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BACKGROUND & AIMS: Hepatitis C virus (HCV) in-
fection leads to progressive liver disease and is associated
with a variety of extrahepatic syndromes, including cen-
tral nervous system (CNS) abnormalities. However, it is
unclear whether such cognitive abnormalities are a func-
tion of systemic disease, impaired hepatic function, or
virus infection of the CNS. METHODS: We measured
evels of HCV RNA and expression of the viral entry
eceptor in brain tissue samples from 10 infected individ-
als (and 3 uninfected individuals, as controls) and hu-
an brain microvascular endothelial cells by using quan-

itative polymerase chain reaction and immunochemical
nd confocal imaging analyses. HCV pseudoparticles and
ell culture– derived HCV were used to study the ability of
ndothelial cells to support viral entry and replication.
ESULTS: Using quantitative polymerase chain reaction,
e detected HCV RNA in brain tissue of infected individ-
als at significantly lower levels than in liver samples.
rain microvascular endothelia and brain endothelial cells
xpressed all of the recognized HCV entry receptors. Two
ndependently derived brain endothelial cell lines, hC-

EC/D3 and HBMEC, supported HCV entry and repli-
ation. These processes were inhibited by antibodies
gainst the entry factors CD81, scavenger receptor BI, and
laudin-1; by interferon; and by reagents that inhibit NS3
rotease and NS5B polymerase. HCV infection promotes
ndothelial permeability and cellular apoptosis. CON-
LUSIONS: Human brain endothelial cells express

unctional receptors that support HCV entry and rep-
ication. Virus infection of the CNS might lead to

CV-associated neuropathologies.

eywords: Virus Tropism; HCVpp; HCVcc; Neurologic
efect.

Hepatitis C virus (HCV) is an enveloped positive-
strand RNA virus classified in the Hepacivirus genus

f the Flaviviridae family. Worldwide, approximately 170
illion individuals are infected with HCV that leads to a

rogressive liver disease. Infection is associated with a
ariety of extrahepatic syndromes, including cryoglobu-
inemia, glomerulonephritis, and central nervous system

CNS) abnormalities.1
Although HCV is primarily a hepatotropic virus,
genomic viral RNA has been detected in peripheral blood
mononuclear cells, cerebrospinal fluid, and the brain of
chronically infected patients with neuropathologic abnor-
malities (reviewed in Morgello2 and Weissenborn et al3).
At present, there is no small animal model to study HCV
pathobiology and studies on tropism are limited to hu-
mans. Analysis of HCV sequences derived from peripheral
blood mononuclear cells, brain, and liver show tissue-
specific differences, suggesting independent evolution at
different anatomic sites.4 – 6

Virus tropism is likely to be defined at multiple stages
of the viral life cycle, including entry, replication, and
assembly. The availability of retroviral pseudoparticles
bearing HCV glycoproteins (HCVpp) and the recently re-
ported JFH-1 strain of HCV that replicates and assembles
infectious particles in cell culture (HCVcc) have enabled
considerable advances in our understanding of the recep-
tors involved in HCV internalization.7,8 Recent evidence
hows a number of host cell molecules to be important
or HCV entry: low-density lipoprotein receptor (LDL-R),
etraspanin CD81, scavenger receptor class B member I
SR-BI), and the tight junction proteins claudin-1 and
ccludin.7

To date, the majority of reports have studied HCV
replication in hepatocytes or hepatoma-derived cells.
However, HCV has been reported to replicate to low levels
in nonhepatic cells,9,10 suggesting that additional cellular
eservoirs exist. In this study, we show that human brain

icrovascular endothelium, the major component of the
lood-brain barrier (BBB), expresses all major HCV entry
eceptors. Furthermore, 2 independently derived brain

Abbreviations used in this paper: apoE, apolipoprotein E; BBB, blood-
brain barrier; CNS, central nervous system; HCVcc, cell culture–derived
hepatitis C virus; HCVpp, hepatitis C virus pseudotype particles; HIV,
human immunodeficiency virus; LDL-R, low-density lipoprotein recep-
tor; qRT-PCR, quantitative reverse-transcription polymerase chain reac-
tion; SR-BI, scavenger receptor BI; TUNEL, terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end labelling;
VSV-Gpp, vesicular stomatitis virus G pseudoparticles.

© 2012 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2011.11.028 57
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microvascular endothelial cell lines support HCV entry
and replication,11,12 providing a potential mechanism for

CV to infect the CNS.

Materials and Methods
Cells, Reagents, and Clinical Material
Huh-7 and 293T cells were provided by C. Rice (Rocke-

feller University, New York, NY) and U87 cells by American Type
Culture Collection (Manassas, VA). All cells were maintained in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum, 1% nonessential amino acids/1% penicillin/
streptomycin (Invitrogen). hCMEC/D3 cells were maintained in
complete EGM-2 medium (Lonza, United Kingdom).12 HBMEC
cells were maintained in RPMI supplemented with 10% fetal
bovine serum/10% NuSerum and 30 �g/mL Endothelial Cell

rowth Supplement (BD Biosciences) as well as 1% nonessential
mino acids/1% penicillin/streptomycin (Invitrogen). Human
mbilical vein endothelial cells and liver sinusoidal endothelial
ells were isolated as previously described.13 Clinical material is

further described in Supplementary Materials and Methods.
The primary antibodies were anti-NS5A 9E10 (C. Rice, Rock-

efeller University), anti-CD81 (2.131),14 anti–SR-BI (V. Flores,
Pfizer), anti– claudin-1 (Abnova and R&D), anti– claudin-1 poly-
clonal sera,15 anti-occludin (Invitrogen), anti–ZO-1 (Invitrogen),
anti–LDL-R (Progen), anti–apolipoprotein E (mAb23),16 anti–
von Willebrand factor (Dako), anti– glial fibrillary acidic protein
(Dako), anti-CD63 (Dako), anti-CD163 (Novocastra), and an-
ti-E2 (9/27, 11/27, and 3/11).17 Immunoglobulin (Ig) from

ealthy volunteers and chronically HCV-infected donors was
urified by protein G affinity chromatography. Fluorescent sec-
ndary antibodies Alexa Fluor 488 and 594 anti-mouse, anti-
uman, anti-rat, and anti-rabbit IgG were obtained from Invit-
ogen.

Flow Cytometric Analysis of Receptor
Expression
For CD81, SR-BI, claudin-1, ZO-1, and LDL-R staining,

cells were incubated with monoclonal antibodies at 2 �g/mL in
phosphate-buffered saline containing 1% bovine serum albu-
min/0.01% sodium azide for 20 minutes at 37°C. For occludin
staining, cells were fixed with 1% paraformaldehyde and perme-
abilized with phosphate-buffered saline/1% bovine serum albu-
min/1% saponin. Bound antibodies were detected with Alexa 488
secondary antibodies and quantified by flow cytometry using a
FACSCalibur (BD Biosciences) and FlowJo software (TreeStar,
Ashland, OR).

Laser Scanning Confocal Microscopy
Sequential 5-�m sections of formalin-fixed, paraffin-

mbedded normal brain tissue from 5 subjects were dewaxed
nd rehydrated and microwave antigen retrieval was performed
n EDTA buffer. Cell lines were plated on collagen-coated cov-
rslips (Fisher Scientific, United Kingdom) and 24 hours later
xed with ice-cold methanol (claudin-1, occludin, ZO-1, LDL-R)
r 3% paraformaldehyde (CD81). After incubation with primary
ntibodies (2 �g/mL), cells were incubated with Alexa 488 sec-
ndary antibodies, counterstained with 4=,6-diamidino-2-phe-
ylindole, and viewed by laser scanning confocal microscopy on
Zeiss MetaHead microscope with a 100� oil immersion ob-
jective. m
HCVpp and HCVcc Genesis and Infection
Luciferase reporter pseudoparticles expressing a panel of

HCV envelope glycoproteins (HCVpp), vesicular stomatitis virus
G glycoprotein (VSV-Gpp), or a no-envelope control were gen-
erated as previously reported.17 Virus-containing medium was

dded to cells in 96-well plates seeded at 7.5 � 103 cells/cm2 and
incubated for 72 hours. Cells were lysed, and luciferase activity
was measured (Lumat LB9507 luminometer). Infectivity is ex-
pressed as relative light units, where the no-envelope signal is
subtracted from HCVpp or VSV-Gpp signals.

Plasmids encoding chimeric SA13/JFH18 or J6/JFH19 were
sed to generate RNA as previously described.19 Briefly, RNA was
lectroporated into Huh-7.5 cells, and supernatants were col-
ected at 72 and 96 hours and stored at �80°C. Infected cells
ere fixed with ice-cold methanol and stained for NS5A with
onoclonal antibody 9E10 and isotype-matched Alexa 488 –

onjugated anti-mouse IgG2a. NS5A-positive foci were enumer-
ted, and infectivity was expressed as focus-forming units per
illiliter.

Neutralization of HCV Infection
Cells were seeded in 96-well plates at 7.5 � 103 cells/cm2.

fter 24 hours, cells were incubated with anti-receptor or irrel-
vant IgG control monoclonal antibodies at 10 �g/mL for 1

hour, and HCVcc or HCVpp was added and incubated for 72
hours. Anti-E2 monoclonal antibodies or HCV-positive IgG were
incubated with virus for 1 hour before infecting target cells.
Alternatively, cells were incubated with virus for 8 hours, un-
bound virus was removed by washing, and cells were incubated
with neutralizing antibodies. For HCVpp, cells were lysed and
luciferase activity was measured. For HCVcc, cells were fixed with
ice-cold methanol and stained for NS5A. The percent neutral-
ization was calculated relative to the irrelevant IgG.

Real-Time Reverse-Transcription Polymerase
Chain Reaction
Purified cellular or tissue RNA samples were amplified

for HCV RNA (Primer Design Ltd) in a quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) as per the
manufacturer’s guidelines (CellsDirect Kit; Invitrogen) and flu-
orescence was monitored in an MxPro-3000 PCR machine
(Stratagene). Comparison of a panel of housekeeping genes in
brain and liver RNA confirmed GAPDH as a stably expressed
reference gene. Hence, GAPDH was included as an endogenous
control for amplification efficiency and RNA quantification. The
assay cutoff was 100 copies.

Permeability and Apoptosis Assays
hCMEC/D3 cells were seeded on collagen I– coated

Transwell filters (0.4 �m; pore size, 1.1 cm2; Sigma-Aldrich) and
cultured as described.20 Cells were infected with HCVcc, with or
without prior incubation with anti-HCV IgG for 48 hours, or a
combination of tumor necrosis factor � and interferon gamma
for 24 hours before measuring paracellular permeability by us-
ing the clearance method.21 hCMEC/D3 and Huh-7 cells were
eeded on collagen-coated coverslips and infected with J6/JFH or
A13/JFH. After 72 hours, cells were fixed and terminal deoxy-
ucleotidyl transferase–mediated deoxyuridine triphosphate
ick-end labeling (TUNEL) staining was performed as per the

anufacturer’s instructions (Invitrogen). 115
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Statistical Analysis
Statistical analyses were performed using Student t test

n Prism 4.0 (GraphPad, La Jolla, CA), with P � .05 considered
significant.

Results
HCV RNA Load in Brain and Liver Tissue
To quantify HCV RNA levels in the brain and liver of

infected subjects, cellular RNA was extracted from human
brain (cerebellum, medulla, white and grey matter) and liver
from 10 HCV-infected and 3 uninfected subjects as previ-
ously described.22 HCV RNA was amplified from the liver
sample of all infected subjects tested but not from HCV-
seronegative individuals. HCV RNA was detected in brain
tissue from 4 of 10 HCV-infected individuals, independent
of human immunodeficiency virus (HIV) status (Table 1). In
those individuals in whom HCV was detectable in the brain,
viral RNA quantities were 1000 to 10,000 times lower than
in the matched liver samples (Table 1).

Human Brain Endothelium Express
HCV Receptors
To investigate the expression of HCV receptors in the

brain, sequential sections from normal and HCV-infected
brain samples were stained with antibodies specific for HCV
receptors and cell lineage markers: von Willebrand factor
(endothelium), glial fibrillary acidic protein, CD68 (macro-
phages/microglia), and CD163 (perivascular macro-
phages). Microvascular endothelium costained with en-
dothelial-specific von Willebrand factor and HCV
receptors CD81, SR-BI, claudin-1, occludin, and LDL-R
(Figure 1 and Supplementary Figure 1). Comparable pat-
terns of viral receptor staining were observed independent
of HCV status. CD81, claudin-1, and occludin were also
expressed on neurons and CD81 on astrocytes. In con-

Table 1. HCV RNA Viral Loads in Human Brain Tissue

Sample
ID

Age
(y) Sex

HIV
status

HCV
status Liver pathology Cause of dea

10034 49 Male Positive Positive Cirrhosis Pneumonia
10066 54 Female Positive Positive Cirrhosis Probable sepsis
20024 62 Male Positive Positive Fibrosis Bronchiolitis, emph

aortic stenosis
40007 53 Male Negative Positive Cirrhosis End-stage liver dise
10016 58 Female Positive Positive Cirrhosis Extensive metastati

calcifications and
congestive heart

10027 39 Male Positive Positive Cirrhosis Severe cachexia, H
encephalitis

10086 48 Female Positive Positive Cirrhosis Pneumonia and sep
20028 49 Male Positive Positive Cirrhosis Cardiac and liver fa
40003 54 Male Negative Positive Cirrhosis Sepsis, pneumoniti

stage liver diseas
renal failure

537 44 Male Negative Positive Minimal steatosis,
fibrosis, and
inflammation

Pneumonia (Pneum
carinii, cytomega

NOTE. HCV RNA from matched brain and liver tissue from HCV-positive clinical
in the liver of all 10 subjects and in the brain tissue of 4 subjects. Viral load was a

variation between liver and plasma was previously reported for samples 10034, 20
ND, not determined.
trast, SR-BI expression was restricted to microvascular
endothelium (Supplementary Figure 1).

Human Brain Endothelial Cells Support HCV
Entry and Replication
Two independently derived brain microvascular en-

dothelial cell lines, hCMEC/D3 and HBMEC,11,12 express all
he HCV entry factors (Figure 2A–C). In contrast, human
mbilical vein endothelial cells and liver sinusoidal endothe-

ial cells express low levels of SR-BI and undetectable clau-
in-1 (Figure 2C), suggesting that expression of the full
omplement of HCV receptors is specific to brain endothe-
ial cells. Costaining of brain endothelial cells with antibod-
es specific for CD81, SR-BI, and claudin-1 confirmed expres-
ion of all receptors (Supplementary Figure 2).

To ascertain whether viral receptors on brain endothe-
ial cells are functionally active, we studied the ability of

CVpp to infect brain endothelial cells. HCVpp infected
CMEC/D3, HBMEC, primary hepatocytes, and control
uh-7 hepatoma cells, whereas there was no detectable

uciferase signal in human umbilical vein endothelial cells
nd liver sinusoidal endothelial cells (Figure 3A). VSV-
pp infected all cells with different efficiencies, most

ikely reflecting cell type– dependent differences in re-
orter expression. Normalizing HCV infection relative to
SV-G shows comparable HCV entry rates in brain endo-

helial cells and primary hepatocytes (Figure 3B). Further-
ore, HCVpp expressing diverse envelope glycoproteins

loned from several acutely infected subjects infected hC-
EC/D3 cells (Figure 3C). HCVpp infection of hC-
EC/D3 or HBMEC was inhibited by anti-HCV E2 and

atient-derived pooled Ig, confirming glycoprotein-depen-
ent entry (Figure 3D). To investigate the receptor depen-
ency of HCVpp infection of brain endothelial cells, we
ssessed the ability of monoclonal antibodies specific for

Postmortem
interval (h)

HCV RNA load (10 mg tissue)

Liver
Cerebral

grey matter
Cerebral

white matter Cerebellum Medulla

4.5 6.1 � 108 3.8 � 104 5.4 � 103 4.7 � 103 6.4 � 103

7 1.8 � 108 — 1.7 � 102 — —
a, 4 9.4 � 108 1.1 � 105 — — —

11.5 9.0 � 106 4.0 � 102 8.5 � 102 — —

re

17 4.2 � 108 — — — —

4 1.4 � 109 — — — —

7.5 1.1 � 109 — — — —
6 4.7 � 108 — — — —

nd-
nd

14.5 3.1 � 108 — — ND ND

tis
us)

27 1.9 � 109 — — ND ND

ples was quantified by qRT-PCR and normalized to GAPDH. Virus was detected
oximately 1000-fold lower in the brain compared with the liver. HCV E1 sequence

29
th

ysem
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c

failu
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sis
ilure
s, e
e, a

ocys
lovir

sam
ppr
024, 20028, and 40007.
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F5
viral receptors to neutralize infection. Antibodies specific
for CD81, SR-BI, and claudin-1 significantly reduced
HCVpp infection of hCMEC/D3 and HBMEC (Figure 3D)
but had no effect on VSV-Gpp infection (Supplementary
Figure 3), showing a common receptor-dependent path-
way of entry in these cell lineages.

Given the permissive nature of brain microvascular
endothelial cells for HCV glycoprotein-dependent pseu-
doparticle infection, we investigated their ability to sup-
port replication of 2 chimeric HCVcc JFH-1 viruses ex-
pressing genotype 2a strain J619 or genotype 5a strain
SA13 structural proteins.18 As controls, we included per-

issive Huh-7 and nonpermissive U87 cell lines.10 Cells
were incubated with increasing concentrations of virus,
fixed and infection visualized by staining for viral non-
structural protein NS5A. Both HCV strains infected hC-

Figure 1. HCV receptor expression in human brain tissue. Formalin-
fixed, paraffin-embedded brain sequential sections were costained with
antibodies specific for von Willebrand factor (vWF), a marker for endo-
thelial cells, and HCV receptors SR-BI, CD81, claudin-1, occludin, and
LDL-R. Brain endothelium expressed all the factors required for HCV
entry. Original magnification 100�.
MEC/D3 cells with an approximate 100- to 300-fold re-
duced titer compared with Huh-7 cells (Figure 4A). HCVcc
showed a 100-fold reduced titer in HBMEC compared
with hCMEC/D3 cells. Interferon alfa inhibited HCVcc
infection of all cell lines (Figure 4A). Unsurprisingly, we
failed to detect NS5A in U87 cells (data not shown). To
confirm de novo HCV replication and ascertain the sen-
sitivity of endothelial cells to antiviral agents, we com-
pared the ability of several protease and polymerase in-
hibitors to inhibit HCV replication in hCMEC/D3 and
Huh-7 cells. All antiviral agents significantly reduced HCV
infection of both cell types (Figure 4B), with the majority
of agents showing greater efficacy in hCMEC/D3 cells.

Pretreatment of hCMEC/D3 and Huh-7 cells with an-
tibodies specific for CD81, SR-BI, or claudin-1 signifi-
cantly reduced HCVcc infection (Figure 4C), confirming
our earlier observations with HCVpp. Infectious HCVcc
particle assembly is dependent on the lipoprotein synthe-
sis machinery of the host cell leading to the genesis of
lipoviral particles.23 Several reports have shown a key role
or apolipoprotein E (ApoE) in HCV assembly and en-
ry.8,24 Because ApoE is known to bind SR-BI and several

members of the LDL-R family, we investigated the ef-
fect(s) of antibodies targeting ApoE and LDL-R on HCV
infection of hCMEC/D3. Anti-ApoE and anti–LDL-R sig-
nificantly reduced infection of hCMEC/D3 while showing
a more modest effect on Huh-7 cells (Figure 4C).

To investigate whether HCV initiates a spreading infec-
tion in hCMEC/D3, virus was allowed to enter and infect
endothelial or Huh-7 cells for 8 hours, unbound virus was
removed by extensive washing, and receptor-specific neu-
tralizing antibodies were added. Virus-infected cells were
incubated for 72 hours to allow secondary transmission
events to occur and the number of NS5A-expressing in-
fected cells enumerated. Infected foci of NS5A-expressing
hCMEC/D3 cells were readily observable, indicating viral
spread (Figure 4C). Although receptor-specific antibodies
reduced primary infection of hCMEC/D3 cells, antibodies
specific for CD81 or ApoE significantly reduced secondary
infection, showing a role for cellular CD81 and virus-
associated ApoE in viral dissemination between brain en-
dothelial cells (Figure 4D). This ApoE dependency in the
endothelial cultures is consistent with endogenous ApoE
expression in hCMEC/D3 cells (data not shown).

To confirm a productive infection of brain endothelial
cells, HCV SA13/JFH-infected hCMEC/D3 or Huh-7 cells
were sequentially harvested to quantify the frequency of
NS5A-expressing cells and HCV RNA levels over time.
HCV RNA was first detected in hCMEC/D3 cells at 24
hours and levels increased significantly by 48 hours, in
parallel with the increasing number of NS5A-expressing
cells (Figure 5). There was no detectable viral RNA at 12
hours after infection, showing de novo rounds of viral
replication. HCV RNA and NS5A expression in Huh-7
cells increased over time (Figure 5). At 48 hours, the level
of HCV RNA in Huh-7 cells was approximately 1000-fold
higher than in hCMEC/D3 cells (Figure 5A). However,
normalizing HCV RNA to the number of NS5A-positive

cells in each culture at 48 hours showed 133 and 1067 231
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copies/infected cell for hCMEC/D3 and Huh-7 cells, re-
spectively, reflecting only a �10-fold difference in viral
genomic burden for the 2 cell types.

miR-122 is a liver-specific microRNA that is required for
efficient HCV replication and is considered a therapeutic
target for antiviral intervention.25 qRT-PCR confirmed that

iR-122 was not detectable in human brain tissue, whereas
bundant levels were observed in all liver samples studied.
e failed to detect miR-122 expression in hCMEC/D3 cells

y qRT-PCR or Northern blot (Supplementary Figure 4A–C).
mportantly, transfection of hCMEC/D3 to express func-
ionally active miR-122 RNA duplexes25 failed to promote

Figure 2. HCV receptor ex-
pression in microvascular endo-
thelial cells. CD81, claudin-1,
occludin, ZO-1, and LDL-R ex-
pression in (A) hCMEC/D3 or (B)
HBMEC. Flow cytometric analy-
sis of HCV entry factor expres-
sion in hCMEC/D3, HBMEC,
liver sinusoidal endothelial cells
(LSEC), and human umbilical
vein endothelial cells (HUVEC),
together with the permissive
Huh-7 hepatoma and nonper-
missive U87 cells. (C and D) The
percent receptor-positive cells
and mean fluorescent intensity
(MFI) are shown. Anti-receptor an-
tibodies showed negligible bind-
ing to receptor-negative Chinese
hamster ovary cells with MFI val-
ues between 4 and 8. Isotype
control antibodies gave MFI val-
ues between 5 and 11 for all cells
tested. Data are representative of
2 independent experiments.
CV infection (Supplementary Figure 4D–F), showing that
CV replication in hCMEC/D3 cells is miR-122 indepen-
ent.

Brain Endothelial Cells Release
Infectious Virus
To ascertain whether brain endothelial cells can

release virus that is infectious for hepatocytes, hCMEC/
D3, Huh-7, or nonpermissive U87 cells were infected with
HCVcc SA13/JFH for 12 hours at a comparable multiplic-
ity of infection and unbound virus was removed by washing.
Virus-infected cells were incubated at 37°C for 72 hours,
extracellular medium was collected, and cells were fixed and

stained for NS5A. Levels of infectious virus in the medium 289
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were determined by inoculating naïve Huh-7.5 cells. Similar
numbers of HCV-infected hCMEC/D3 and Huh-7 cells were
observed; however, the level of infectious virus released from
hCMEC/D3 cells over an 8-hour period was 68 focus-form-
ing units, compared with 1680 focus-forming units released
from Huh-7 cells (Supplementary Figure 5). We attempted
o inoculate naïve hCMEC/D3 cells with viral supernatant
rom HCVcc-infected hCMEC/D3 cells and failed to detect
nfection, most likely because of the low levels of virus
eleased from infected hCMEC/D3 cultures (data not
hown). To ascertain whether the low levels of infectious
irus in the hCMEC/D3 culture medium could be attributed
o a persisting viral inoculum, we titered the extracellular

edia collected from virus-inoculated U87 cells and failed to
etect infectious virus. Furthermore, medium collected 12
ours after virus inoculation contained no detectable infec-
ious virus. In summary, these data show that brain endo-
helial cells release low levels of HCV that are infectious for
epatoma cells.

HCV Increases Endothelial Cell Permeability
To investigate whether HCV infection affects
hCMEC/D3 paracellular permeability, confluent cells were
allowed to polarize and 70-kilodalton fluorescein isothiocya-
nate/dextran flux was measured. Human tumor necrosis
factor �/interferon gamma treatment or HCV infection sig-
nificantly increased hCMEC/D3 paracellular permeability
(Figure 6A), showing that HCV can disrupt endothelial cell
integrity. Neutralization of HCV infection with pooled anti-
HCV patient Ig restored hCMEC/D3 impermeability, show-
ing a direct effect of infection (Figure 6A). We noted that

CV-infected hCMEC/D3 cells showed evidence of cyto-
athicity in association with NS5A expression. To ascertain
hether HCV induced apoptosis, we stained infected
CMEC/D3 and Huh-7 cells for DNA strand breaks using
UNEL. A low frequency of HCV-infected Huh-7 cells

tained positive for both TUNEL and NS5A.26 In contrast,
ll the NS5A-positive endothelial cells were TUNEL pos-
tive, showing a direct effect of infection on brain endo-
helial cell apoptosis (Figure 6B).

Discussion
HCV infection leads to progressive liver disease,

which has been associated with extrahepatic syndromes,

Figure 3. Microvascular brain
endothelial cells support HCV
entry. HCVpp-H77 infection of
hCMEC/D3, HBMEC, human
umbilical vein endothelial cells
(HUVEC), liver sinusoidal endo-
thelial cells (LSEC), primary hu-
man hepatocytes (PHH), and
Huh-7 cells. (A) HCVpp and
VSV-Gpp entry is expressed as
relative light units (RLU). (B) Nor-
malized HCVpp entry relative
to VSV-Gpp. (C) Infectivity of
HCVpp bearing primary enve-
lopes cloned from 4 acutely in-
fected patients (Pt 11, Pt 28, Pt
110, and Pt 18) for hCMEC/D3.
HCVpp infection of hCMEC/D3
and HBMEC was neutralized by
antibodies targeting CD81, SR-
BI, or claudin-1 and viral glyco-
proteins (anti-HCV E2 3/11,
9/27, 11/20, and pooled anti-
HCV IgG). (D) Anti-HIV 10/76B
and irrelevant globulin had no ef-
fect. Data are representative of 3
independent experiments.
including CNS abnormalities.3 There is a growing body of 347
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literature on mild neurocognitive impairment in chronic
HCV infection that is independent of hepatic encephalop-
athy.27 However, there is a lack of studies to investigate
whether cells of the CNS support HCV replication. In this
study, we report that all of the essential HCV receptors are
expressed on brain microvascular endothelial cells. In-
deed, the microvascular endothelia were the only cell type
in the brain that expressed all the factors required for
HCV entry. To our knowledge, this is the first study to
investigate the expression of HCV receptors in the human
brain. Microvascular endothelial cells are a major compo-
nent of the BBB28 and may provide a portal for HCV to
infect the CNS.

Quantification of HCV RNA from matched samples of
white and grey matter, cerebellum, medulla, liver, and
plasma revealed that, in clinical samples with detectable

Figure 4. Microvascular brain
endothelial cells support HCV
replication. hCMEC/D3, HBMEC,
and Huh-7 cells were infected
with HCVcc J6/JFH or SA13/
JFH, and infection was ex-
pressed as focus forming units
per milliliter (FFU/mL). (A) Inter-
feron alfa (IFN-�; 100 IU/mL) in-
ibited infection of all cell lines.
CMEC/D3 and Huh-7 cells
ere infected with HCVcc J6/
FH for 8 hours and treated with

ncreasing concentrations of an-
iviral drugs targeting HCV pro-
ease and polymerase. (B) The
oncentration of inhibitor that
educed infection by 90%
as determined (IC90). (C) Fo-

cus of HCV NS5A-expressing
hCMEC/D3 cells. (D) Antibodies
specific for HCV entry factors
CD81, SR-BI, claudin-1, LDL-R,
and ApoE, anti-HCV Ig, or irrele-
vant Ig were incubated with hC-
MEC/D3 and Huh-7 cells for 1
hour before (white bars) or 8
hours after (black bars) infection.
nfected cells were incubated for
2 hours and NS5A-positive
ells enumerated. Statistically
ignificant neutralization relative
o the irrelevant IgG is indicated
*P � .0001). Data are represen-
tative of 3 independent expe-
riments.
brain HCV, the viral load was 1000- to 10,000-fold
lower in brain compared with liver from the same
subject. HCV RNA was detected in at least one brain
region from 4 of 10 HCV-infected subjects, indepen-
dent of HIV coinfection status. Although quantities of
viral RNA from the brain and liver varied widely be-
tween clinical samples, in general a lower viral load was
associated with a higher postmortem interval, suggest-
ing RNA degradation in some samples over time. Vari-
ation between brain-, plasma-, and liver-derived HCV
E1 and 5= untranslated region sequences has previously
been reported in this cohort, supporting the hypothesis
that HCV replicates and evolves within the brain.29

However, care is needed when interpreting the physio-
logic relevance of detecting HCV RNA genomes. It is
worth noting that 6 HCV-infected subjects had no
detectable viral RNA in the brain, despite having com-

parable levels of viral RNA in the liver and plasma 405
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(Supplementary Materials and Methods) to 4 subjects
with no detectable HCV RNA in the brain.

There have been significant difficulties in visualizing
HCV antigen-expressing hepatocytes in the liver that most
likely reflect the low viral burden at a cellular level.30,31

Our quantification of HCV RNA in brain tissue compared
with liver suggests that detecting HCV antigen in the
brain will be technically challenging, and current imaging
methodologies lack the sensitivity to reliably detect HCV-
infected cells in the CNS. Indeed, our attempts to show
NS3 or NS5A HCV antigen in brain or liver samples from
subjects in this study have failed to provide robust signals
(data not shown). Previous studies have reported the pres-
ence of HCV RNA in microglia and astrocytes isolated
using laser capture microdissection.32,33 However, our ex-

eriments show that astrocytes and microglia lack expres-
ion of several receptors required for HCV entry.10

Our studies show that 2 independently derived brain
microvascular endothelial cell lines, hCMEC/D3 and
HBMEC, support HCVpp entry. Infection was inhibited by
antibodies specific for CD81, SR-BI, claudin-1, or E2 gly-
coprotein, showing a common receptor-dependent entry
pathway to that reported for hepatocytes and hepatoma-
derived cell lines.34,35 These observations, along with our
ecent report that neuroepithelioma cell lines derived
rom peripheral tumors support efficient HCVpp infec-
ion,10 show that viral entry is not restricted to hepato-
ytes. Importantly, messenger RNA and protein profiling
atabases show that CD81, SR-BI, claudin-1, and occludin
re expressed in epithelial and endothelial cells from var-
ous tissues,36,37 raising the possibility that other cell types

Figure 5. HCV RNA and antigen expression in brain endothelial and
hepatoma cells. hCMEC/D3 and Huh-7 cells were infected with HCVcc
SA13/JFH for 12 hours, and unbound virus was removed by washing. (A)
HCV RNA copies and (B) the frequency of NS5A-positive cells were
determined at the indicated times. Infectivity is presented as focus form-
ing units per milliliter (FFU/mL) and HCV RNA copies relative to GAPDH.
ay support HCV infection. Our data support the pres-
nce of functional entry receptors in BBB endothelial cells
ut not endothelial cells derived from umbilical vein and

iver sinusoids.
Given the permissivity of brain endothelial cells for
CVpp entry, we investigated their ability to support
CVcc replication. HCV-infected hCMEC/D3 cells release

ow levels of virus that can infect hepatoma cells and
howed evidence for a spreading infection that is CD81
ependent. Recent reports highlighting the role of ApoE

n HCV assembly8,24 and the targeting of ApoE-containing
anoparticles across the BBB38,39 prompted us to investi-
ate a role for ApoE in brain endothelial cell infection.
nterestingly, antibodies targeting ApoE effectively neu-
ralized HCV infection of hCMEC/D3 cells, despite mod-

Figure 6. HCV increases brain endothelial permeability and apoptosis.
hCMEC/D3 cells were cultured on permeable filters and infected with
HCVcc SA13/JFH for 72 hours or treated with recombinant human
tumor necrosis factor � and interferon gamma at 10 ng/mL for 24 hours.

aracellular permeability to fluorescein isothiocyanate/dextran 70 kilo-
altons was measured. (A) HCV induced a significant increase in perme-
bility (P � .001), which was inhibited by anti-HCV Ig (P � .05). Signifi-
ant increases in permeability were also observed in response to tumor
ecrosis factor �/interferon gamma (IFN-�). (B) hCMEC/D3 and Huh-7

cells were infected with HCVcc SA13/JFH for 72 hours at comparable
multiplicities of infection and costained for NS5A (red) and DNA strand
breaks by using TUNEL (green). Although some apoptosis was associ-
ated with HCV-infected Huh-7 cells, apoptosis was pronounced in in-
fected hCMEC/D3 cells. Data are representative of 3 independent

experiments. 463
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est neutralization of Huh-7 cells, suggesting a greater role
for ApoE in virus infection of brain endothelial cells.

The BBB limits the passage of substances from blood to
the CNS by the presence of tight junctions between en-
dothelial cells and by receptor-mediated efflux transport
systems that restrict the entry of hydrophilic molecules to
the brain.28 Multidrug resistance proteins, including P-

lycoprotein, restrict the transport of many drugs across
he BBB, including antivirals that may contribute to the
evelopment of “sanctuary sites,” allowing pathogens (eg,
IV-1) to replicate in the brain of drug-treated patients.40

In the present study, HCV replication was inhibited by
antiviral agents targeting NS3 protease and NS5B poly-
merase enzymes in vitro.

Disruption of BBB integrity can lead to an infiltration
of pathogens, cytokines, and immune cells to the brain
parenchyma as reported for HIV-1 and West Nile vi-
ruses.41,42 hCMEC/D3 infection led to increased HCV
RNA and antigen expression over time, with a cytopathic
effect that associated with TUNEL staining and increased
permeability to the paracellular permeability marker FD-
70. These data support a model in which HCV infection
may compromise BBB integrity, with implications for
brain homeostasis in HCV infection.

In conclusion, we show that brain microvascular endo-
thelium expresses all the major viral receptors required for
HCV infection. Two brain endothelial cell lines support
HCV entry and replication, in which infection is inhibited
by HCV receptor-specific antibodies, interferon, and spe-
cific antiviral agents. The observation that HCV-infected
hCMEC/D3 cells release low levels of infectious virus and
show evidence of apoptosis supports a model in which the
BBB may provide an extrahepatic target for infection, and
HCV may directly induce neuropathology in vivo.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:

0.1053/j.gastro.2011.11.028.
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Supplementary Materials and Methods

Clinical Samples and RNA Preparation
Clinical samples for qRT-PCR and immuno-

chemical analyses (Table 1, Figure 1, and Supplemen-
tary Figure 1) were obtained from the Manhattan HIV
Brain Bank and Manhattan Hepatology Brain Bank
(R24MH59724) or from the Mount Sinai Department
of Pathology autopsy service under an institutional
review board–approved protocol. Subjects enrolled in
the Manhattan Hepatology Brain Bank are in advanced
stages of HIV and liver disease and agree to be organ
donors for the purposes of research upon their death.
Plasma collection and cognitive assessments were per-
formed on Manhattan Hepatology Brain Bank partici-
pants at regular intervals until death. The 10 subjects
whose HCV RNA was analyzed were a subset of individ-
uals with premortem evidence of active HCV infection
(eg, plasma viremia). None had undergone HCV-targeted
therapies between the time of HCV plasma load determi-
nation and death, with the exception of patient 40003,
who received a 1-month course of interferon and ribavi-
rin 3 months before death.1 Eligibility criteria for the

anhattan HIV Brain Bank have been previously re-
orted.2 Briefly, patients must be HIV positive, consent to

postmortem organ donation, and (1) have a condition
indicative of advanced HIV disease or another disease
without effective therapy, (2) have a CD4 cell count of no
more than 50 cells/�L for at least 3 months, or (3) be at
risk for near-term mortality in the judgment of the pri-
mary physician.

Samples of liver and brain material were stored at
�80°C; for RNA extraction, 10 mg tissue was removed

nd homogenized using sterile disposable plastic homog-
nizers. Instruments were changed between each sample
o eliminate cross-contamination. RNA was extracted us-
ng the RNeasy Mini Kit (Qiagen) according to the man-
facturer’s instructions.

Northern Blotting for miR-122
RNA from Huh-7 or hCMEC/D3 cells was ex-

tracted using TRI Reagent (Sigma). Five micrograms of
total RNA was separated by denaturing polyacrylamide
gel electrophoresis on gels containing 15% polyacryl-
amide, 8 mol/L urea, and 0.5� TBE (Tris-borate EDTA).
RNA was transferred to Hybond NX membrane (GE
Healthcare) using a semi-dry transfer apparatus and
cross-linked to the membrane using EDC, as described in
Pall and Hamilton.3 Membranes were probed overnight

ith �-32P adenosine triphosphate end-labeled DNA oli-
onucleotides complementary to miR-122 (5=-ACAAA-
ACCATTGTCACACTCCA-3=) or a U6 small nuclear
NA control (5=-ATATGGAACGCTTCACGAATT-3=). Hy-
ridization took place at 37°C in hybridization solution

5� SSPE, 7.5� Denhardt’s solution, 0.1% sodium dodecyl
ulfate) supplemented with 50 �g/mL yeast transfer RNA.
Membranes were washed twice in 5� SSPE/0.1% sodium
dodecyl sulfate at room temperature and twice in 1� SSPE/
0.1% sodium dodecyl sulfate at 37°C before visualization on
a Storm 825 PhosphorImager (GE Healthcare).

qRT-PCR for miR-122
A total of 10 ng total RNA was analyzed by qRT-

PCR by using TaqMan microRNA assays specific to miR-
122 or a U6 small nuclear RNA control (Applied Biosys-
tems), according to the manufacturer’s instructions.
Assays were performed in a Stratagene Mx3005P machine
(Agilent Technologies) and miR-122 levels expressed rel-
ative to U6 levels by the 2���Ct method. For comparison

f different clinical samples, U6 levels varied considerably
etween different tissues so miR-122 levels were ex-
ressed as 2��Ct.

Transfection of hCMEC/D3 Cells With miR-
122 Expression Vectors and HCVcc Infection
hCMEC/D3 cells were transfected with miR-122

wild-type duplex RNA or miR-122 p3�4 mutant duplex,
using RNAiMax as described.4 Twenty-four hours after
transfection, cells were infected with HCVcc SA13/JFH
and duplicate wells were harvested for miR-122 expres-
sion by using qRT-PCR. After 72 hours, infected cells
were stained with anti-NS5A antibody and visualized
with an anti-mouse Alexa 594 antibody. Infected foci
were enumerated and infection levels expressed as focus-
forming units per milliliter. To confirm incorporation of
miR-122 WT duplexes into a functional RNA-induced
gene silencing complex, hCMEC/D3 cells were cotrans-
fected with miR-122 duplex and a miR-122 sensor ex-
pressing either green fluorescent protein or firefly lu-
ciferase.5 Forty-eight hours after transfection, cells were
fixed by using 1% paraformaldehyde and transfection
efficiency quantified by using flow cytometry (green flu-
orescent protein constructs) or were lysed and luciferase
activity quantified by using the Dual Luciferase Assay
System (Promega).
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ell types in close proximity to brain endothelium. Original magnification 200�.
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Supplementary Figure 1. Immunohistochemical staining of human b
cortex were stained with antibodies to detect von Willebrand Factor (v
claudin-1, occludin, and LDL-R. Arrows denote brain endothelium. An
protein (astrocytes), and CD68 (macrophages) show the localization of c
rain tissue. Sections of formalin-fixed, paraffin-embedded human cerebral
WF; brain endothelium), together with the HCV entry factors CD81, SR-BI,
tibodies to detect CD163 (perivascular macrophages), glial fibrillary acidic
691
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Supplementary Figure 2. Coexpression of HCV entry factors on per
brain endothelial cells that express all HCV entry factors, cells were cos
of cells expressed CD81 and occludin (Figure 2), and 99.7% of Huh-7 ce
observed on hCMEC/D3 (89.7%) and HBMEC (65.7%). Anti-receptor a
ovary cells with mean fluorescence intensity values between 5 and 11.
ive Huh-7 and brain endothelial cells. To investigate the percentage of
d for CD81, SR-BI, and claudin-1. Flow cytometry showed that �90%
expressed SR-BI and claudin, with slightly lower levels of coexpression
dies showed negligible binding to receptor-negative Chinese hamster
miss
taine
lls co
ntibo
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Supplementary Figure 3. Effect of neutralizing antibody on VSV-
Gpp infection. hCMEC/D3 or Huh-7 cells were treated with 10 �g of
the indicated neutralizing antibodies for 1 hour and then infected with
VSV-Gpp. After 72 hours, cells were lysed and infectivity measured
and expressed as relative light units minus the no-envelope signal.

There was no effect of any of the antibodies on VSV-Gpp infectivity. 761
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Supplementary Figure 4. miR-122 expression on brain tissue and hCMEC/D3 cells. Total RNA extracted from the brain and liver tissue from 3
CV-seropositive subjects was analyzed by qPCR for miR-122. miR-122 levels are shown as 2��Ct relative to liver as an average � SD of 3 subjects.

(A) Total RNA was extracted from Huh-7, hCMEC/D3, or HeLa cells. miR-122 levels were determined relative to a U6 small nuclear RNA control by
qRT-PCR, and data are shown as 2���Ct relative to Huh-7 cells as an average � SD of triplicate samples. (B) Although Huh-7 cells express high levels
of miR-122, hCMEC/D3 cells did not express detectable levels of miR-122. (C) Northern blot analysis confirmed miR-122 expression in Huh-7 but
not hCMEC/D3 cells. hCMEC/D3 cells were transfected with miR-122 sensor (miR-122S) expressing green fluorescent protein with a complemen-
tary target site for miR-122 in the presence or absence of miR-122 duplex. (D) Flow cytometry revealed 35% of cells expressing miR-122 green
fluorescent protein sensor that was significantly reduced following transfection of miR-122, confirming miR-122 incorporation into a functional
RNA-induced gene silencing complex. (E) Flow cytometry data was confirmed using a miR-122 sensor expressing firefly luciferase. (F) miR-122
expression was confirmed by qPCR as in C, with data shown relative to untransfected cells. (G and H) HCVcc infection levels and HCV RNA levels

were not significantly increased compared with controls following miR-122 WT or miR-122 p3�4 mutant expression in hCMEC/D3 cells. 851
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Supplementary Figure 5. HCV-infected brain endothelial cells release infectious virus. hCMEC/D3, Huh-7, or the nonpermissive U87 cell line was
nfected with HCVcc SA13/JFH at equivalent multiplicities of infection. After 12 hours, input virus was removed by extensive washing. Cells were
ncubated at 37°C for 72 hours, and extracellular medium was collected and used to inoculate naïve Huh-7.5 cells. The level of infectious virus
eleased from hCMEC/D3 over an 8-hour period was approximately 10-fold lower than that released from Huh-7 cells. No infectious virus was
etected in the medium from nonpermissive U87 cells. Furthermore, medium collected after 12 hours contained no detectable virus, showing that

rain endothelial cells release low levels of HCV that is infectious for Huh-7 hepatoma cells.
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