCV RNA levels,
was significantly reduced in cells treated with an antibody specific
for the known HCV cell entry factor CD81 (Fig. 1f). When we
incubated cells with an NPC1L1-specific antibody, HCVcc infec-
tion was similarly reduced (Fig. 1f), and the inhibition was HCV
specific, as antibody-mediated blocking had no effect on VSVGpp
entry (Supplementary Fig. 2b,c). To determine the NPCIL1
domains necessary for HCV entry, we treated cells with antibod-
ies targeting each of the three large extracellular loops (LELs) of
NPCI1L1 and observed that HCV infection was reduced only when
NPCILI1 LELI, but not LEL2 or LEL3, was blocked (Fig. 1g). Thus,
NPCILLI silencing and antibody-mediated blocking of NPCI1L1
LEL1 reduced HCV infection as effectively as targeting other
known HCV cell entry factors.

Ezetimibe is a 2-azetidinone-class drug that has been approved by
the FDA as a cholesterol-lowering medication!®. As ezetimibe has
been shown to be a direct inhibitor of NPC1L1 internalization %20, we
next used this high-affinity, specific pharmacological agent as an alter-
nate means of targeting NPC1L1 before, during or after viral inocula-
tion while additionally evaluating its anti-HCV potential. Specifically,
we performed HCVcc foci-reduction assays and quantified foci (that
is, clusters of 25 HCV E2-positive cells) after ezetimibe treatment.
Ezetimibe reduced HCVcc foci formation in a dose-dependent
manner when present before infection and then removed (Fig. 2a)
or only during virus inoculation (Fig. 2b). However, when we
added ezetimibe to cells after inoculation (Fig. 2¢), the initiation of
HCV-positive foci was unaffected, as would be expected for a viral
entry inhibitor. Notably, the highest dose of ezetimibe (25 uM) reduced

the size of the HCV-positive foci observed from the typical 25 HCV
E2-positive cells to only 1-3 HCV E2-positive cells per focus, which
accounts for the lower number of foci with 25 HCV E2-positive cells
being counted in those cultures, suggesting that NPC1L1 may also
affect HCV cell-to-cell spread (data not shown). Dose-responsive,
time-of-addition-dependent inhibition of HCV infection was also evi-
dent when HCV RNA levels were measured (Supplementary Fig. 6).
We additionally observed ezetimibe sensitivity across a panel of
HCVecc intergenotypic clones containing the structural regions of
diverse HCV genotypes (1 - 7)?! (Fig. 2d). Finally, because NPC1L1
and SR-BI are both involved in cellular cholesterol uptake and SR-BI
has been reported to be a rate-limiting HCV cell entry factor??, we
overexpressed SR-BI before ezetimibe treatment and found that this
overexpression did not overcome the dependence of HCV entry on
NPCILI (Supplementary Fig. 7). Likewise, we confirmed that the
potent antiviral effect of ezetimibe was not due to drug-mediated cyto-
toxicity (Supplementary Figs. 2d,e and 8a), changes in cell prolifera-
tion (Supplementary Fig. 8b), reduced expression of the other known
HCV cell surface receptors (Supplementary Fig. 8c-g), inhibition of
HCV RNA replication (Supplementary Fig. 9a—c) or inhibition of
virus secretion (Supplementary Fig. 9d). Hence, the data support the
conclusion that direct pharmacological inhibition of NPCIL1 reduces
HCYV infection by directly inhibiting viral cell entry.

We next assessed whether ezetimibe inhibits HCVcc binding or a
post-binding step by examining cell-associated HCV RNA and pro-
tein expression from internalized RNA in vehicle- and ezetimibe-
treated HCVec-infected cultures. At 10 h after infection, a time before
detectable HCV RNA replication occurs (Supplementary Fig. 10),
ezetimibe did not affect cell-bound HCV RNA levels (Fig. 2e).
In contrast, at later time points, HCV RNA levels (Fig. 2e) and de novo
NS5A protein expression (Fig. 2f,g) were reduced in ezetimibe-treated
cultures, suggesting HCV can efficiently bind ezetimibe-treated cells,
but a post-binding step is prevented. To further test this hypothesis
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and determine when during the entry process NPC1L1 functions,
we assessed the ability of ezetimibe to block HCVcc infection when
added at various times after virus binding at 4 °C. Ezetimibe retained
inhibitory activity after temperature shift to 37 °C for up to 5 h (half-
maximal inhibition at 4 h), confirming that NPC1L1 functions after
binding, probably late in viral entry (Fig. 2h).

To determine whether ezetimibe acts before fusion, we developed
a fluorescence-based HCVcc fusion assay. Specifically, we labeled
HCVcc with the hydrophobic fluorophore DiD?3, which incorpo-
rates into biological membranes and, at high concentrations, is
self-quenching. Upon fusion of viral and target membranes, the
DiD fluorophores diffuse away from each other, causing dequench-
ing and allowing for the progression or inhibition of fusion to be
measured in real time (Supplementary Fig. 11). Compared to
NH,Cl, an inhibitor of endosomal acidification®, ezetimibe more
potently inhibited HCVccP'P fusion, such that by 12 h after bind-
ing we measured only ~10% HCVccP'P dequenching in ezetimibe-
treated cultures as compared to vehicle-treated controls (Fig. 2i).
Analogously, antibody-mediated inhibition of both CD8I and
NPCIL1 also reduced HCVccP™P fusion (Fig. 2j), indicating that
the inhibition observed in ezetimibe-treated wells (Fig. 2i) was not
drug specific. We also observed similar results using HCVccPiP
alternatively purified by iodixanol density gradient centrifugation
(Supplementary Fig. 12a,b).

As not all viral membrane-incorporated DiD is self-quenched, DiD
can also serve as a fluorescent tag to monitor virions during cell entry?4.
Taking advantage of this, we performed fluorescence microscopy analy-
sis of HCVecPP-infected cultures and noted that although we observed
little DiD on the surface of vehicle-treated cells, indicative of successful
viral entry and fusion, we observed markedly more DiD on the surface
of ezetimibe-treated cells (Supplementary Fig. 12¢,d). Together with
the DiD-fusion data, this indicates that inhibition of NPC1L1 prevents
HCVcc cell entry at or before virion-host cell fusion.

Given thatantibody-mediated blocking of only NPC1L1 LEL1 (Fig. 1g)
reduced HCVcc infection, LEL1 has been shown to bind cholesterol?%:25
and infectious HCV particles are enriched in cholesterol!>2%, we next
investigated whether the dependence of HCV cell entry on NPC1L1
might be related to the cholesterol contained within the HCV virions!?
To address this hypothesis, we used viruses containing the E1/E2
glycoproteins derived from the HCV JFH-1 consensus clone but that
differ in their virion-associated cholesterol content and assessed their
relative dependence on NPC1LI. Specifically, we found that lentivirus
particles pseudotyped with the JFH-1 HCV glycoproteins (HCVpp)
contained 94% less cholesterol than the authentic JFH-1 HCVcc
particles (HCVccWT). In contrast, cell culture-adapted HCVccG4>1R
produced from a JFH-1 viral clone with a G451R point mutation in the
viral E2 glycoprotein (HCVcc%#51R) contained ~50% more cholesterol
than HCVecWT (Fig. 3a). These cholesterol profiles are consistent with
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the fact that HCVpp is produced from 293T embryonal kidney cells,
which do not produce cholesterol-associated lipoproteins?’, and are
therefore compositionally distinct from HCVcc, whereas HCVecG451R
has a narrower density range with a higher average mean density than
the original JFH-1-derived HCVccWT (ref. 28). As expected, when
CD81 was silenced, both HCVpp (Fig. 3b) and HCVccC4 1R (Fig. 3¢)
cell entry was reduced; however, when NPC1L1 was silenced or inhib-
ited by ezetimibe, the cholesterol-scarce HCVpp showed NPCI1L1-
independent cell entry and insensitivity to ezetimibe inhibition
(Fig. 3b,d). In contrast, the cholesterol-abundant HCVccG#51R showed
enhanced NPC1L1-dependent cell entry and hypersensitivity to
ezetimibe-mediated inhibition (Fig. 3c,e). Together, these data reveal
a correlation between the amount of virion-associated cholesterol and
dependence on NPCILI1 for HCV cell entry.

Finally, to assess the involvement of NPCIL1 in HCV cell entry
in vivo, we evaluated the ability of ezetimibe to inhibit infection of a
genotype 1 clinical isolate in a hepatic xenorepopulation model of acute
HCYV infection?. Specifically, we repopulated urokinase-type plas-
minogen activator-severe combined immunodeficiency (uPA-SCID)
mice with human hepatocytes and treated them via oral gavage
with ezetimibe (10 mg per kg body weight per day) or diluent alone
for a total of 3 weeks, with treatment beginning 2 weeks, 1 week or
2 d before challenge with HCV genotype 1b positive serum (Fig. 4a).

Figure 4 Ezetimibe delays the establishment of a
HCV infection in hepatic xenorepopulated mice. +

Ezetimibe treatment delayed the establishment of HCV infection in
mice pretreated for 2 weeks before infection (Fig. 4b, P = 0.0192),
confirming the ability of this drug to inhibit HCV infection in vivo.
However, when mice were pretreated for only 1 week before infec-
tion, ezetimibe was less effective at delaying infection (P = 0.062),
and it was completely ineffective when treatment was initiated only
2 d before challenge or after infection had been established (data
not shown). Specifically, 100% of the nine control diluent-treated
mice were serum positive for HCV 1 week after challenge, whereas
71% (five out of seven) and 43% (three out of seven) of mice treated
with ezetimibe for 2 weeks and 1 week before infection were HCV
negative, respectively (Fig. 4b,c). Although the majority of ezetimibe-
treated mice eventually became HCV positive, of the five mice in
the 2-week ezetimibe pretreatment group that were HCV negative
at week 1, two were completely protected, remaining HCV negative
at weeks 2 and 3 after infection (and one mouse died during gavage)
(Supplementary Fig. 13). Thus, similar to what was recently reported
for another potential HCV entry inhibitor, erlotinib®’, ezetimibe was
able to delay initial infection in vivo. Notably, since NPC1L1 is highly
expressed on the apical surface of intestinal enterocytes!'>!®, a con-
siderable amount of orally administered ezetimibe initially binds to
these cells following oral administration3!. Thus it is plausible that
development of alternate non-oral delivery or drug-targeting methods
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when the mice were intravenously inoculated

on day O with HCV human serum containing 1.0 x 105 genome copies of HCV genotype 1b and the black bars indicate the time period post-HCV

inoculation that treatments were continued. (b,c) HCV RNA levels (genome copies per milliliter of serum) 1 week after infection from mice pretreated
for 2 weeks (b) or 1 week (c). The lower limit of HCV RNA detection is equal to 100 genomic copies per milliliter of serum. A two-tailed Fisher’s exact
test was performed to compare categorical variables. In all cases, P < 0.05 was used to reject the null hypothesis that the distribution of HCV-positive
and HCV-negative mice between ezetimibe-treated and nine diluent-treated mice at specific weeks after infection were the same.
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might improve transport of ezetimibe to hepatocytes and increase its
anti-HCV efficacy. Nevertheless, our finding that ezetimibe can delay
the establishment of HCV genotype 1 infection in mice confirms the
involvement of NPC1L1 in HCV infection in vivo and highlights the
therapeutic potential of further pursuing the refinement or develop-
ment of anti-NPC1L1 therapies®? for the treatment of HCV.

Here we have shown that NPC1L1 is an HCV cell entry factor that
functions after binding, at or before fusion. These findings, together
with the facts that NPC1L1 is a cellular cholesterol receptor, the HCV
particle is enriched in cholesterol, and relative dependence on NPC1L1
is correlated with HCV particle cholesterol levels, support and expand
upon previous reports suggesting that virion cholesterol is involved in
HCV cell entry!®1426, Whether NPC1L1 directly interacts with HCV
or indirectly participates in HCV entry by removing virion-associated
cholesterol to perhaps reveal protected viral glycoprotein binding sites
or confer a required conformational change remains to be determined.
Lastly, as NPCIL1 is expressed only on human and primate hepato-
cytes®>34, this discovery additionally highlights NPC1L1 as a potential
HCV tropism determinant, which may facilitate the future develop-
ment of a small-animal model of HCV infection.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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