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miR122  La  PC BP2 hn RNPD/L  S YNCRIP
IGF2 BP1   DDX6  LSm1  PatL1    

SR-BI
LDL-R
CD81

Claudin-1/6/9
Occludin

EGFR
EphA2
ApoE

NPC1L1

CypA
Pin1

OSBP
GBF1
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VIRAL HEPATITIS

Hepatitis C Virus Receptors Claudin-1 and Occludin
After Liver Transplantation and Influence on Early Viral

Kinetics
Laura Mensa,1* Gonzalo Crespo,1* Matthew J. Gastinger,3 Juraj Kabat,3 Sofı́a Pérez-del-Pulgar,1

Rosa Miquel,2 Suzanne U. Emerson,4 Robert H. Purcell,4 and Xavier Forns1

Liver transplantation (LT) is a unique model to study hepatitis C virus (HCV) entry into hepa-
tocytes. Recent in vitro studies suggest significant changes in the expression of the HCV recep-
tors claudin-1 and occludin after HCV infection. Our aims were: (1) to characterize claudin-1
and occludin expression in grafts from LT recipients and (2) to explore their potential influ-
ence on early HCV kinetics and their changes after HCV infection. We included 42 HCV-
infected LT recipients and 19 uninfected controls. Claudin-1 and occludin were detected in
paraffin-embedded liver biopsies obtained during reperfusion and 3 and 12 months after LT.
HCVreceptors were characterized by confocal immunofluorescence microscopy; quantification
and colocalization studies were performed with dedicated software. Claudin-1 and occludin
expression were restricted to the apical pole of hepatocytes. There was a significant correlation
between the amount of scavenger receptor B1 at the time of reperfusion and the HCV-RNA
decay during the first 24 hours following LT (r5 0.55, P5 0.007). Similarly, there was a sig-
nificant correlation between the levels of claudin and occludin and the slope of HCV-RNA
increase during the first week after LT (r 5 0.63, P 5 0.005). Occludin and claudin-1 levels
increased significantly 12 months after LT (P5 0.03 and P5 0.007, respectively). The expres-
sion pattern of both proteins, however, remained unchanged, colocalizing strongly (60%-
94%) at the apical membrane of hepatocytes. Conclusions. HCV receptor levels at the time of
LT seem to modulate early HCV kinetics. Hepatitis C recurrence after LTwas associated with
increased levels of claudin-1 and occludin in the hepatocyte cell membrane, although it did
not alter their localization within the tight junctions. (HEPATOLOGY 2011;53:1436-1445)

H
epatitis C virus (HCV) is the leading cause of
chronic liver disease in many regions of the
world. Chronic hepatitis C progresses to cirrho-

sis and endstage liver failure in a significant proportion of

patients over the years and is the main indication for liver
transplantation (LT) in the Western world and Japan.1

Major advances have been achieved in the last few
years towards a better understanding of the HCV life

Abbreviations: CH, cholestatic hepatitis; CMV, cytomegalovirus; CyA, cyclosporine A; DDLT, deceased donor liver transplantation; FFPE, formalin-fixed and
paraffin-embedded; FK, tacrolimus; HCV, hepatitis C virus; HCVpp, HCV pseudoparticle; HVPG: hepatic venous pressure gradient; LDLT, living donor liver
transplantation; LT, liver transplantation; MR, mild hepatitis C recurrence; SR-B1, scavenger receptor B1.
From the 1Liver Unit, Hospital Clinic, IDIBAPS, Ciberehd, Barcelona, Spain; 2Pathology Department, Hospital Clinic, IDIBAPS, Ciberehd, Barcelona, Spain;

3Biological Imaging Facility/Research Technologies Branch, National Institute of Allergy and Infectious Disease, National Institutes of Health, Bethesda, MD; and
4Hepatitis Viruses Section, Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Disease, National Institutes of Health, Bethesda, MD.
Received June 15, 2010; accepted November 29, 2010.
X. Forns received support in part by a grant from Instituto de Salud Carlos III (PI080239), cofunded by the European Regional Development Fund (ERDF),

and by the Spanish Association for the Study of Liver Diseases (AEEH, Beca Hernández-Guı́o). G. Crespo was supported by Hospital Clinic (Ajut a la Recerca
Josep Font) and Fundación BBVA. L. Mensa was supported by Instituto de Salud Carlos III (PFIS). This study was supported in part by the Intramural Research
Program of the National Institute of Allergy and Infectious Diseases, National Institutes of Health.
*LM and GC contributed equally to this study and both should be considered first authors.
Address reprint requests to: Xavier Forns, Liver Unit, Institut de Malalties Digestives, Hospital Clinic, IDIBAPS, Ciberehd, Villarroel 170, 08036 Barcelona,

Spain. E-mail: xforns@clinic.ub.es.
CopyrightVC 2011 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.24110
Potential conflicts of interest: X.F. received an unrestricted grant support from Schering and Roche. M.G. is currently employed by Bitplane but his affiliation

was the one stated above during the period of study design, laboratory work, and article preparation.
Additional Supporting Information may be found in the online version of this article.

1436



cycle. The development of a retroviral pseudoparticle
system (HCVpp)2 and the ability of an HCV strain
(JFH-1)3 to replicate and release infectious particles in
cell culture have been very relevant to the study of
HCV entry into hepatocytes. Virus entry is commonly
a complex event that requires sequential interactions
between viral surface proteins and cellular factors.4-10

The exact mechanisms by which HCV reaches the
cytoplasm of liver cells and initiates replication are not
yet completely understood. The fact that HCV needs
several receptors with different membrane distributions
favors the hypothesis of a coordinated entry process,
such as what occurs with other viruses (i.e., Coxackie
virus B).7,10,11 Ploss et al.10 recently proposed that
HCV may initially interact with the luminal (sinusoi-
dal) surface of the hepatocyte by contact with scav-
enger receptor B1 (SR-B1) and CD81. Thereafter a vi-
rus-receptor complex might migrate to the biliary pole
(apical membrane), where the virus-receptor complex
reaches the tight junctions and uptake into the cyto-
plasm would occur. The recent discovery that the tight
junction proteins claudin-1 and occludin are essential
factors for HCV entry into cells suggests a role for
these proteins in HCV cell-cell transmission, a route
of spread that is still under investigation.7

Recent studies have analyzed the potential role of
HCV infection in the regulation of its putative recep-
tors, particularly those located in the tight junctions.
In one study, HCV infection appeared to down-regu-
late claudin-1 and occludin in Huh7 cells.12 In
another study, expression of HCV structural proteins
in Huh7 cells was not associated with changes in clau-
din-1 and occludin levels, but these proteins accumu-
lated in the endoplasmic reticulum and their altered
localization disrupted the tight junction barrier func-
tion.13 These differences between studies reflect the
complexity of the HCV entry mechanisms and the fact
that current in vitro systems may not completely
reproduce the virus life cycle in a human liver.14

Liver transplant patients undergo frequent liver
biopsies, allowing in vivo assessment of the potential
changes in the expression of such HCV receptors over
time. The aim of this study was to evaluate the poten-
tial changes in tight junction proteins claudin-1 and
occludin following HCV graft infection and to analyze
if their expression could influence early HCV kinetics.

Patients and Methods

Patients. Forty-two HCV-infected patients under-
going LT from January 2000 to January 2008 were
included in the study. Selection of patients was based on

the type of hepatitis C recurrence and individuals at both
extremes of the disease spectrum (mild and severe) were
selected. Mild disease recurrence was defined as absent
(F0) or mild (F1) fibrosis 1 year after transplantation,
and a normal hepatic venous pressure gradient (HVPG).
Severe disease recurrence was defined as the presence of
advanced fibrosis (F�3) and/or clinically significant por-
tal hypertension (HVPG�10 mmHg) 1 year after trans-
plantation. Nineteen HCV-negative liver transplant
recipients served as controls.15,16

All patients were followed in our Liver Unit and
underwent standard immunosuppression protocols.15

Induction immunosuppression consisted of cyclospo-
rine A or tacrolimus and prednisone. After hospital
discharge patients visited the outpatient clinic monthly
for 3 months for complete recording of clinical and
analytical data and every 2 or 3 months thereafter.
Liver biopsies were obtained after graft reperfusion (re-
vascularization of the graft during the surgical proce-
dure) and at 3 and 12 months after LT in accordance
with the standard protocol. Patients whose liver disease
was likely caused by another reason (rejection, cyto-
megalovirus [CMV] infection) were excluded. The
study was previously approved by the Investigation
and Ethics Committee of the Hospital Clinic of Barce-
lona following the ethical guidelines of the 1975 Dec-
laration of Helsinki. We obtained informed consent
from all patients included in the study.

Liver Biopsies. Percutaneous liver biopsies were per-
formed by expert radiologists. HVPG measurements
and transjugular liver biopsies were performed at the
Hepatic Hemodynamics Laboratory as described.16

Liver samples were processed by the Pathology Depart-
ment. All tissue samples were formalin-fixed and paraf-
fin-embedded (FFPE). For diagnostic purposes, sam-
ples were stained with hematoxylin-eosin and Masson’s
trichromic. All histological samples were examined by
an expert pathologist (R.M.). Fibrosis stage was scored
using the Scheuer classification.

Immunofluorescence Protocols. Representative 5-10
lm sections were cut from paraffin blocks and
mounted on charged slides. Slides were heated over-
night at 37�C and thereafter deparaffinized by treating
the slides with xylene 3 times (10 minutes each) fol-
lowed by ethanol rehydration.
Antigen retrieval was performed by treating the tissue

with heat using a pressure cooker (Pascal, Dako, Carpin-
teria, CA). When the temperature reached 80�C the sec-
tions were placed on metal racks and submerged in a
1 mM EDTA solution (pH 8). The pressure cooker was
set to reach 125�C (21 psi) for 2 minutes. Thereafter, the
sections were blocked for 30 minutes with phosphate-
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buffered saline (PBS) / 10% goat serum (Jackson Immu-
noResearch, West Grove, PA), followed by incubation
for 2 hours at room temperature with the primary anti-
body: 2.5 lg/mL rabbit polyclonal antihuman claudin-1
(Zymed, Invitrogen, Carlsbad, CA), 5 lg/mL mouse
monoclonal antihuman occludin (Zymed, Invitrogen),
2.5 lg/mL mouse monoclonal antihuman SR-B1 (BD
Transduction Laboratories, San Jose, CA), or 2 lg/mL
rat antihuman CD10 (Santa Cruz Biotechnology, Santa
Cruz, CA). After three washes with PBS (10 minutes
each), sections were incubated with the secondary anti-
body for 1 hour at room temperature. Secondary anti-
bodies were: Alexa Fluor 488 goat antirabbit immuno-
globulin G (IgG), Alexa Fluor 568 F(ab’)2 fragment of
goat antimouse IgG (HþL), and Alexa Fluor 647 goat
antirat IgG (Invitrogen). Slides were washed three times
with PBS (10 minutes each); after the second wash slides
were incubated for 2 minutes with DAPI (Sigma Aldrich,
St. Louis, MO). Slides were then mounted with Hard
Mounting Media (Vector Laboratories, Burlingame, CA)
and kept overnight at room temperature in the dark.

Analysis of Receptor Expression by Confocal
Microscopy. Images were acquired on a Leica SP5 con-
focal microscope (Leica Microsystems, Exton, PA)
using 488 nm, 561 nm, or 633 nm laser lines. Hoechst
dye was excited using a 364 nm Enterprise II UV laser
(Coherent, Santa Clara, CA). Sequential frame aver-
aged scans were set up for each fluorophore to elimi-
nate emission crosstalk. All images were saved in a 12
bit TIFF format at 512 � 512 or 1024 � 1024 pixels.
Surface rendering and colocalization analysis were per-
formed using Imaris (v. 6.2.2, Bitplane, Zurich, Swit-
zerland). For each channel an individual threshold was
selected and maintained for all processed samples. Sum
of intensities (representing the sum of the intensities
obtained in each voxel above the threshold) and num-
ber of positive voxels (those with intensity above the
established threshold) were calculated for each individ-
ual sample. In order to correctly sample the entire liver
biopsy, 10 different image acquisitions were obtained
for each liver section. The sum of intensities and the
number of positive voxels for each biopsy was calcu-
lated as the geometrical mean of the individual values
obtained in the different acquisitions.
A detailed colocalization study for claudin-1 and

occludin was performed in 20 selected specimens.
For this purpose, triple staining was carried out with
rabbit anti-claudin-1, mouse anti-occludin, and rat
anti-CD10 (a commonly used marker of the biliary
canalicula). Sequential sections of stained samples
were acquired with the 63�-oil immersion objective
(NA 1.4) at a zoom of 5 to 7 with a Z-step of

0.20-0.25 lm through the entire volume of the par-
affin section (�7-10 lm section thickness). All col-
lected images for 3D analyses were deconvolved by
Huygens Essential software (v. 3.4, Scientific Volume
Imaging, Hilversum, The Netherlands). A 3D image
volume was reconstructed from sequential z-sections
and colocalization analyses were performed in Imaris
software. Surface rendering and channel masking was
used in conjunction with manual thresholding to cal-
culate protein colocalization statistics in a 3D envi-
ronment. The same level of thresholding was applied
to each dataset; unlabeled regions were not included
in this analysis (masking). The level of colocalization
in the 3D volume was measured as percent of vol-
ume of the channel above threshold colocalized (the
total number of colocalized voxels divided by the
total number of voxels in each channel that are above
the threshold). A second measure of the intensity of
colocalization between claudin-1 and occludin was
obtained by calculating the correlation between the
intensities of the colocalized voxels (Pearson
correlation).
Positive (strongly positive samples) and negative

controls (samples stained with an irrelevant primary
antibody) were included in each experiment. In order
to ensure that differences in the expression of receptors
were not due to methodological issues, 20 random
liver biopsies were processed in triplicate on different
days following the same protocols. Sum of intensities
for SR-B1 and claudin-1 as well as the number of pos-
itive voxels for each channel were compared for each
independent experiment. Samples were always proc-
essed blindly. This applied both to the immunofluores-
cence protocol and for image processing. Coding of
slides allowed the staining of samples belonging to the
same patient in the same experiment.

Quantitation of Claudin-1 and Occludin Messen-
ger RNA (mRNA) by Real-Time Polymerase Chain
Reaction (PCR). Total RNA was extracted from 5 lm
FFPE liver sections (five sections for each sample)
using the RNeasy FFPE Kit (Qiagen, Hilden, Ger-
many) and then stored at �80�C in 66 available sam-
ples. Reverse transcription was performed with the
Archive High Capacity complementary DNA (cDNA)
Synthesis Kit (Applied Biosystems, Foster City, CA).
Levels of claudin-1 and occludin were measured with
TaqMan Gene Expression Assays (Applied Biosystems).
Ribosomal protein L13a (RPL13a) was chosen as an
endogenous control for mRNA normalization. Relative
quantitation was carried out using the standard curve
method. Data are expressed as the fold change relative
to an arbitrary calibrator.
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HCV-RNA Determination. To study early HCV
kinetics, serum samples were obtained immediately
before LT and daily during the first week following LT.
Thereafter, samples were collected weekly during the
first month and at months 3, 6, and 12. Viral load in
serum specimens was determined by real-time PCR
(m2000rt, Abbott, with a detection limit of 30 IU/
mL), as reported.15 Samples belonging to the same
patient were assayed in the same run.

Statistical Analysis. Quantitative variables are
expressed as medians (range) and depicted in the
figures as boxplots. Differences between qualitative
variables were assessed with the Fisher exact test.
Differences between quantitative variables were ana-
lyzed with a nonparametric test (Mann-Whitney or
Kruskal-Wallis for unpaired samples, Wilcoxon for
paired samples). Correlations between quantitative
variables were expressed by the Pearson coefficient.
The software used for statistical analysis was SPSS
16.0 (Chicago IL).

Results

Patient Characteristics. Forty-two HCV-infected
patients and 19 HCV-negative controls were included
in the study. The baseline characteristics of the patients
are summarized in Table 1. Hepatitis C recurrence was
mild in 23 individuals and severe in 19. A liver biopsy
obtained at time of liver reperfusion and 12 months
after LT was available for all 42 patients; a 3-month
biopsy was available in 36. For the 19 HCV-negative
controls, liver biopsies were available for all individuals
at the three timepoints. The indication for LT in the
controls was alcoholic cirrhosis (14), hepatitis B (1),
primary sclerosing cholangitis (1), NASH (2), and fa-
miliar amyloidotic polyneuropathy (1).

Quantitative Expression of HCV Receptors:
Reproducibility. Twenty random liver biopsies were
stained for claudin-1 and SR-B1 in three independent
experiments using slices from the same biopsy. For
claudin-1 the correlation coefficients between the sum
of intensities obtained in the three independent

Table 1. Baseline Characteristics of Patients Included in the Study

HCV-Infected Patients

n542

Controls

n519

HCV-Infected Patients

n542 P

Mild Recurrence

n523

Severe Recurrence

n519 P

Age (years) 58 (42-68) 57 (36-69) 0.51 55 (39-66) 62 (36-69) 0.22

Sex, males (%) 15 (79) 22 (52) 0.09 13 (57) 9 (47) 0.8

Donor age (years) 47 (25-76) 45 (13-77) 0.59 34 (13-76) 53 (18-77) 0.005

Ischemia time (min) 458 (275-900) 342 (60-720) 0.007 322 (60-720) 362 (85-485) 0.5

Genotype (%)

1 37 (88) 20 (87) 17 (90) 0.3

2/3 3 (7) 2 (9) 1 (5)

Unknown 2 (5) 1 (4) 1 (5)

Pre-LT viral load (log10IU/mL) 5 (2-6.6) 4.5 (2-6.6) 5.32 (2.9-6.56) 0.47

Viral load 1 month (log10IU/mL) 6.4 (4-7.03) 5.9 (4.9-7.8) 6.8 (4.7-9) 0.03

Viral load 3 month (log10IU/mL) 6.6 (4.7-8.5) 6.2 (4.7-7.9) 6.7 (5.8-8.5) 0.02

Viral load 12 month (log10IU/mL)* 6.3 (3.9-7.5) 6.3 (4-7) 6.3 (3.9-7.5) 0.32†

Type of transplantation DDLT vs. LDLT 15 (79)/4 (21) 37 (88)/5 (12) 0.44 21 (91)/2 (9) 16 (84)/ 3 (16) 0.6

Immunosuppression

CyA 6 (32) 23 (55) 0.4 13 (57) 10 (53) 1

FK 13 (68) 19 (45) 10 (43) 9 (47)

Acute rejection 8 (42) 11 (26) 0.24 7 (30) 4 (21) 0.49

Corticosteroid bolus 3 (16) 7 (17) 1 5 (28) 2 (11) 0.33

CMV disease‡ 0 5 (12) 0.14 2 (9) 3 (16) 0.48

Biliary complications 3 (16) 14 (33) 0.22 7 (30) 7 (37) 0.75

Fibrosis stage (1y)

F0 16 (38) 16 (70) —

F1 7 (17) 7 (30) —

F3 13 (31) — 13 (68)

F4 5 (12) — 5 (26)

HVPG (1 y)§

<6 mmHg 21 (52) 21 —

�10 mmHg 19 (48) — 19

Abbreviations: DDLT: deceased donor liver transplantation; LDLT: living donor liver transplantation; CyA; cyclosporine A; FK: tacrolimus, CMV: cytomegalovirus; y: year.

*There were no differences in viral load between patients treated with CyA and FK at any timepoint.

†Patients who were under antiviral treatment are excluded.

‡Detection of CMV (antigen, DNA) in the presence of symptoms.

§Available in 40 patients.
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Fig. 1. Immunostaining of claudin-1 and SR-B1 in a representative liver biopsy. Claudin-1 is depicted in green, SR-B1 is shown in red.
The expression of claudin-1 is restricted to the apical membrane of the hepatocytes, whereas SR-B1 is expressed in the sinusoidal pole of
liver cells.

Fig. 2. (A) Confocal images (xy and xz sections) obtained from a liver biopsy of an HCV-infected patient. Claudin-1 (green) and occludin (red)
localization is restricted to the apical membrane of hepatocytes following a typical tram track (tight junction) pattern; CD10 (a biliary canalicular
marker) is depicted in white. (B) High-resolution 3D image. CD10 (white) localized within the bile canaliculi, which is most likely explained by its
expression in the microvilli of adjacent hepatocytes. Claudin-1 (green) and occludin (red) distribution followed the apical membrane of adjacent
hepatocytes.
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experiments ranged from 0.72 to 0.75 (P < 0.01 in
all cases). For SR-B1 the comparable values ranged
from 0.89 to 0.91 (P < 0.01 in all cases). These data
support the excellent reproducibility of receptor quan-
tification using our methodology.

Localization of HCV Receptors Claudin-1 and
Occludin in Hepatocytes. Immunostaining of claudin-
1 and occludin in liver biopsies demonstrated the
expression of both tight junction proteins in the apical
membrane of the hepatocytes, whereas SR-B1 was
expressed in the sinusoidal pole of liver cells (Fig. 1).
To confirm that expression of claudin-1 and occludin
was restricted to the apical pole of hepatocytes, we per-
formed a triple staining, including CD10 in 20 repre-
sentative samples. CD10, also known as common
ALLantigen (CALLA) is a cell membrane metallopepti-
dase that is expressed in the canaliculi of normal or
neoplastic liver. As shown in Fig. 2A, claudin-1, occlu-
din, and CD10 were localized in the apical pole of he-
patocytes. We were unable to detect significant
amounts of claudin-1 and occludin in the basolateral/

sinusoidal membrane of liver cells in any of the stud-
ied samples. High-resolution 3D images were obtained
in the 20 selected liver biopsies. As shown in Fig. 2B,
CD10 was localized within the biliary canalicula,
which is most likely explained by its distribution along
the surface of the microvilli of the liver cells.17 Clau-
din-1 and occludin distribution followed the apical
membrane of adjacent hepatocytes, corresponding to
proteins localized in tight junctions.
We also used the high-resolution images to study

the colocalization pattern of the two HCV receptors.
Our results indicate that overall, claudin-1 and occlu-
din colocalized strongly in all studied samples: 60% to
94% of claudin-1 volume colocalized with occludin.
The coefficients of correlation between colocalized vox-
els, however, varied significantly from sample to sam-
ple and ranged from 0.20 to 0.86 and correlated
strongly with the amount of expressed claudin-1 (r ¼
0.8, P < 0.001).

Viral Kinetics and Receptor Expression. We
wished to determine if SR-B1 and tight junction

Fig. 3. Influence of HCV receptor abundance and early viral kinetics. (A) HCV early viral kinetics in a representative patient: HCV-RNA concen-
tration is depicted on the y axis (logarithmic scale, IU/mL) and time (in hours) is shown on the x axis. (B) Correlation between SR-B1 levels in
the graft and the HCV-RNA decline (in log10) during the first 24 hours after LT. (C) Correlation between the abundance of claudin-1 and occludin
in the graft and the HCV-RNA increase slope during the first 7 days following LT. Levels of SR-B1, claudin-1, and occludin are represented as
the sum of intensities (x axis log10). SI: sum of intensities.
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proteins claudin-1 and occludin (which most likely
represent the final step in HCV entry into hepatocytes)
influenced early HCV kinetics. For this purpose, we
divided early viral kinetics into two different compo-
nents: (1) the initial viral load decay, which occurs
during the first 24 hours following graft reperfusion
and (2) the viral load increase the first week following
LT (Fig. 3A).18 The first viral load decline may repre-
sent massive viral uptake by the liver, whereas the viral
load increase during the first week indicates HCV rep-
lication in the newly infected liver. There was a signifi-
cant correlation between the viral load decay and the
levels of SR-B1 in the graft at the time of reperfusion
(r ¼ 0.55, P ¼ 0.007) (Fig. 3B). Interestingly, there
was a significant relationship between the levels of
occludin and claudin-1 in the graft at the time of
reperfusion and the slope of HCV-RNA increase dur-
ing the first week after LT (r ¼ 0.63; P ¼ 0.005) (Fig.
3C), suggesting a potential role of these receptors in
regulating early HCV kinetics.

Changes of Claudin-1 and Occludin Expression
Levels and Pattern Following HCV Infection. We an-
alyzed if the expression pattern of these proteins
changed following HCV infection after LT. For this
purpose we compared the patterns of claudin-1 and
occludin expression in liver samples obtained during
graft reperfusion (before HCV replication starts in the
liver) and at 3 and 12 months after LT. Localization of
claudin-1 and occludin was limited to the apical pole
of the hepatocyte membrane at all timepoints, inde-
pendently of the severity of hepatitis C recurrence
(Fig. 4A,B). Reconstruction of 3D images in xz sec-
tions supported the absence of significant amounts of
these proteins in the basolateral/sinusoidal membrane
of the hepatocytes. Moreover, we did not observe cyto-
plasmic retention of claudin-1 or occludin after HCV
infection, as described in vitro.19 We observed a signif-
icant increase in the levels of occludin and claudin-1 1
year after LT (P ¼ 0.03 and P ¼ 0.007, respectively),
both in patients with mild and severe disease recur-
rence (Supporting Table 1 and Supporting Fig. 1). In
the HCV-negative controls the levels of claudin-1 and
occludin remained unchanged after transplantation
(Supporting Fig. 1).
The amount of claudin-1 was higher in liver sam-

ples from patients with severe hepatitis C recurrence
(particularly 12 months after LT) compared to those
with mild recurrence, but the differences did not
reach statistical significance (Supporting Table 1).
Interestingly, in the subgroup of patients with severe
cholestatic hepatitis (n ¼ 12) the amount of clau-
din-1 12 months after LT was significantly higher

compared to the remaining patients (P ¼ 0.005)
(Fig. 5). Claudin-1 levels did not correlate with any
of the biochemical markers of cholestasis (gamma
glutamyl transpeptidase, alkaline phosphatase, biliru-
bin) or HCV-RNA concentration obtained at the
same timepoints.
With regard to mRNA quantification, we found no

correlation between mRNA and protein abundance
levels (as quantified by confocal microscopy) either for
claudin-1 (r ¼ 0.2, not significant [ns]) or for occlu-
din (r ¼ 0.1, ns). Indeed, claudin-1 mRNA levels
remained stable over time in HCV-infected patients;
occludin mRNA levels increased, although the differ-
ence did not reach statistical significance (Supporting
Fig. 1). Similarly, we did not detect significant differ-
ences in the mRNA levels of these two proteins in
individuals with mild or severe disease recurrence.

Discussion

HCV entry is a complex process involving several
receptors. It is believed that HCV particles are con-
secutively bound by a complex formed by SR-B1 and
CD81. Virus associated with CD81 would then be
transferred into tight junctions, where HCV would
interact with claudin-1 and occludin to enter the cell
by clathrin-dependent endocytosis.4-10 Another hy-
pothesis suggests that internalization of HCV is not
limited to tight junctions and that the virus might
use claudin-CD81 complexes in the basolateral sur-
face of hepatocytes to enter into the cell.20 Tight
junctions are multiprotein complexes that seal the
space between adjacent cells. In fact, hepatocyte
plasma membranes are separated by tight junctions
into sinusoidal-basolateral and apical domains.21

These two domains are very important for hepato-
cytes to perform diverse functions, such as canalicular
bile secretion and simultaneous sinusoidal secretion of
serum proteins into blood.
Because the tight-junction proteins claudin-1 and

occludin are thought to be a relevant part of HCV
entry into hepatocytes, our goal was to characterize (1)
the expression pattern of these proteins in liver tissue
of patients undergoing LT, (2) their influence on early
HCV kinetics following recurrent hepatitis C and their
potential changes following HCV infection of the
graft.
We used the LT model for several reasons: (1) tissue

samples can be obtained before and after HCV infec-
tion; (2) infection can be monitored from the begin-
ning and thus, it is possible to obtain data on early
HCV kinetics; (3) hepatitis C recurrence after LT is a
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rapidly progressive disease and patients with mild or
very severe hepatitis recurrence can be well character-
ized; (4) finally, expression of HCV receptors has not
been characterized in this model so far.

Several reports based on in vitro experiments have sug-
gested major changes in the expression of these proteins
after HCV infection of liver cells. Using the replicon sys-
tem Benedicto et al.13 explored the effect of HCV on

Fig. 4. Confocal xy and xz sections of liver biopsies from a representative patient with severe hepatitis C recurrence. Immunostaining was per-
formed with CD10, claudin-1, and occludin. We did not find significant differences in the staining pattern of the three proteins when comparing
samples obtained at time of reperfusion (A) and 3 months after transplantation (B). Claudin-1 and occludin staining was restricted to the apical
pole of hepatocytes with no abnormal retention in the cell cytoplasm.

Fig. 5. Sum of intensities of SR-
B1, occludin, and claudin-1 1 year
after transplantation in patients
with mild hepatitis C recurrence
(MR) and cholestatic hepatitis
(CH). Median values are depicted
as a line.
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tight junction organization, demonstrating that in Huh7
cells containing a genomic replicon, occludin and clau-
din-1 accumulated in the cytoplasm of the cells as dot-
like structures (and were not detected in the tight junc-
tion). Colocalization studies suggested that the envelope
protein E2 could play a role in the mislocalization of
tight junction-associated proteins. Our results show that,
in vivo, HCV infection is not associated with retention of
claudin-1 and occludin in the cytoplasm of hepatocytes.
We found that claudin-1 and occludin remained in the
apical pole of hepatocytes even in cases with severe cho-
lestatic hepatitis. In the latter cases, the only structural
change observed was a slight dilation of the biliary canali-
culi. The absence of mislocalized claudin-1 and occludin
was verified by using additional antibodies directed to dis-
tinct protein epitopes (data not shown). A potential limi-
tation of our findings is the possibility that only a small
proportion of hepatocytes are infected with HCV and,
thus, that morphological changes are restricted to areas of
infected cells.22 Nevertheless, we analyzed a large number
of liver cells per biopsy (>3,000). Moreover, changes in
tight junction proteins affecting a very small proportion
of hepatocytes would not explain the significant clinical
expression (cholestasis) found in hepatitis C recurrence.
Because tight junctions are multiprotein complexes highly
regulated by cytokines and interleukins,23,24 we cannot
exclude that alterations in permeability or function may
be explained by changes in protein composition during a
strong inflammatory event such as hepatitis C.
Despite the absence of structural changes in the tight

junctions, we observed an increased expression of clau-
din-1 and occludin over time in HCV-infected patients.
The increase in claudin-1 was particularly significant in
individuals with cholestatic hepatitis. Enhanced apical
expression of claudin-1 and occludin after HCV infection
could represent a mechanism favoring cell-to cell trans-
mission of HCV within the liver.7 We did not find a
correlation between claudin-1 and occludin mRNA and
protein levels, although the association between levels of
RNA and protein products can vary greatly.25,26 What
our results may indicate is that HCV proteins influence
claudin-1 and occludin expression either by affecting
them at a posttranscriptional level or by altering the com-
plex membrane traffic of tight-junction proteins. These
proteins are recycled by way of various mechanisms such
as by clathrin-mediated and caveolae-mediated endocyto-
sis, as well as by macropinocytosis; these pathways may
be altered by HCV infection, particularly in cases with
high HCV replication. Our data, however, are based on a
small number of samples and, more important, do not
allow for a functional analysis of tight junctions. Thus,
we must be cautious with our conclusions.

Up to a certain extent, our findings are in agreement
with Reynolds et al.,27 who reported a significant
increase in claudin-1 expression after infecting Huh7
cells with HCVcc. The latter was also observed in tissue
from HCV-infected patients as compared to samples
from uninfected livers, with focal regions of basolater-
ally expressed claudin-1. The increase in both HCV
receptors found in our study was not attributable, how-
ever, to the presence of of claudin-1 or occludin in the
basolateral/sinusoidal membrane, but rather to an
increased presence of these proteins in the apical mem-
brane of hepatocytes. We showed that claudin-1 and
occludin localization followed a similar pattern to that
of CD10 and confirmed the findings in high resolution
images. The discrepancies between our results and those
by Reynolds et al. may be explained by the different
methodology (we used imaging software that allowed
precise and reproducible quantification of these pro-
teins) and the different patient population (they used
livers from patients with end-stage cirrhosis).
We studied early HCV kinetics by assessing daily

HCV-RNA concentrations in a subgroup of patients.
Because SR-B1 may be the first putative HCV receptor
which contacts the virus, we explored if its levels of
expression at the time of LT influenced the initial viral
decay immediately following graft reperfusion. In vitro,
SR-B1 surface expression has been reported to affect
HCV infection: SR-B1 overexpression enhances HCV
internalization whereas SR-B1 silencing reduces infec-
tivity of cell culture-produced HCV (HCVcc) and
HCVpp.28-30 We found a significant correlation
between the levels of expression of SR-B1 in the graft
(at the time of LT) and the magnitude of the viral
decrease (during the first 24 hours following transplan-
tation). This supports a massive uptake of HCV by the
liver immediately after graft reperfusion. It is obvious
that other variables may play a role in early viral decay,
such as the amount of blood loss or transfusion require-
ments during the surgical procedure.18 We were partic-
ularly interested in exploring the potential effect of
claudin-1 and occludin expression in early HCV
kinetics after graft reperfusion. We observed that the vi-
ral load increase slope during the first 7 days following
graft reperfusion was significantly greater in the patients
with high claudin-1 and occludin levels, showing a sig-
nificant correlation between their expression in the graft
and the slope of viral increase. Timpe et al.31 recently
suggested that HCV can be transmitted directly
between cells, most likely using the HCV receptors
found in tight junctions. Data obtained after visualiza-
tion of HCV antigens in human livers by two-photon
microscopy indicate that infected hepatocytes are found
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in clusters, further supporting the spread of HCV from
cell to cell.22 Our results would also suggest a role of
cell-to-cell transmission during the first days following
graft infection: the presence of high levels of claudin-1
and occludin might facilitate HCV spread within the
liver, resulting in a faster increase in HCV-RNA con-
centrations. It is clear that other variables not analyzed
in this study (such as HCV fitness, quasispecies evolu-
tion) may also play a role in early HCV kinetics.
Our study has some limitations. First, the study is ret-

rospective in its design and preservation of liver samples
may not have been completely homogeneous across the
study period. Second, liver tissue obtained before HCV
infection (reperfusion liver biopsies) cannot be consid-
ered normal, because samples are obtained from the liver
of a deceased donor after treatment of the organ with a
preservation solution. Finally, patients undergoing LT are
treated with immunosuppression drugs, which may
influence the expression of HCV receptors.
In summary, hepatitis C recurrence after LT is asso-

ciated with increased levels of claudin-1 and occludin
in hepatocyte membranes, although this does not alter
their localization or expression pattern within the tight
junctions. HCV receptor levels at the time of LT seem
to modulate early HCV kinetics, which may be rele-
vant when designing strategies to prevent HCV infec-
tion in the graft.
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Imaging of hepatitis C virus infection in liver grafts after
liver transplantation
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Background & Aims: Thedetectionof nativehepatitis C virus (HCV)
antigens in liver tissuemay be relevant to diagnostic purposes and to
better understand the pathogenesis of HCV infection. The aim of our
study was to characterize HCV antigens in liver grafts.
Methods:We selected 32 liver transplant (LT) recipients with
recurrent hepatitis C. HCV core and NS5A antigens were detected
in formalin-fixed, paraffin-embedded (FFPE) liver biopsies
obtained immediately after graft reperfusion (negative controls),
during the acute phase of HCV infection (1–6 months) and during
follow-up (7–74 months) after LT. Viral antigens were assessed
by immunohistochemistry and confocal microscopy.
Results: All reperfusion biopsies were negative for both antigens.
Core protein was detected in 75% and 33% of acute phase and fol-
low-up biopsies, respectively. HCV antigens were not detected in
any of the 10 samples from patients who cleared HCV after anti-
viral treatment. Immunostaining was hepatocellular, with a gran-
ular cytoplasmic pattern and a wide spectrum of intensity. We
found a significant association between viral load and the pres-
ence of HCV core-positive hepatocytes (p = 0.004). NS5A colocal-
ized strongly with core (66%) and adipophilin (36%), supporting
the localization of core and NS5A around lipid droplets. A detailed
three-dimensional analysis showed that NS5A surrounded the
core and adipophilin-positive areas.
Conclusions: HCV antigens can be detected in FFPE liver biopsies
by immunohistochemistry. The in vivo colocalization of core and
NS5A proteins around the lipid droplets supports that the latter
may play a role in virus particle production, similar to what
reported in vitro.

� 2013 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

End-stage liver disease due to chronic hepatitis C virus (HCV)
infection is the leading indication for liver transplantation (LT)
in the Americas, Europe, and Japan. Graft infection is universal
in patients with a detectable viral load at the time of LT, and per-
sistent infection leading to chronic hepatitis, cirrhosis, and graft
failure occurs in a significant proportion of patients [1–3]. The
histopathological diagnosis of recurrent hepatitis C during the
first months after LT is straightforward when typical lesions of
HCV infection are present in the biopsy. However, in some partic-
ular cases with atypical HCV-related histopathologic findings, the
differential diagnosis may be a challenge for the pathologist,
mainly with drug-induced injury, biliary pathology or acute cel-
lular rejection.

The immunohistochemical detection of HCV antigens in liver
biopsies may be helpful for the diagnosis and clinical manage-
ment of patients with HCV infection. In addition, it could poten-
tially provide important information regarding the life cycle of
the virus and the host response, including the localization of
the virus and the relationship between sites of viral replication
and tissue injury. To date, however, the proportion and distribu-
tion of HCV-infected hepatocytes remain unclear. This is probably
due to the low expression of viral antigens within the liver and to
the fact that HCV antigen detection by immunostaining often
yields inconsistent results, reflecting disparities in the methods
and reagents employed [4–8].

In this study, we have analyzed the presence of HCV antigens
in formalin-fixed, paraffin-embedded (FFPE) liver biopsy speci-
mens from LT recipients with recurrent hepatitis C. We have used
the LT model because tissue samples can be obtained both before
and after HCV infection. On the one hand, reperfusion biopsies
can be used as negative controls since they are obtained immedi-
ately after revascularization of the graft during surgery (before
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replication starts within the liver). On the other hand, the viral
load peaks during the first months after LT (acute hepatitis
phase), most likely due to strong immunosuppression regimens.
This may increase the chance of detecting HCV antigens within
infected cells.

In particular, we have assessed core and NS5A abundance by
immunohistochemistry, combined with the analysis of histopa-
thological parameters such as liver damage and inflammation.
In addition, immunofluorescence images were acquired by confo-
cal microscopy and detailed three-dimensional (3D) colocaliza-
tion studies were performed with the Imaris software.

Patients and methods

Patients

Thirty-two HCV-infected patients undergoing LT for end-stage liver disease from
2001 to 2010 were included in the study. Selection criteria were based on the
availability of liver biopsies performed during both the reperfusion phase (imme-
diately after graft implantation) and the acute phase of graft infection (median
time 3 months after LT, range 1–6 months), and were performed either per pro-
tocol or when clinically indicated. Serum HCV-RNA levels should be higher than
6log10 IU/ml during the acute phase of HCV infection in order to be included in
the study. Follow-up liver biopsies from 23 patients, performed at a median time
of 16 months after transplantation (range 7–74 months), were also included in
the study. As paired negative controls, we used the reperfusion liver biopsies,
which were all from HCV-negative donors. Additional negative control biopsies
belonging to 10 non-HCV LT recipients were also included (Supplementary
Table 1).

In order to strengthen our results, we included a validation cohort consisting
of 11 HCV-infected patients undergoing LT in another liver transplant center
(Hospital Universitari Vall d’Hebron). Patients were selected according to the
abovementioned selection criteria and biopsies obtained at the indicated time
points were analyzed (Supplementary data: Validation cohort).

All patients provided informed written consent for the use of their tissue
samples. Our study was approved by the Ethics Committee of Hospital Clínic Bar-
celona in accordance with the guidelines set forth in the 1975 Declaration of
Helsinki.

Viral load determination and HCV genotyping

Viral load was determined by real-time PCR (COBAS TaqMan HCV Test, Roche
Diagnostics, Manheim, Germany). HCV genotype was determined by restriction
fragment-length polymorphism of the 50 non-coding region of the HCV genome,
as previously described [9].

Histological analysis of liver tissue specimens

Liver samples were processed at the Hospital Clínic Barcelona Pathology Depart-
ment. All tissue samples were FFPE. For diagnostic purposes, samples were rou-
tinely stained with hematoxylin-eosin, reticulin, and Masson’s trichrome, and
then examined by an expert liver pathologist (R.M.). Histological lesions were
evaluated using the Ishak score system [10]. Although this system was designed
and is widely used for grading chronic hepatitis, we also used the Ishak score to
assess necroinflammatory activity in biopsies obtained during the acute hepatitis
phase in order to follow a standardized and reproducible system.

Immunostaining techniques

Five-micrometer sections were cut from paraffin blocks and mounted on charged
slides. For immunoperoxidase staining, we used the Bond Polymer Refine Detec-
tion and the Bond-maX automated system (Leica Microsystems, Exton, PA, USA).
Immunofluorescence was performed as previously described [11], using the fol-
lowing primary antibodies: 1 lg/ml mouse monoclonal IgG1 anti-core C7-50
(Santa Cruz Biotechnology, CA, USA) [12]; 5 lg/ml rabbit polyclonal anti-NS5A
antibody [13], 0.25 lg/ml mouse monoclonal IgG1 anti-adipophilin AP125 (Fitz-
gerald Industries International, MA, USA). Secondary antibodies were: AlexaFlu-

or� 488 goat anti-rabbit IgG and AlexaFluor� 568 goat anti-mouse IgG
(Invitrogen, Carlsbad, CA, USA). In vitro specificity of anti-core and anti-NS5A
antibodies is shown in Supplementary Fig. 1.

Quantification of HCV-infected hepatocytes

From each tissue sample, 5–20 images from the optical microscope (Olympus
BX51) were captured at 40� magnification. On average, 800 hepatocytes were
counted per sample. The proportion of HCV core antigen-positive cells was deter-
mined by manually identifying those individual hepatocytes that displayed cyto-
plasmic staining within each field, as assessed by two independent observers in a
blinded fashion (L.M. and R.M.). There was an excellent correlation between the
two observers (Intraclass correlation coefficient 0.9, p <0.001).

Analysis of HCV antigen expression by confocal microscopy

Images were acquired with a Leica SP5 confocal microscope (Leica Microsystems,
Exton, PA) and acquisition was carried out with the 63�-oil immersion objective
(NA 1.4) at zoom 4 with a Z-step of 0.40–0.45 lm through the entire volume of
the FFPE section. All collected images were deconvolved by Huygens Essential
software (v4.0, Scientific Volume Imaging, Hilversum, The Netherlands) and
image volumes were reconstructed from sequential z-sections. Colocalization
analyses were performed using Imaris software (v7.0, Bitplane AG, Zurich, Swit-
zerland). Single cells were selected as regions of interest (ROI). Surface rendering
and channel masking were used in conjunction with manual thresholding to cal-
culate protein colocalization statistics in a 3D environment. The colocalization
level was measured as the percent of volume of the channel above the colocalized
threshold. A second measure of the degree of colocalization was obtained by cal-
culating the correlation between the intensities of the colocalized voxels in the
ROI volume (Pearson’s correlation).

Statistical methods

Quantitative variables are expressed as medians (range). For categorical variables,
differences between groups were calculated using the Pearson’s Chi-square test.
Differences between independent quantitative variables were analyzed with
the Mann-Whitney non-parametric test. Correlations between quantitative vari-
ables were expressed by the Pearson’s coefficient. Statistical analysis was per-
formed with PASW Statistics v18.0.

Results

Patient characteristics

Thirty-two HCV-infected patients undergoing LT were included
in the study (19 males and 13 females). The median recipient
age was 56 years (range 39–67) and the median donor age was
55 years (range 20–76). As shown in Table 1, 9% of the patients
were infected with HCV genotype 1a, 88% with genotype 1b
and 3% with genotype 3. Median HCV-RNA levels during the
acute phase of recurrent hepatitis C was 7.3 log10 IU/ml (range
6.0–9.0). Twenty-six (81%) patients received antiviral therapy
(pegylated interferon plus ribavirin) after LT. Among these, 10
(38%) achieved a sustained virological response (SVR), defined
as undetectable HCV-RNA 24 weeks after treatment withdrawal.
Supplementary Table 2 summarizes the laboratory data of the
32 HCV-infected LT recipients included in this study. Comprehen-
sive HCV kinetics of patients that did not receive antiviral treat-
ment after LT is shown in Supplementary Fig. 2.

Histopathological findings

Overall, reperfusion wedge biopsies showed mild ischemia-
reperfusion injury. No other histological lesions were detected.
In acute phase biopsies, the main histopathological diagnosis
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was acute hepatitis, which was found in 26 patients (81%). Eight
of these patients involved a secondary diagnosis: mild cellular
rejection was observed in 2 cases, focal perivenular confluent
necrosis in 3 cases, focal features of venous outflow obstruction
(VOOD) in 1 case, periportal cholangiolar reaction with biliary
thrombus suggestive of sepsis in 1 case and marked steatosis
in 1 case. According to the definition by Wiesner et al. [14],
which takes into account clinical, virological and histological
parameters, recurrent cholestatic hepatitis was diagnosed in
14 cases.

Regarding the 23 follow-up samples analyzed, a diagnosis of
chronic hepatitis was observed in 19 cases, one of which also dis-
played features of VOOD. In the remaining 4 cases, we observed
steatosis (2), focal ballooning (1) or the absence of any histolog-
ical changes (1).

Detection of HCV core protein in FFPE liver samples

Core immunostaining was performed in FFPE liver sections
obtained at the time of graft reperfusion (negative control),
during the acute phase of hepatitis C recurrence and during fol-
low-up after LT (Table 1 and Fig. 1). To exclude any unspecific
staining, we also analyzed 28 liver samples belonging to 10 non-
HCV infected patients undergoing LT. Each sample was tested
twice in a blinded manner, and in each run we included positive
controls to assess the validity and reproducibility of the assay.

All the reperfusion biopsies from the 32 HCV infected patients
were negative for the core protein detection (Fig. 1). Likewise, no
HCV core staining was detected in any of the liver biopsies from
the 10 non-HCV LT recipients (neither at reperfusion nor after LT,
data not shown).

Table 1. Virological characteristics of the patients included in the study.

Case HCV genotype Pre-LT
HCV-RNA
(log10 IU/ml)

Reperfusion Acute phase Follow-up phase
% Corea % Corea HCV-RNA

(log10 IU/ml)
% Corea HCV-RNA

(log10 IU/ml)
Antiviral therapy SVR

1 1b 6.0 0 40 9.0 0 0 Yes Yes
2 1b 3.7 0 79 9.0 0 0 Yes Yes
3 1b 4.7 0 79 8.6 n.a. n.a. Yes No
4 1b 5.0 0 12 8.6 n.a. n.a. Yes No
5 1b 3.3 0 10 8.2 n.a. n.a. No No
6 1b 6.1 0 39 8.1 n.a. n.a. Yes No
7 1b 3.3 0 40 7.9 n.a. n.a. Yes No
8 1b 5.7 0 8 7.9 n.a. n.a. No No
9 1b 1.0 0 17 7.8 0 0 Yes Yes
10 1a 5.7 0 23 7.7 n.a. n.a. Yes No
11 1b 4.9 0 31 7.6 30 6.6 Yes No
12 1a 5.6 0 2 7.5 7 6.1 Yes No
13 1b 5.1 0 0 7.4 n.a. n.a. Yes No
14 1a 4.4 0 26 7.4 0 3.7 Yes No
15b 1b 5.9 0 8 7.4 0 0 Yes No
16 1b 4.8 0 0 7.4 0 5.8 Yes No
17 1b 4.2 0 1 7.4 0 6.8 Yes No
18 1b 4.4 0 26 7.3 0 0 Yes Yes
19 1b 5.2 0 0 7.2 0 6.5 No No
20 1b 4.5 0 27 7.0 27 6.4 Yes No
21 1b 3.4 0 33 6.9 0 2.2 Yes No
22 1b 6.7 0 9 6.8 0 0 Yes Yes
23 1b 5.8 0 66 6.8 0 0 Yes Yes
24 1b 6.6 0 0 6.7 0 0 Yes Yes
25 1b 6.4 0 17 6.7 0 0 Yes Yes
26 1b 3.7 0 0 6.7 0 4.8 No No
27 1b 4.7 0 45 6.7 7 4.9 Yes No
28 1b 5.9 0 8 6.6 n.a. n.a. Yes No
29 1b 1.0 0 0 6.6 0 0 Yes Yes
30 3 3.2 0 27 6.4 0 0 Yes Yes
31 1b 3.7 0 0 6.1 0 5.8 No No
32 1b 4.9 0 0 6.0 0 5.8 No No

n.a., not available.
a% Core: percentage of core-positive hepatocytes.
bPatient 15 started antiviral therapy in March 2005. The follow-up biopsy included in the study was obtained in March 2006, while still on therapy, at which time point viral
load was undetectable. However, the patient did not achieve an SVR because he relapsed in August 2006.
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Twenty-four out of 32 (75%) liver biopsies obtained during the
acute phase of hepatitis C recurrence showed expression of the
core protein. HCV core was expressed in the cytoplasm of hepa-
tocytes as a diffuse granular pattern of variable intensity
(Fig. 2A–C). We could not identify HCV core antigen in other cell
types (stellate cells, cholangiocytes or stromal cells). HCV core-
positive hepatocytes were randomly distributed throughout the
liver section, exhibiting a slight propensity to concentrate in
hepatocytes of the periportal areas. In a few cases, particularly
those acute phase biopsies with a high percentage of infected
cells, clusters of core-positive hepatocytes were identified
(Fig. 2C).

The median percentage of core-positive hepatocytes in biop-
sies obtained during the acute phase of HCV infection was 26%
(range 1–79). The intensity of core immunostaining was highly
variable. Fourteen out of the 24 positive biopsies showed hepato-
cytes with high core expression intermixed with others with low
core expression (Fig. 2). In the remaining 10 cases, hepatocytes
with a diffuse faint staining were detected. Of interest was the
presence of brisk stained ring-like structures (suggesting the
localization of core protein around the lipid droplets) [15], which
were mainly located along the sinusoidal membrane of some
hepatocytes, particularly in those cases with a high viral load
(Fig. 2D and E).

Follow-up biopsies from the 10 patients who had achieved an
SVR were all negative for HCV core staining (Fig. 1). Only 4 of the
12 (33%) follow-up biopsies belonging to patients with chronic
hepatitis and detectable HCV-RNA were positive for HCV core
antigen expression. In such cases, the median percentage of
core-positive hepatocytes was lower than in the acute phase
(17% vs. 26%, respectively).

These results were confirmed in the validation cohort of
another transplant center: first, we did not detect core antigen

in any of the reperfusion biopsies and second, core expression
was detected in 60% and 40% of acute phase and follow-up biop-
sies, respectively (Supplementary Table 3).

As an additional data of interest, all the acute-phase and fol-
low-up biopsies that were positive for the core protein were
also positive for NS5A immunolabeling. In these samples, the
pattern of expression of NS5A was similar to that observed for
the core antigen. Likewise, all reperfusion biopsies, non-HCV
controls and follow-up samples from patients who had achieved
an SVR, were negative for NS5A detection (Supplementary Figs. 3
and 4).

Relationship between HCV core staining and clinical/histological
features

In order to evaluate histological lesions in a standardized man-
ner, we used the Ishak score to assess necroinflammatory activity
in biopsies obtained during the acute phase of hepatitis C recur-
rence. We found a significant correlation between the percentage
of core-positive hepatocytes and lobular inflammatory activity
(Ishak, r = 0.51, p = 0.003). In addition, we found a significant cor-
relation between the percentage of core-positive hepatocytes and
AST (r = 0.63, p = 0.000) and ALT levels (r = 0.39, p = 0.029).

Overall, there was a significant association between viral load
and detection of HCV core in liver biopsies (p = 0.004). Indeed,
core immunostaining was positive in all liver samples (n = 6)
with HCV-RNA levels higher than 8 log10 IU/ml, in 68% (n = 21)
of those patients with viral loads between 6 and 8 log10 IU/ml
and only in 14% (n = 1) of patients with HCV-RNA below 6 log10
IU/ml. As expected, cholestatic hepatitis after LT was significantly
associated with high HCV-RNA levels compared to typical lobular
hepatitis (p = 0.003). Likewise, all cholestatic hepatitis biopsies
were positive for HCV core detection, whereas we only detected
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Reperfusion
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40%

E

26%

Acute phase

F

27%

C

0%

Follow-up

SVR

Non-SVR

Fig. 1. HCV core detection in liver sections from 2 representative patients that received antiviral treatment for hepatitis C recurrence after LT. (A–C) Patient 1
achieved an SVR. (D–F) Patient 20 did not respond to antiviral treatment. Samples were obtained at the time of reperfusion (A and D), during the acute phase of hepatitis C
(B and E) and at follow-up after treatment (C and F) (magnification, 20�).
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the core antigen in 56% of biopsies with typical lobular hepatitis
(p = 0.004) (Supplementary Fig. 5).

Tissue colocalization of viral proteins

In order to confirm the specificity of the immunological detection
and to further investigate the localization (relative position) of
HCV core and NS5A proteins in hepatocyte cytoplasm, we ana-
lyzed the colocalization of viral proteins with high-resolution
immunofluorescence microscopy. To this aim, we performed
double immunolabeling of core and NS5A proteins in 8 selected
samples obtained during the acute phase of recurrent hepatitis
C, which had a high percentage of core-positive cells.

Overall, we observed a strong colocalization of core and NS5A
within hepatocytes (Fig. 3). To determine colocalization percent-
ages more precisely, we selected single hepatocytes expressing
both HCV NS5A and core proteins, and calculated the colocaliza-
tion percentage within each cell. Our results showed that, on
average, 55% of the HCV core volume (above threshold) colocal-
ized with NS5A (range 23–75) and that 66% of NS5A volume colo-
calized with core protein (range 31–93). The intensity correlation
coefficient between colocalized voxels varied significantly
between samples (r = 0.67, range 0.31–0.89).

In addition, to accurately elucidate the relative position of
HCV core and NS5A proteins within hepatocytes, we performed
detailed 3D analysis of single-infected hepatocytes using the
Imaris software (Fig. 3). We observed that when core and NS5A
colocalized, they formed ring-like structures of variable diame-
ters (range 0.84–4.78 lm), in which core localized mainly in
the inner area while NS5A surrounded the core protein. These
data are in agreement with recent in vitro studies showing that
core and NS5A are in close proximity to the lipid droplets where
they colocalize [15]. We also assessed the localization of HCV
antigens around the lipid droplets in the human liver by analyz-
ing the colocalization of NS5A and adipophilin, a lipid droplet

marker (Fig. 4). Colocalization analyses in double-positive hepa-
tocytes showed that 36% of the HCV NS5A volume colocalized
with adipophilin (range 13–78). Moreover, the 3D reconstruction
analysis of confocal image sections showed very clearly that
when NS5A colocalized with adipophilin, NS5A surrounded the
adipophilin-positive area.

Discussion

Hepatitis C recurrence occurs shortly after LT and may cause
severe liver graft injury, leading to graft loss in a high percentage
of patients [1,2]. Accurate histological diagnosis of recurrent hep-
atitis C is important to indicate antiviral therapy. Although the
histopathological diagnosis of acute hepatitis C is usually
straightforward, atypical histological features of HCV infection
occur in some patients leading to a difficult differential diagnosis
with other entities (such as acute cellular rejection, biliary
pathology and/or drug-induced liver injury). Thus, the detection
of native HCV antigens in liver tissue may be relevant to diagnos-
tic purposes. Moreover, it may contribute to a better understand-
ing of the life cycle and pathogenesis of HCV infection.

The detection of HCV proteins or viral RNA in the liver has
proven to be a technically challenging endeavor and one that
has often produced conflicting results. Although several antibod-
ies have been generated for the detection of HCV antigens in the
liver [12,16–18], results are sometimes fraught with inconsisten-
cies due to differences in sensitivity and/or specificity. In this
study, we have analyzed the presence of HCV antigens in FFPE
liver biopsies from LT patients with recurrent hepatitis C, using
immunohistochemistry and confocal microscopy.

For the immunohistochemical detection of the HCV core pro-
tein, we have used a commercial mouse monoclonal (C7-50) anti-
body which has been successfully utilized to detect HCV core
antigen in human and chimpanzee liver tissue [8,12]. While we
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B

E

C

Core NS5A

Fig. 2. HCV core staining in acute-phase liver biopsies. (A) Patient 18: low staining intensity; (B) Patient 14: mixed staining intensity; (C) Patient 2: predominantly high
intensity (magnification, 40�). (D) HCV core and (E) NS5A staining showing an intense ring-like pattern mainly localized at the sinusoidal pole of the hepatocytes
(magnification, 100�).
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were able to detect HCV core protein in most of the liver biopsies
obtained during the acute phase of hepatitis C recurrence, this
was true in only one third of follow-up biopsies obtained during
the chronic phase of hepatitis C recurrence following LT. Why we
were not able to detect viral antigens in a significant proportion
of biopsies obtained during the chronic hepatitis phase remains
unclear. One hypothesis is that after HCV has disseminated
throughout the entire liver over time, the concentration of viral
antigens per infected hepatocyte is low. Alternatively, as previ-
ously hypothesized for hepatitis B virus infection, it is possible

that cells with positively-staining cytoplasm may be at an early
stage of viral replication and may have not yet developed exter-
nal viral determinants. As soon as these do appear, the cell would
be promptly destroyed by the immune system [19]. In addition,
during the chronic phase of hepatitis C recurrence, patients have
lower viral loads compared to those in the acute phase, probably
due to a lower level of immunosuppression and, in consequence,
to a stronger immune response against HCV. In this regard, we
found an association between viral load and detection of HCV
core in hepatocytes: more than 70% of the samples from patients

2 µm
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5 µm 5 µm 5 µmCoreNS5A NS5A + core

CoreNS5A NS5A + core

NS5A + core

0.7 µm 0.7 µm 0.7 µm

Fig. 3. Colocalization of HCV core and NS5A antigens. (A) Confocal images of an acute-phase liver biopsy from Patient 20 dually labeled for HCV NS5A (green) and core
(red) (magnification 63�, zoom 4), (B) Cross-section of a 3D reconstruction of an HCV-infected hepatocyte showing the relative position of core and NS5A, with core
localized inside and NS5A mainly at the periphery of ring-like structures. (C) A detailed 3D reconstruction of one ring-like structure.
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with viral load higher than 6 log10 IU were positive for core stain-
ing, while only 14% of samples from patients with viral load
below 6 log10 IU/ml were positive for HCV core detection.

We also found a significant correlation between core antigen
detection and liver enzymes and inflammatory activity [20]. Like-
wise, the high percentage of core-positive hepatocytes (57%) in
biopsies showing perivenular confluent necrosis and features of
VOOD, suggests that this morphological factor could indicate a
more aggressive nature of an HCV infection. Further studies are
needed to confirm these observations in larger cohorts of
patients.

In agreement with previous studies, HCV antigen localization
was restricted to the hepatocyte cytoplasm, showing both granu-
lar and diffuse patterns [7,17,18,21]. Liang et al. have recently
postulated that HCV infection may involve a limited number of
cells, linking the focal nature of HCV infection to direct cell-to-
cell transmission [8]. However, we found that isolated HCV posi-
tive hepatocytes, rather than forming clusters, were mostly ran-
domly distributed throughout the liver section, and that the
intensity of staining varied between hepatocytes within the same
liver section. Since we used FFPE tissue samples, we cannot rule
out the possibility that either low antigen abundance, or subop-
timal antigen retrieval might have compromised the sensitivity
of our detection system.

High-resolution immunofluorescence images were acquired
by confocal microscopy in order to characterize the location
of viral proteins. We observed that NS5A and core proteins
colocalized in the hepatocyte cytoplasm. In some cases, they
formed ring-like structures (similar to lipid droplets) in which
the core protein was localized internally and NS5A largely in
the periphery. Recent studies have shown that the lipid drop-
lets are important organelles required for the production of
infectious virus particles in vitro [15,22]. Thus, the core protein
recruits NS proteins and RNA replication complexes to sites
adjacent to lipid droplets. By using FFPE liver samples, we have
shown that NS5A also colocalizes with adipophilin, a structural
lipid droplet-associated protein. This in vivo observation is in

agreement with the reports describing the in vitro localization
of core and NS5A proteins in close proximity to the lipid
droplets.

One of the limitations of our study is that we only detected
HCV antigens in a small proportion of liver samples from chronic
hepatitis C patients, which hinders the applicability of the
method in clinical practice. Nevertheless, it may be possible to
increase the sensitivity in future studies. Since the detection of
genuine HCV antigens in the infected liver is a difficult and
important subject, we have validated our results in an indepen-
dent cohort from another hospital and provided robust and high
quality HCV imaging in FFPE liver biopsies (routinely available in
most clinical centers).

In conclusion, we have demonstrated that HCV antigens, core
and NS5A, are selectively expressed in hepatocytes. The absence
of core and NS5A in reperfusion biopsies, as well as their loss fol-
lowing treatment-induced viral clearance, supports the specific-
ity of our findings. More interestingly, this is the first study
that provides in vivo confirmation of core and NS5A colocalization
around the lipid droplets, supporting their role in HCV particle
production.

Financial support

X. Forns and M. Navasa received support, in part, by grants
from Instituto de Salud Carlos III, Ministerio de Economía y
Competitividad (PI11/01907 and PI10/01551, respectively), co-
funded by Fondo Europeo de Desarrollo Regional, Unión Euro-
pea, Una manera de hacer Europa. X. Forns also received a
grant from the Roche Organ Transplantation Research Founda-
tion (ROTRF, CI: 442035057). The other authors were supported
by grants from the following institutions: L. Mensa from Min-
isterio de Economía y Competitividad, M. Coto-Llerena from the
Roche Organ Transplantation Research Foundation and C.
Fernández-Carrillo from Asociación Española para el Estudio
del Hígado.

AdipophilinNS5A NS5A + adipophilin

5 μm

0.5 μm 0.5 μm 0.5 μm

5 μm 5 μm
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Supplementary Material 

 

Validation cohort 

Validation cohort characteristics 

Eleven HCV-infected patients undergoing LT in Hospital Universitari Vall 

d’Hebron were selected as independent validation cohort (5 males and 6 

females). Selection criteria were the same as in our study cohort. We selected 

HCV-infected patients undergoing LT who had liver biopsies performed during 

both the reperfusion phase (immediately after graft implantation), the acute 

phase of graft infection (median time 4 months after LT, range 1-6 months) and 

during follow-up (median time 12 months after LT, range 9-40 months). In 

addition, serum HCV-RNA levels should be higher than 6 log10 IU/mL during the 

acute phase of HCV infection.  

The median recipient age was 57 years (range 47-65) and the median donor 

age was 71 years (range 22-81). Sixty-four percent of the patients were infected 

with HCV genotype 1, 18% with genotype 2 and 18% with genotype 3. Median 

HCV-RNA levels during the acute phase of recurrent hepatitis C was 7.1 log10 

IU/ml (range 6.2-8.7). One patient received antiviral therapy (pegylated 

interferon plus ribavirin) after LT and achieved a SVR withdrawal. The 

virological characteristics of the validation cohort are shown in Supplementary 

Table 3. 

Histopathological findings in the validation cohort 

Reperfusion biopsies showed mild ischemia-reperfusion injury. In acute phase 

biopsies, the main histopathological diagnosis was acute hepatitis, which was 

found in 8 patients (73%). Of the remaining three, one case showed minimal 



inflammatory changes (mild acute hepatitis), another presented severe 

steatosis with very mild lobular inflammation and the last one presented a 

fibrosing cholestatic hepatitis pattern. Regarding the 10 follow-up samples 

analyzed, a diagnosis of chronic hepatitis was observed in 7 cases and of 

cirrhosis in 3 cases. 

Detection of HCV core protein in liver samples from the validation cohort 

In agreement with our results, we did not detect core antigen in any of the 

reperfusion samples. Sixty and 40% of acute phase and follow-up biopsies were 

positive for the core antigen, respectively. The percentages of core-positive 

hepatocytes tended to be a lower than in our 32 patients but this may be in part 

due to the small sample size, the fact that viral loads of the validation cohort are 

a little lower than ours and probably other factors that may influence antigen 

retrieval (fixation buffer, time of fixation, etc) which depend on the 

histopathological techniques used in each center. 

 



Supplementary Table 1. Summary of serial liver biopsies collected from 

HCV-infected and non-HCV LT recipients. 

Number of samples obtained 

after LT LT recipients during graft 
reperfusion 1-6 months 7-74 months 

HCV (n= 32) 32 32 23 a 

Non-HCV b (n= 10) 10 9 9 

 

a Ten of the 23 follow-up liver biopsies belonged to patients who had achieved a 

SVR. 

b The indications for LT in these non-HCV controls were alcoholic cirrhosis (4), 

hepatitis B (3), nonalcoholic steatohepatitis (1), familiar amyloidotic 

polyneuropathy (1) and primary sclerosing cholangitis (1) 

n, number of LT recipients. 

 



Supplementary Table 2. Laboratory data of the patients included in the 

study 

Acute phase Follow-up phase 
Case 

ALT AST AP BIL ALT AST AP BIL 

1 369 184 826 14.0 56 66 291 0.7 

2 275 649 777 3.5 74 40 1785 2.5 

3 540 456 777 7.4 NA NA NA NA 

4 363 155 304 8.1 NA NA NA NA 

5 170 249 1413 6.4 NA NA NA NA 

6 340 314 353 12.5 208 200 327 4.2 

7 205 196 1031 16.1 NA NA NA NA 

8 136 136 535 17.3 NA NA NA NA 

9 453 188 195 1.1 19 21 216 0.8 

10 193 234 323 10.4 NA NA NA NA 

11 479 230 455 1.5 77 103 232 0.5 

12 354 202 798 2.5 291 138 387 5.7 

13 49 24 155 0.7 76 50 523 0.6 

14 232 182 610 14.2 69 39 982 3.0 

15b 678 498 279 1.9 63 87 198 1.1 

16 152 122 729 3.3 80 68 806 1.9 

17 171 65 1167 6.5 48 39 321 1.8 

18 545 419 362 1.5 18 16 162 1.0 

19 54 46 183 1.1 33 26 153 1.1 

20 152 64 287 17.0 184 330 176 1.1 

21 407 318 1059 1.6 122 74 575 17.4 

22 281 145 139 1.2 29 23 193 0.4 

23 309 213 218 1.5 24 20 179 0.8 

24 461 333 961 6.1 70 133 794 0.9 

25 193 85 154 0.9 29 17 167 0.6 

26 139 49 241 1.1 24 29 171 1.1 

27 184 160 737 1.0 180 133 814 1.4 

28 133 70 240 1.2 179 237 256 1.1 

29 203 105 156 1.0 29 33 206 0.6 

30 260 296 308 12.7 20 30 171 1.0 

31 109 68 455 0.6 64 90 270 1.0 

32 121 233 784 3.4 30 30 1482 0.9 

 

AST, aspartate aminotransferase; ALT, alanine aminotransferase. AP, alkaline 

phosphatase, BIL, bilirubin. 



Supplementary Table 3. Virological characteristics of the validation cohort 

Reperfusion Acute phase Follow-up phase 
 

Case 
HCV 

genotype 

Pre-LT 
HCV-RNA 

(log10 IU/mL) % Corea % Corea HCV-RNA 
(log10 IU/mL) % Corea HCV-RNA 

(log10 IU/mL) 
Antiviral 
therapy SVR 

33 1 6.0 0 70 8.73 NA NA Yes No 

34 3 5.3 0 0 7.8 0 7.2 No No 

35 1 5.2 0 20 7.8 0 6.9 No No 

36 1 5.4 0 7 7.4 1 6.9 No No 

37b 1 4.5 0 NA 7.1 0 0 Yes Yes 

38 3 5.6 NA 0 7.1 0 6.2 No No 

39 1 6.2 0 1 7.1 1 6.1 No No 

40 2 5.4 0 0 6.9 0 6.8 No No 

41 1 6.7 0 1 6.6 1 7.2 No No 

42 1 7 NA 1 6.2 0 6.5 No No 

43 2 5.7 0 0 6.2 1 5.7 No No 

 

a % Core: percentage of core-positive hepatocytes. 

NA: non available 

b Patient 37 did not have the acute-phase liver biopsy but had a liver biopsy 

performed one year after LT. This biopsy was obtained just before starting 

antiviral therapy and was positive for the core antigen (viral load 8.1 log IU/mL). 

 

 



Supplementary Fig. 1. Core and NS5A immunofluorescence in cell culture. 

The specificity of the rabbit polyclonal anti-NS5A was assessed in vitro. (A to C) 

Huh7.5 cells infected with cell culture derived HCV (Jc1); (D to F) Naïve Huh7.5 

cells. Immunolabeling was performed with the rabbit polyclonal anti-NS5A and 

mouse monoclonal anti-core C7-50 for 1h, followed by washing and incubation 

with secondary Alexa Fluor® 488 and 568 conjugated antibodies for 1h at room 

temperature. Cell nuclei were counterstained with DAPI. NS5A and core 

showed strong colocalization within the cytoplasm of infected cells. HCV 

antigen staining was absent in naïve Huh7.5 cells. Images were acquired at 

100X magnification. 
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Supplementary Fig. 2. HCV kinetics of non-treated patients during the first 

3 years after LT. As previously reported [1,2], viral load values increased 

progressively during first months after LT. Thereafter, HCV-RNA levels 

remained higher than pre-LT levels and stable over the years. 
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Supplementary Fig. 3. HCV NS5A immunostaining in FFPE liver samples 

from non-HCV LT recipients. The specificity of the rabbit polyclonal anti-NS5A 

was assessed in vivo by using liver biopsies from non-HCV LT recipients. 

Images from 2 representative patients are shown: (A and B) LT patient infected 

with the hepatitis B virus; (C and D) patient who underwent LT for alcoholic 

cirrhosis. All the liver biopsies from the non-HCV LT recipients (either at 

reperfusion or after LT) were negative for HCV NS5A staining. 

 

Reperfusion After LT

A B

C D

Reperfusion After LT

A B

C D

 

 



 

Supplementary Fig. 4. NS5A antigen detection in liver biopsies from a 

representative HCV-infected LT patient (Patient 22) Liver samples were 

obtained (A) at the time of reperfusion and (B) during the acute phase of 

hepatitis C. Original magnification 40X. 
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Supplementary Fig. 5. HCV core immunostaining in FFPE liver samples 

from patients with cholestatic hepatitis following LT. Images from 4 

representative patients are shown: A) Patient 2; B) Patient 3, C) Patient 7 and 

D) Patient 14. All cholestatic hepatitis biopsies were positive for HCV core 

detection. 
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