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Abstract

Background

Hepatocellular carcinoma (HCC) develops in some patients who achieve sustained virologi-

cal response (SVR) against hepatitis C virus (HCV) infection via anti-HCV therapy. To

examine the pathogenesis of HCC development after HCV eradication, histopathological

changes and clinical markers were evaluated in SVR patients.

Methods

Of 654 SVR patients treated with interferon (IFN)-based therapies, 34 patients who had

undergone liver biopsy before initiating IFN therapy and after SVR achievement were

enrolled: 11 patients with HCC and 23 patients without HCC (male/female, 9/2 and 8/15,

respectively: age, 58 ± 5 and 54 ± 11 years, respectively). We compared the clinical and his-

topathological factors between the two groups. Immunohistochemistry for Cytoglobin

(CYGB) and α smooth muscle actin (α-SMA) was also performed.

Results

At baseline, prior to initiating the IFN-based therapy, there were significant differences

between the SVR-non-HCC and SVR-HCC groups in the male gender, HBc antibody

positivity, prothrombin activity, and histological inflammatory grade. Histopathological evalu-

ation, using the new Inuyama classification system, revealed an improvement in the inflam-

matory grade, from 2.1 ± 0.6 to 1.0 ± 0.6 (p < 0.0001), whereas the fibrosis stage remained

unchanged, from 2.3 ± 0.9 to 2.0 ± 1.2 (p = 0.2749), during the 97 ± 72-month observation

period in the SVR-HCC group. Both the grade and stage scores were significantly improved

in the SVR-non-HCC group. The area of collagen deposition, evaluated using Sirius red
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staining, showed a marked decrease, from 18.6 ± 7.6% to 7.7 ± 4.6%, in the SVR-non-HCC

group, with no change in the SVR-HCC group. CYGB- and α-SMA-positive hepatic stellate

cells (HSCs), indicative of the HSC activated phenotype, remained in the fibrotic tissue of liv-

ers among patients in the SVR-HCC group.

Conclusion

Stagnation of fibrosis regression is associated with a high risk for HCC after SVR. HSC acti-

vation may inhibit improvement in fibrosis after SVR and potentially contribute to

hepatocarcinogenesis.

Introduction

Hepatitis C virus (HCV) infection is a critical factor in the occurrence of hepatocellular carci-

noma (HCC). HCV infection becomes chronic in 80% of cases, with a 10–20% risk of develop-

ing cirrhosis over 20 years [1–3]. Once established, cirrhosis carries a 1–5% annual risk of

developing HCC. Thus, it is reasonable to speculate that the eradication of HCV prevents

HCC development in HCV-infected patients. Previous studies have confirmed that interferon

(IFN)-based anti-viral therapy reduces the incidence of HCC, particularly in patients who

achieve sustained viral response (SVR) [4–6]. Since recent standard regimens using direct-act-

ing antivirals (DAAs) lead to SVR in more than 95% of HCV-infected non-cirrhotic and com-

pensated cirrhotic patients with HCV genotypes 1 and 2 [7–9], the number of SVR patients

worldwide is expected to increase markedly in the future.

However, it has been reported that HCC develops in 2.5–4.2% of SVR patients who previ-

ously treated IFN-based therapies [10–14]. Some Japanese studies have reported that old age,

high α-fetoprotein (AFP) levels, advanced liver fibrosis at baseline, and past or occult HBV

infection to be risk factors for SVR-HCC [15–17]. In the United States, El-Serarg et al. [18]

reported older age, the presence of liver cirrhosis at the time of SVR, diabetes, and alcohol

abuse to be associated with a higher risk of SVR-HCC. Makiyama et al. [19] speculated that

subclinical HCC exists in fibrotic livers prior to the eradication of HCV via IFN therapy. In

addition, there are several case reports of HCC being detected more than 10 years after SVR

[20–22]. Currently, the guidelines of the American Association for the Study of Liver Diseases

(AASLD) recommend follow-up visits after SVR, particularly for patients with advanced fibro-

sis. However, comprehensive, but cost-effective, criteria are necessary to identify all patients

who are at risk for SVR-HCC and, therefore, should be followed after achieving SVR [23].

Hepatic stellate cells (HSCs) are localized in the space of Disse, where they comprise the

hepatic sinusoidal vascular wall and function as the main vitamin A storage sites in the liver.

Upon liver injury, HSCs undergo activation and trans-differentiate into myofibroblasts that

produce collagen and other extracellular matrix (ECM) components, with an increased expres-

sion of α smooth muscle actin (α-SMA). Importantly, activated HSCs also produce tissue

inhibitor of metalloproteinase 1 (TIMP-1), which inhibits the activity of matrix metalloprotei-

nases along with ECM degradation, leading to ECM accumulation in chronically inflamed liv-

ers. Moreover, TIMP-1 and ECM components, particularly Type I collagen, sustain the

survival of activated HSCs, thereby enlarging the fibrogenic cell population [24].

We previously showed that Cytoglobin (CYGB) is an excellent marker of human HSCs

[25]. CYGB was originally detected in rat HSCs in 2001, and was the fourth globin identified

in mammals [26]. CYGB is present in fibroblastic cells that store vitamin A in the visceral
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organs, including the liver and pancreas. CYGB is thought to facilitate oxygen (O2) diffusion

through tissues, scavenge nitric oxide and other reactive oxygen species, have a protective

function during oxidative stress, and suppress tumorigenesis [27]. Since CYGB is absent in

portal myofibroblasts, it is a useful indicator for distinguishing activated human HSCs from

portal myofibroblasts, both of which are positive for α-SMA. However, CYGB expression in

SVR liver tissue has not yet been studied. Accordingly, the present study was conducted to elu-

cidate the clinical and histopathological characteristics of patients who developed HCC after

achieving SVR via IFN-based anti-viral therapy.

Materials and methods

Patient population

This was an observational cohort study. At our hospital, 1864 HCV-infected patients were

treated with IFN-based anti-viral therapy between 1992 to 2014: 953 males and 911 females;

mean age; 54 years (range, 22–74 years). The first liver biopsy was performed before anti-

viral therapy. Patients who achieved SVR (n = 654) were repeatedly followed up with labora-

tory tests and ultrasonography or enhanced computed tomography imaging, every 6 or 12

months, for more than 20 months. Among the SVR patients, 23 patients who did not

develop HCC agreed to undergo a second liver biopsy at more than 3 years after the end of

IFN-based therapy (SVR-non-HCC). In addition, 11 of the SVR patients developed HCC

and were treated surgically (SVR-HCC). We enrolled these 34 patients, whose liver tissue

samples, clinical records and reserved serum samples, obtained before and after IFN-based

anti-HCV therapy, were available (Table 1). None of the patients showed hepatitis B surface

antigen or any diagnostic markers for primary biliary cholangitis, autoimmune liver disease

or hemochromatosis.

Histopathological examination

The obtained liver tissue samples were fixed in 10% formaldehyde, stained with hematoxylin

and eosin, and pathologically evaluated for inflammatory activity and fibrosis, according to the

new Inuyama classification [28], by one pathologist and one hepatologist. Inflammatory grade

was defined as follows: inflammatory grade 0, no or minimal necro-inflammatory change;

grade 1, mild necro-inflammatory change; grade 2, moderate necro-inflammatory change; and

grade 3, marked necro-inflammatory change, including confluent necrosis, such as zonal and

bridging necrosis. The stage of fibrosis was defined as follows: stage 0, no fibrosis; stage 1,

expansion of the portal tracts without linkage; stage 2, portal expansion with portal-to-portal

linkage; stage 3, extensive portal-to-portal and focal-to-central portal linkage; and stage 4,

cirrhosis.

Immunostaining of human liver tissue samples

For immunohistochemistry, paraffin-embedded sections were dewaxed in xylene and rehy-

drated in decreasing concentrations of ethanol (xylene: 3 × 3 min; 100% ethanol: 2 × 3 min;

95% ethanol: 3 min; and 70% ethanol: 3 min). All antibodies were diluted in phosphate-buff-

ered saline containing Tween1 20 (PBS-T). Anti-CYGB polyclonal antibody (produced in our

laboratory, 1:100) and anti-α-SMA antibody (Dako, Glostrup, Denmark, clone 1A4, 1:100)

were utilized to detect HSCs and myofibroblasts, respectively [25]. In brief, the deparaffinized

sections were treated with 3% H2O2 in 100% methanol for 10 min, at room temperature, to

block endogenous peroxidase activity. The sections were then pre-incubated in a serum-free

protein blocking solution (Dako, Glostrup, Denmark) for 1 hour at room temperature, and
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subsequently incubated, overnight, with the primary antibodies in a 1:100 dilution, at a tem-

perature of 4˚C. Negative controls, with no primary antibody, were used to assess non-specific

staining. After being washed, the samples were incubated with horseradish peroxidase-conju-

gated goat anti-rabbit IgG (Dako, Glostrup, Denmark, 1:200) and rabbit anti-mouse IgG

(Dako, Glostrup, Denmark, 1:200) secondary antibodies for 10 min, at room temperature.

After being washed again, the samples were reacted with the Liquid DAB+ Substrate Chromo-

gen System (Dako, Glostrup, Denmark). The stained sections were analyzed using a BZ-X710

microscope (Keyence, Osaka, Japan). The sections were also stained with 0.1% (w/v) Sirius red

2 (Direct Red 80; Sigma-Aldrich, Milwaukee, WI, USA), in a saturated aqueous picric acid

solution, for 1 hour at room temperature, to visualize collagen fibers. After staining, sections

were washed twice, in two different 0.01 N HCl solutions, and mounted using NEW MX

reagent (Matsunami Glass Industries, Osaka, Japan).

Table 1. Clinical features of the patients at Pre-IFN treatment.

Non-HCC group (n = 23) HCC group (n = 11) P-value
Epidemiology

Sex (male, n (%)) 8 (34) 9 (81) 0.01�

Age (year) 54 ± 11 58 ± 5 0.15

HCV genotype, n (%)

1 14 (60) 8 (72)

2 9 (40) 3 (28)

HBc antibody, n (%) 6 (26) 10 (91) < 0.01�

Diabetes, n (%) 4 (17) 3 (27) 0.5

Alcohol, n (%) 7 (30) 2 (18) 0.39

Body mass index 22.4 ± 3.1 23.1 ± 3.9 0.65

Laboratory data

AST (IU/L) 30 ± 54 70 ± 43 0.29

ALT (IU/L) 83 ± 60 95 ± 105 0.72

Platelets (x 104/ml) 16.4 ± 5.5 14.6 ± 5.0 0.47

Total bilirubin (mg/dl) 0.8 ± 0.2 0.9 ± 0.3 0.8

PT activity (%) 93 ± 13 79 ± 14 0.04�

Albumin (g/dl) 3.8 ± 0.2 3.8 ± 0.4 0.58

α-fetoprotein (ng/ml) 6.6 ± 7.4 11.9 ± 8.4 0.18

Histopathology

Stage (F1/2/3/4) 12/6/2/3 1/6/2/2 0.18

Grade (A0/1/2/3) 0/14/6/3 0/2/6/3 0.03�

Treatment, n (%)

IFN 4 (17) 8 (72)

IFN/RBV 7 (30) 1 (9)

PEG-IFN 0 (0) 1 (9)

PEG-IFN/RBV 12 (53) 1 (9)

Observation period (months) 86 (38–199) 97 (20–240) 0.64

The degree of liver fibrosis was assessed based on the new Inuyama classification, using the following definitions: F0, no fibrosis; F1, expansion of the portal tracts

without linkage; F2, portal expansion with portal-to-portal linkage; F3, extensive portal-to-portal and focal-to-central portal linkage; and F4, cirrhosis. Mean ± SD,

median (interquartile range). AST: aspartate aminotransferase, ALT: alanine aminotransferase, PT activity: prothrombin activity, IFN: interferon, RBV: ribavirin, PEG:

pegylated.

�: statistical significance.

https://doi.org/10.1371/journal.pone.0194163.t001
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Immunofluorescence staining of human liver tissue samples

The paraffin sections were dewaxed and then incubated with a mixture of antibodies against

CYGB and α-SMA, as previously described [25]. After rinsing in a PBS, the sections were incu-

bated with a mixture of fluorochrome-conjugated Alexa Fluor 488 goat anti-rabbit IgG

(Molecular Probes, Eugene, OR, USA) and Alexa Fluor 594 goat anti-mouse IgG (Molecular

Probes, Eugene, OR, USA) secondary antibodies. Sections were then briefly washed and

mounted with ProLong Gold Antifade Reagent (Molecular Probes, Eugene, OR, USA). The

resulting sections were evaluated under BZ-X710 microscopy (Keyence, Osaka, Japan).

Morphometry for hepatic fibrosis

For the morphometric image analysis of hepatic fibrosis, areas of the liver sections which

stained positively for Sirius red (red) or α-SMA (brown), were captured separately using a

CCD camera connected to a macro digital filing system (BZ-H3XF; Keyence, Osaka, Japan).

Images of the whole biopsy section were acquired at a magnification of ×200, digitized and

consolidated to create one large image, using the analysis application BZ-H3A (Keyence). Sir-

ius red- or α-SMA-positive areas were measured using the measurement module BZ-H3 M

(Keyence) and calculated automatically. The percent (%) area of hepatic fibrosis was calculated

as the area stained with the selected color divided by the whole tissue area, at a magnification

of ×100.

Statistical analysis

The results of the statistical analyses are presented in bar graphs, with the mean ± SD.

Between-group comparisons were evaluated using Student’s t-test for continuous data and

Fisher’s exact test for categorical data, with a p-value < 0.05 indicating statistical significance.

Ethical considerations

This study protocol complied with the ethical guidelines of the Declaration of Helsinki (2006

version) and was approved by the Ethics Committee of Osaka City University Graduate School

of Medicine (approval no. 1123). Written informed consent was obtained from all enrolled

patients.

Results

Clinical background at the baseline of IFN-based therapy

A total of 34 patients, infected with HCV genotypes 1 (n = 22) and 2 (n = 12), who had

achieved SVR via IFN-based therapy, were included in this study. IFN-based therapy included

the following: IFN monotherapy (n = 12); IFN ± ribavirin (RBV) (n = 8); pegylated IFN

(n = 1); and pegylated IFN ± RBV (n = 13) for the treatment of the 11 SVR-HCC patients and

23 SVR-non-HCC patients. Relevant demographic and clinical variables for the study group

are summarized in Table 1. At baseline, prior to initiating IFN-based therapy, there were sig-

nificant differences between the SVR-non-HCC and SVR-HCC groups with regard to the pro-

portion of males (p = 0.01), HBc antibody positivity (p< 0.01), prothrombin (PT) activity

(p = 0.04), and histological inflammatory grade (p = 0.03). The groups were comparable with

regard to the following: age (54 ± 11 vs 58 ± 5 years, respectively), serum levels of aspartate

aminotransferase (AST, 30 ± 54 vs 70 ± 43 IU/L, respectively), alanine aminotransferase (ALT,

83 ± 60 vs 95 ± 105 IU/L, respectively), albumin (3.8 ± 0.2 vs 3.8 ± 0.4 g/dl, respectively), and

AFP (6.6 ± 7.4 vs 11.9 ± 8.4 ng/ml, respectively) and observation period (86 ± 39 vs 97 ± 72

months, respectively). Variables with p-values< 0.05 in univariate analyses (male sex, alcohol
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consumption, and obesity) were entered into a multivariable analysis. Male sex was identified

as an independent risk factor for HCC, while alcohol and obesity were not retained as predic-

tive factors.

Clinical background of patients at the second liver biopsy after SVR

The interval from the end of IFN therapy to the detection of HCC was 20–240 months (mean,

approximately 7.8 years) in the SVR-HCC patients, which was similar to the time from IFN

therapy to the second biopsy in the SVR-non-HCC patients (38–199 months; mean, approxi-

mately 7.2 years). At the second liver biopsy, the following significant differences between the

SVR-non-HCC and SVR-HCC groups were identified (Table 2): serum AST level (21 ± 7 vs

30 ± 11 IU/L, respectively, p = 0.01), Type IV collagen level 7S (3.72 ± 0.8 vs 4.56 ± 1.1 ng/ml,

respectively, p = 0.05), pathological fibrosis stage (p = 0.02), and inflammatory grade

(p = 0.01).

Comparison of histological findings in the SVR-HCC and SVR-non-HCC

groups

To evaluate changes in the inflammation grade and fibrosis stage over time, we compared the

histopathological factors between the two patient groups, SVR-non-HCC and SVR-HCC. In

the SVR-non-HCC group, the grade and stage scores improved from 1.5 ± 0.7 to 0.2 ± 0.4

(p< 0.01) and from 1.8 ± 1 to 1.1 ± 0.9 (p< 0.01), respectively, during the observation period

of 86 ± 39 months (Fig 1A and 1B). However, in the SVR-HCC group, the grade and stage

scores showed slight differences, from 2.1 ± 0.6 to 1.0 ± 0.6 (p< 0.01) and from 2.3 ± 0.9 to

2.0 ± 1.2 (p = 0.27), respectively. The grade and stage scores were significantly higher in the

SVR-HCC than the SVR-non-HCC group (Fig 1A and 1B), even after achieving SVR. When

the annual change in the stage score after SVR was calculated, the stage score had improved by

0.101 and 0.031 per year in the SVR-non-HCC and SVR-HCC groups, respectively (Fig 1C,

p = 0.03). These results indicate that although SVR improved inflammatory activity in both

Table 2. Clinical features of patients at the second liver biopsy after SVR.

Non-HCC group (n = 23) HCC group (n = 11) P-value
Epidemiology

Age (year) 61 ± 13 66 ± 6 0.13

Laboratory data

AST (IU/L) 21 ± 7 30 ± 11 0.01�

ALT (IU/L) 19 ± 10 23 ± 11 0.13

Platelets (x 104/ml) 18.9 ± 4.2 17.1 ± 3.3 0.75

Total bilirubin (mg/dl) 0.7 ± 0.2 0.7 ± 0.2 0.7

PT activity (%) 103 ± 15 91 ± 20 0.07

Albumin (g/dl) 4.1 ± 0.3 4.2 ± 0.3 0.4

Cholinesterase (IU/L) 301 ± 71 374 ± 121 0.07

P-III-P (U/ml) 0.49 ± 0.1 0.58 ± 0.1 0.06

Type IV collagen 7S (ng/ml) 3.72 ± 0.8 4.56 ± 1.1 0.05�

Histology

Stage (F1/2/3/4) 18/2/2/1 3/4/2/2 0.02�

Grade (A0/1/2/3) 19/4/0/0 2/7/2/0 0.01�

P-III-P: procollagen III peptide.

�: statistically significant.

https://doi.org/10.1371/journal.pone.0194163.t002
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groups, the degree of residual inflammation was higher and fibrosis regression was reduced in

the SVR-HCC group.

Two representative cases from the SVR-HCC and SVR-non-HCC are depicted in Fig 1D.

Case 1 is a HCV-infected 42-year-old female who underwent IFN-α monotherapy, from June

2000 to December 2000, at the Osaka City University Medical School Hospital. The patient

Fig 1. Comparison of inflammation (grade) and fibrosis (stage) scores between SVR patients with and without HCC. (A) Inflammatory grade was significantly

improved in SVR patients, with or without HCC. (B) The degree of fibrosis was significantly decreased in the non-HCC group, with negligible change in the HCC

group. (C) Changes in the fibrosis score per year, post-IFN treatment, between SVR patients, with or without HCC. (D) Case presentations using hematoxylin and eosin

staining. Case 1(a) Pre-IFN treatment liver biopsy from a patient without HCC, showing an obvious nodular organization of hepatocytes, with thick septa. Case 1(b) The

second liver biopsy post-IFN treatment, from the same patient, showing a very thin fibrotic septa and negligible inflammation. Case 2(c) Pre-IFN treatment liver biopsy

from a patient with HCC, showing nodular fibrosis, with a thick septa and severe inflammation. Case (d) The second liver biopsy obtained at HCC occurrence, from the

same patient, showing the presence of a thick fibrotic septa and inflammatory cell accumulation around the portal vein. Bar, 100 μm; P, portal vein; �, p< 0.05; ��,

p< 0.01.

https://doi.org/10.1371/journal.pone.0194163.g001
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achieved SVR and did not develop HCC thereafter. Marked regression of liver fibrosis (change

from stage 3 to stage 2) and cessation of inflammatory activity (change from grade 2 to 0) were

obvious in the liver tissue obtained at the second biopsy, 111 months after SVR (Fig 1D, a and

b). In contrast, stagnation of fibrosis regression was observed in Case 2, a HCV-infected

71-year-old male who underwent IFN-α monotherapy from July 2003 to December 2003, at

the Osaka City University Medical School Hospital, and developed HCC, 75 months after

achieving SVR. In this case, liver fibrosis progressed (from stage 3 to 4), while inflammation

improved (from grade 2 to 1; Fig 1D, c and d).

Collagen deposition and the presence of α-SMA-positive cells in the liver

tissue of SVR patients

Collagen deposition and the presence of α-SMA-positive cells were evaluated, semi-quantita-

tively, using Sirius red staining and immunohistochemistry, respectively, in liver tissue sam-

ples obtained before IFN-based therapy and at the second biopsy after achieving SVR. α-SMA

is a well-characterized marker of myofibroblasts and activated HSCs in the human liver.

Results for a representative case of SVR-non-HCC (Case 1) are shown in Fig 2A and 2B. The

calculated area of collagen deposition before IFN therapy was 19.9% of the total tissue area,

decreasing to 7.7% at the second biopsy. The calculated α-SMA-positive cell area before IFN

therapy was 28.2% of the total tissue area, decreasing to 7.8% at the second biopsy (Fig 2C and

2D). Thus, liver fibrosis markedly regressed in this case.

Similar results were obtained for a representative case from the SVR-HCC group (Case 2),

shown in Fig 3A–3D. The calculated area of collagen deposition before IFN therapy was 26.4%

of the total tissue area, compared to 26.4% at the second biopsy, after SVR (Fig 3A and 3B).

The calculated α-SMA-positive cell area before IFN therapy was 24.9% of the total tissue area,

increasing to 31.9% at the second biopsy (Fig 3C and 3D). These data reflect the negligible

regression in liver fibrosis, even after SVR.

Morphometric analysis of collagen-deposited and α-SMA-positive cell

areas in the liver tissue of SVR patients

Based on the above-mentioned representative results of collagen deposition and α-SMA-posi-

tive cell areas in the liver tissue of SVR patients, we evaluated the values obtained from the 11

SVR-HCC patients and 23 SVR-non-HCC patients using morphometry (Fig 4). In the SVR-

non-HCC group, the Sirius red-positive area decreased significantly from 17.5 ± 6.7% before

IFN-based therapy to 7.7 ± 4.6% at the second biopsy, after SVR (p = 0.02, Fig 4A), with the α-

SMA-positive area decreasing from 18.7 ± 11.5% before IFN-based therapy to 11.2 ± 5.2% at

the second biopsy, although these differences in α-SMA-positive area were not significant

(p = 0.23, Fig 4B). In contrast, in the SVR-HCC group, both the Sirius red-positive and α-

SMA-positive areas remained unchanged (Fig 4A and 4B). With regard to the count of CYGB-

and α-SMA-positive stellate cells around the fibrotic portal tract, cell counts decreased in the

SVR-non-HCC group, from 6 ± 2 before IFN-based therapy to 2 ± 1 at the second biopsy, after

SVR (p< 0.01, Fig 4C). In contrast, the cell counts remained unchanged in the SVR-HCC

group, from 6 ± 2 before IFN-based therapy to 5 ± 1 at the second biopsy (p = 0.08, Fig 4C).

Fig 2. Collagen deposition and the presence of α-SMA-positive cells in liver tissue without HCC. Sirius red staining (A and B), α-SMA

immunohistochemistry (C and D), CYGB immunofluorescence staining (E and F), α-SMA immunofluorescence staining (G and H), merged

image of CYGB and α-SMA (I and J) of the liver specimen obtained before IFN treatment and after SVR for Case 1. Insets show enlarged

views of CYGB/α-SMA-double-positive cells. Bar, 50 μm; P, portal vein.

https://doi.org/10.1371/journal.pone.0194163.g002

Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 9 / 16

https://doi.org/10.1371/journal.pone.0194163.g002
https://doi.org/10.1371/journal.pone.0194163


Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 10 / 16

https://doi.org/10.1371/journal.pone.0194163


Characterization of HSCs and myofibroblasts in the liver tissue of SVR

patients

α-SMA was expressed in the cells around the periportal area, and this expression extended

along the expansion of collagen deposition, as shown by Sirius red and α-SMA staining in Fig

2A–2D. Activated HSCs and myofibroblasts are known to express α-SMA and to produce col-

lagen in the liver. Using liver tissue samples from patients with chronic hepatitis and cirrhosis

caused by HCV infection, we previously demonstrated that CYGB is a unique marker of

human HSCs that is negligibly expressed in portal myofibroblasts, which are positive for α-

SMA, thy-1, and fibulin 2 [29]. Thus, in the present study, we utilized CYGB as an HSC

marker. Here, we describe the representative Case 1. Immunostaining, using a monoclonal

antibody against human CYGB, revealed CYGB-positive cells along the sinusoids, throughout

the lobule. Hepatocytes and the cells in the portal areas were negative for CYGB (Fig 2E).

However, α-SMA-positive cells were observed around the portal vein area and in the vessel

walls, with a few α-SMA-positive cells found along the hepatic sinusoids (Fig 2G). CYGB/α-

SMA-double-positive cells were present near the fibrotic area in samples obtained before the

initiation of IFN-based therapy (Fig 2E, 2G and 2I). However, in the second liver biopsy sam-

ple from this patient, the number of α-SMA-positive cells was markedly decreased, with the

number of CYGB/α-SMA-double-positive cells being negligible (Fig 2F, 2H and 2J). These

Fig 3. Collagen deposition and the presence of α-SMA-positive cells in liver tissue with HCC. Sirius red staining (A and B), α-SMA

immunohistochemistry (C and D), CYGB immunofluorescence staining (E and F), α-SMA immunofluorescence staining (G and H), merged

image of CYGB and α-SMA (I and J) before IFN treatment and after SVR from Case 2. Insets show enlarged views of CYGB/α-SMA-double-

positive cells. Bar, 50 μm. P, portal vein.

https://doi.org/10.1371/journal.pone.0194163.g003

Fig 4. Morphometric analysis. Morphometric analysis of Sirius red-positive (A) and α-SMA-positive (B) areas in SVR patients, with and without HCC. Positive areas

for Sirius red and α-SMA immunohistochemistry were determined using the analysis application BZ-H3A (Keyence, Osaka, Japan). Note that both the Sirius red- and

α-SMA-positive areas were not improved in the SVR-HCC group. CYGB and α-SMA-positive cells were counted under a × 100 objective. Note that the CYGB and α-

SMA-positive cells numbers remained in the SVR-HCC group; � p< 0.05; ��, p< 0.01.

https://doi.org/10.1371/journal.pone.0194163.g004
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observations indicate that activated HSCs, which are positive for both α-SMA and CYGB, dis-

appear when SVR is achieved.

In contrast, Case 2 showed HCC development at 75 months after SVR, and the expression

of CYGB and α-SMA in the liver tissue obtained before IFN therapy was nearly identical to

that in Case 1. Cells localized along the extended fibrotic septum were showed double-positive

for CYGB and α-SMA, suggesting that these cells were activated HSCs in the pretreatment

liver biopsy (Fig 3E, 3G and 3I). Notably, the number of CYGB/α-SMA-double-positive cells

remained unchanged in the liver tissue, even after achieving SVR (Fig 3F, 3H and 3I). These

results indicate that fibrosis regression was impaired and activated HSCs were retained, even

in some patients who had achieved SVR, resulting in HCC.

Discussion

In the study cohort, HCC developed in 20 (3.1%) of the 654 SVR patients over a median fol-

low-up period of 97 months (range, 20–240 months). This rate of HCC is consistent with pre-

viously published studies, in which HCC developed in 2.5–4.2% of SVR patients who had

undergone IFN-based therapy [10–13]. The present study focused on 23 SVR-non-HCC and

11 SVR-HCC patients in whom pathological diagnosis was evaluated via liver biopsy, before

and after SVR. First, comparison of clinical backgrounds between the SVR-non-HCC and

SVR-HCC groups showed significant differences with regard to sex and HBc antigen positivity

(Table 1). It has already been reported that clinical markers, including these, are risk factors

for developing HCC after achieving SVR [30,31]. However, histopathological differences

between HCC and non-HCC patients, after SVR, have not been previously reported. The pres-

ent study clearly demonstrated that hepatic fibrosis general persisted, and even progressed, in

patients with HCC after SVR, with regression of fibrosis occurring only rarely. This finding is

novel as previous studies have frequently reported regression in fibrosis in liver biopsies

obtained from SVR patients during follow-up visits [32,33]. In addition, we showed that stag-

nation of fibrosis regression was associated with an increase in collagen deposition, as demon-

strated using Sirius red staining and successive morphometric analysis of liver tissue samples

obtained from SVR-HCC patients, compared to baseline (Figs 3 and 4). However, in all 34

patients, a decrease in inflammatory cell accumulation in the portal area was identified on the

second liver biopsy performed after SVR.

The mechanism of impairment in fibrosis regression has not been elucidated in patients

with SVR-HCC. The progression and resolution of fibrosis is a complex process involving

interactions among parenchymal and non-parenchymal cells. In general, hepatocyte death

leads to the release of cellular contents and reactive oxygen species that activate liver-resident

macrophages and Kupffer cells to release pro-inflammatory factors, such as tumor necrosis

factor α, interleukin (IL)-1β and IL-6, and profibrogenic factors, particularly transforming

growth factor (TGF)-β. TGF-β further drives the trans-differentiation of HSCs into myofibro-

blast-like cells, the main source of ECM proteins, leading to hepatic fibrosis. Therefore, we

examined HSCs using an immunohistochemical approach for CYGB and α-SMA. Compared

to the SVR-non-HCC group, many activated HSCs, which tested double-positive for CYGB/α-

SMA, were detected around the fibrotic area in the SVR-HCC group, even in the absence of

HCV. The number of activated HSCs decreases via apoptosis during fibrosis regression [34].

However, no reports have clarified factors inhibiting the apoptosis of activated HSCs in SVR

patients. We observed significantly high values of serum AST and Type IV collagen 7S in the

SVR-HCC group compared to the SVR-non-HCC group (Table 2). These results are indicative

of hepatocyte damage and collagen production in activated HSCs and myofibroblasts, which

persists even after the clearance of HCV in SVR-HCC patients. However, epigenetic
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modifications might occur in HSCs, leading to continuous activation of these cells, as previ-

ously reported by Fujita et al. [35]. These points need further clarification through additional

experiments using human liver tissue samples.

It has been shown that activated HSCs strongly suppress the response of T-cells, both in
vitro and in vivo [36]. A previous study described the inhibitory effect of HSCs on immune

responses, via the regulation of T cells in the HCC microenvironment, indicative of the

involvement of HSCs in local immunity responses in the liver [37]. Recently, Matsuura et al.

[38] reported that a single nucleotide polymorphism in the intron of the Tolloid-like 1 (TLL1)

gene, a member of the bone morphogenetic protein 1/Tolloid-like proteinase family, was

strongly associated with HCC development in SVR patients. Notably, the relationship between

TLL1 expression and HSC activation, within the context of immunological reactions, has been

confirmed in both in vitro and in vivo models. Therefore, continuous HSC activation might be

associated with the development of HCC in SVR patients.

The present study has several limitations that should be acknowledged. First, the number of

enrolled patients was small. In addition, it is possible that subclinical HCC was present before

the initiation of IFN-based therapy in HCC patients. However, a previous study, using the cal-

culated doubling time of tumor size, reported that the presence of subclinical HCC is unlikely

in patients who have not developed HCC within 3 years of the end of IFN-based therapy [39].

In the present study, more than 40 months had passed since the end of IFN-based therapy in 9

of the 11 SVR-HCC patients, indicating that subclinical HCC before treatment initiation, was

not likely. Moreover, we did not identify the factors associated with HSC activation after HCV

eradication. Previous studies have speculated that diabetes mellitus, obesity, alcohol consump-

tion, and genetic factors are risk factors for HCC in SVR patients [40–43]. Thus, it will be nec-

essary to evaluate the relationship between such factors and the continuous activation of

HSCs.

Conclusions

We showed that stagnation of fibrosis improvement is a risk factor for HCC after SVR. Acti-

vated HSCs persisting in the liver tissue of SVR patients may inhibit fibrosis improvement and

potentially contribute to hepatocarcinogenesis. The use of IFN-free DAAs is the standard anti-

HCV therapy, achieving a high SVR rate in patients with no liver cirrhosis or compensated cir-

rhosis. However, there is controversy regarding the association between DAAs and HCC, with

one study reporting the unexpected development of HCC within one year from the end of

DAA use [20], while another study reported a reduced the risk of HCC with DAA use [44, 45].

Thus, further research is needed to evaluate if DAA therapy can improve hepatic fibrosis and

prevent the development of HCC, in comparison to the use of IFN-based therapy in SVR

patients.

Acknowledgments

We thank Ms. Yoko Yasuhara and Sanae Deguchi for their assistance with the data/sample

collection.

Author Contributions

Conceptualization: Hiroyuki Motoyama.

Data curation: Hiroyuki Motoyama, Akihiro Tamori, Sawako Uchida-Kobayashi, Satoko

Ohfuji, Yuga Teranishi, Ritsuzo Kozuka, Etsushi Kawamura, Atsushi Hagihara, Hiroyasu

Morikawa, Masaru Enomoto, Yoshiki Murakami, Norifumi Kawada.

Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 13 / 16

https://doi.org/10.1371/journal.pone.0194163


Methodology: Hiroyuki Motoyama.

Resources: Shoji Kubo, Shigekazu Takemura, Shogo Tanaka.

Supervision: Akihiro Tamori, Norifumi Kawada.

Writing – original draft: Hiroyuki Motoyama.

Writing – review & editing: Akihiro Tamori, Norifumi Kawada.

References
1. National Institutes of Health Consensus Development Conference Panel statement: management of

hepatitis C. Hepatology. 1997; 26(3 Suppl 1): 2–10.

2. Seeff LB. Natural history of chronic hepatitis C. Hepatology. 2002; 36: S35–S46. https://doi.org/10.

1053/jhep.2002.36806 PMID: 12407575

3. Sangiovanni A, Prati GM, Fasani P, Ronchi G, Romeo R, Manini M, et al. The natural history of compen-

sated cirrhosis due to hepatitis C virus: a 17-year cohort study of 214 patients. Hepatology. 2006; 43:

1303–1310. https://doi.org/10.1002/hep.21176 PMID: 16729298

4. European Association for Study of Liver. EASL clinical practice guidelines: management of hepatitis C

virus infection. J Hepatol. 2014; 60: 392–420. https://doi.org/10.1016/j.jhep.2013.11.003 PMID:

24331294

5. Morgan TR, Ghany MG, Kim HY, Snow KK, Shiffman ML, De Santo JL, et al. Outcome of sustained

virological responders with histologically advanced chronic hepatitis C. Hepatology. 2010; 52: 833–844.

https://doi.org/10.1002/hep.23744 PMID: 20564351

6. Veldt BJ, Heathcote EJ, Wedemeyer H, Reichen J, Hofmann WP, Zeuzem S, et al. Sustained virologic

response and clinical outcomes in patients with chronic hepatitis C and advanced fibrosis. Ann Intern

Med. 2007; 147: 677–684. PMID: 18025443

7. Lawitz E, Makara M, Akarca US, Thuluvath PJ, Preotescu LL, Varunok P, et al. Efficacy and safety of

ombitasvir, paritaprevir, and ritonavir in an open-label study of patients with genotype 1b chronic hepati-

tis C virus infection with and without cirrhosis. Gastroenterology. 2015; 149: 971–980. https://doi.org/

10.1053/j.gastro.2015.07.001 PMID: 26170136

8. Poordad F, Hezode C, Trinh R, Kowdley KV, Zeuzem S, Agarwal K, et al. ABT-450/r-ombitasvir and

dasabuvir with ribavirin for hepatitis C with cirrhosis. N Engl J Med. 2014; 370: 1973–1982. https://doi.

org/10.1056/NEJMoa1402869 PMID: 24725237

9. Reddy KR, Bourliere M, Sulkowski M, Omata M, Zeuzem S, Feld JJ, et al. Ledipasvir and sofosbuvir in

patients with genotype 1 hepatitis C virus infection and compensated cirrhosis: an integrated safety and

efficacy analysis. Hepatology. 2015; 62: 79–86. https://doi.org/10.1002/hep.27826 PMID: 25846144

10. Kobayashi S, Takeda T, Enomoto M, Tamori A, Kawada N, Habu D, et al. Development of hepatocellu-

lar carcinoma in patients with chronic hepatitis C who had a sustained virological response to interferon

therapy: a multicenter, retrospective cohort study of 1124 patients. Liver Int. 2007; 27: 186–191. https://

doi.org/10.1111/j.1478-3231.2006.01406.x PMID: 17311612

11. Mallet V, Gilgenkrantz H, Serpaggi J, Verkarre V, Vallet-Pichard A, Fontaine H, et al. Brief communica-

tion: the relationship of regression of cirrhosis to outcome in chronic hepatitis C. Ann Intern Med. 2008;

149: 399–403. PMID: 18794559

12. George SL, Bacon BR, Brunt EM, Mihindukulasuriya KL, Hoffmann J, Di Bisceglie AM. Clinical, viro-

logic, histologic, and biochemical outcomes after successful HCV therapy: a 5-year follow-up of 150

patients. Hepatology. 2009; 49: 729–738. https://doi.org/10.1002/hep.22694 PMID: 19072828

13. Enokimura N, Shiraki K, Kawakita T, Saitou Y, Inoue H, Okano H, et al. Hepatocellular carcinoma devel-

opment in sustained viral responders to interferon therapy in patients with chronic hepatitis C. Antican-

cer Res. 2003; 23: 593–596. PMID: 12680152

14. Asahina Y, Tsuchiya K, Tamaki N, Hirayama I, Tanaka T, Sato M, et al. Effect of aging on risk for hepa-

tocellular carcinoma in chronic hepatitis C virus infection. Hepatology. 2010; 52: 518–527. https://doi.

org/10.1002/hep.23691 PMID: 20683951

15. Tamori A, Nishiguchi S, Shiomi S, Hayashi T, Kobayashi S, Habu D, et al. Hepatitis B virus DNA integra-

tion in hepatocellular carcinoma after interferon-induced disappearance of hepatitis C virus. Am J Gas-

troenterol. 2005; 100: 1748–1753. https://doi.org/10.1111/j.1572-0241.2005.41914.x PMID: 16086711

16. Oze T, Hiramatsu N, Yakushijin T, Miyazaki M, Yamada A, Oshita M, et al. Post-treatment levels of α-

fetoprotein predict incidence of hepatocellular carcinoma after interferon therapy. Clin Gastroenterol

Hepatol. 2014; 12: 1186–1195. https://doi.org/10.1016/j.cgh.2013.11.033 PMID: 24321207

Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 14 / 16

https://doi.org/10.1053/jhep.2002.36806
https://doi.org/10.1053/jhep.2002.36806
http://www.ncbi.nlm.nih.gov/pubmed/12407575
https://doi.org/10.1002/hep.21176
http://www.ncbi.nlm.nih.gov/pubmed/16729298
https://doi.org/10.1016/j.jhep.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24331294
https://doi.org/10.1002/hep.23744
http://www.ncbi.nlm.nih.gov/pubmed/20564351
http://www.ncbi.nlm.nih.gov/pubmed/18025443
https://doi.org/10.1053/j.gastro.2015.07.001
https://doi.org/10.1053/j.gastro.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26170136
https://doi.org/10.1056/NEJMoa1402869
https://doi.org/10.1056/NEJMoa1402869
http://www.ncbi.nlm.nih.gov/pubmed/24725237
https://doi.org/10.1002/hep.27826
http://www.ncbi.nlm.nih.gov/pubmed/25846144
https://doi.org/10.1111/j.1478-3231.2006.01406.x
https://doi.org/10.1111/j.1478-3231.2006.01406.x
http://www.ncbi.nlm.nih.gov/pubmed/17311612
http://www.ncbi.nlm.nih.gov/pubmed/18794559
https://doi.org/10.1002/hep.22694
http://www.ncbi.nlm.nih.gov/pubmed/19072828
http://www.ncbi.nlm.nih.gov/pubmed/12680152
https://doi.org/10.1002/hep.23691
https://doi.org/10.1002/hep.23691
http://www.ncbi.nlm.nih.gov/pubmed/20683951
https://doi.org/10.1111/j.1572-0241.2005.41914.x
http://www.ncbi.nlm.nih.gov/pubmed/16086711
https://doi.org/10.1016/j.cgh.2013.11.033
http://www.ncbi.nlm.nih.gov/pubmed/24321207
https://doi.org/10.1371/journal.pone.0194163


17. Asahina Y, Tsuchiya K, Nishimura T, Muraoka M, Suzuki Y, Tamaki N, et al. α-fetoprotein levels after

interferon therapy and risk of hepatocarcinogenesis in chronic hepatitis C. Hepatology. 2013; 58: 1253–

1262. https://doi.org/10.1002/hep.26442 PMID: 23564522

18. El-Serag HB, Kanwal F, Richardson P, Kramer J. Risk of hepatocellular carcinoma after sustained viro-

logical response in veterans with hepatitis C virus infection. Hepatology. 2016; 64: 130–137. https://doi.

org/10.1002/hep.28535 PMID: 26946190

19. Makiyama A, Itoh Y, Kasahara A, Imai Y, Kawata S, Yoshioka K, et al. Characteristics of patients with

chronic hepatitis C who develop hepatocellular carcinoma after a sustained response to interferon ther-

apy. Cancer. 2004; 101: 1616–1622. https://doi.org/10.1002/cncr.20537 PMID: 15378504

20. Reig M, Marino Z, Perello C, Inarrairaegui M, Ribeiro A, Lens S, et al. Unexpected high rate of early

tumor recurrence in patients with HCV-related HCC undergoing interferon-free therapy. J Hepatol.

2016; 65: 719–726. https://doi.org/10.1016/j.jhep.2016.04.008 PMID: 27084592

21. Conti F, Buonfiglioli F, Scuteri A, Crespi C, Bolondi L, Caraceni P, et al. Early occurrence and recur-

rence of hepatocellular carcinoma in HCV-related cirrhosis treated with direct-acting antivirals. J Hepa-

tol. 2016; 65: 727–733. https://doi.org/10.1016/j.jhep.2016.06.015 PMID: 27349488

22. Kobayashi M, Suzuki F, Fujiyama S, Kawamura Y, Sezaki H, Hosaka T, et al. Sustained virologic

response by direct antiviral agents reduces the incidence of hepatocellular carcinoma in patients with

HCV infection. J Med Virol. 2017; 89: 476–483. https://doi.org/10.1002/jmv.24663 PMID: 27531586

23. D’Ambrosio R, Colombo M. Should surveillance for liver cancer be modified in hepatitis C patients after

treatment-related cirrhosis regression? Liver Int. 2016; 36: 783–790. https://doi.org/10.1111/liv.13106

PMID: 26936383

24. Friedman SL. Molecular regulation of hepatic fibrosis, an integrated cellular response to tissue injury. J

Biol Chem. 2000; 275: 2247–2250. PMID: 10644669

25. Motoyama H, Komiya T, Thuy le TT, Tamori A, Enomoto M, Morikawa H, et al. Cytoglobin is expressed

in hepatic stellate cells, but not in myofibroblasts, in normal and fibrotic human liver. Lab Invest. 2014;

94: 192–207. https://doi.org/10.1038/labinvest.2013.135 PMID: 24296877

26. Kawada N, Kristensen DB, Asahina K, Nakatani K, Minamiyama Y, Seki S, et al. Characterization of a

stellate cell activation-associated protein (STAP) with peroxidase activity found in rat hepatic stellate

cells. J Biol Chem. 2001; 276: 25318–25323. https://doi.org/10.1074/jbc.M102630200 PMID:

11320098

27. Sugimoto H, Makino M, Sawai H, Kawada N, Yoshizato K, Shiro Y. Structural basis of human cytoglobin

for ligand binding. J Mol Biol. 2004; 339: 873–885. https://doi.org/10.1016/j.jmb.2004.04.024 PMID:

15165856

28. Ichida F, Tsuji T, Omata M, Ichida T, Inoue K, Kamimura T, et al. New Inuyama classification; new crite-

ria for histological assessment of chronic hepatitis. International Hepatology Communications. 1996; 6:

112–119.

29. Piscaglia F, Dudás J, Knittel T, Di Rocco P, Kobold D, Saile B, et al. Expression of ECM proteins fibulin-

1 and-2 in acute and chronic liver disease and in cultured rat liver cells. Cell Tissue Res. 2009; 337:

449–462. https://doi.org/10.1007/s00441-009-0823-9 PMID: 19609566

30. Kanwal F, Kramer JR, Ilyas J, Duan Z, El-Serag HB. HCV genotype 3 is associated with an increased

risk of cirrhosis and hepatocellular cancer in a national sample of U.S. veterans with HCV. Hepatology.

2014; 60: 98–105. https://doi.org/10.1002/hep.27095 PMID: 24615981

31. Lu M, Li J, Rupp LB, Holmberg SD, Moorman AC, Spradling PR, et al. Hepatitis C treatment failure is

associated with increased risk of hepatocellular carcinoma. J Viral Hepat. 2016; 23: 718–729. https://

doi.org/10.1111/jvh.12538 PMID: 27028626

32. Wang X, Gao F, Yuan G, Shi K, Huang Y, Chen Y, et al. Ten-year follow-up analysis of chronic hepatitis

C patients after getting sustained virological response to pegylated interferon-α and ribavirin therapy. J

Viral Hepat. 2016; 23: 971–976. https://doi.org/10.1111/jvh.12574 PMID: 27453300

33. D’Ambrosio R, Aghemo A, Rumi MG, Ronchi G, Donato MF, Paradis V, et al. A morphometric and

immunohistochemical study to assess the benefit of a sustained virological response in hepatitis C virus

patients with cirrhosis. Hepatology. 2012; 56: 532–543. https://doi.org/10.1002/hep.25606 PMID:

22271347

34. Issa R, Williams E, Trim N, Kendall T, Arthur MJ, Reichen J, et al. Apoptosis of hepatic stellate cells:

involvement in resolution of biliary fibrosis and regulation by soluble growth factors. Gut. 2001; 48: 548–

557. https://doi.org/10.1136/gut.48.4.548 PMID: 11247901

35. Fujita T, Soontrapa K, Ito Y, Iwaisako K, Moniaga CS, Asagiri M, et al. Hepatic stellate cells relay inflam-

mation signaling from sinusoids to parenchyma in mouse models of immune-mediated hepatitis. Hepa-

tology. 2016; 63: 1325–1339. https://doi.org/10.1002/hep.28112 PMID: 26248612

Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 15 / 16

https://doi.org/10.1002/hep.26442
http://www.ncbi.nlm.nih.gov/pubmed/23564522
https://doi.org/10.1002/hep.28535
https://doi.org/10.1002/hep.28535
http://www.ncbi.nlm.nih.gov/pubmed/26946190
https://doi.org/10.1002/cncr.20537
http://www.ncbi.nlm.nih.gov/pubmed/15378504
https://doi.org/10.1016/j.jhep.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27084592
https://doi.org/10.1016/j.jhep.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27349488
https://doi.org/10.1002/jmv.24663
http://www.ncbi.nlm.nih.gov/pubmed/27531586
https://doi.org/10.1111/liv.13106
http://www.ncbi.nlm.nih.gov/pubmed/26936383
http://www.ncbi.nlm.nih.gov/pubmed/10644669
https://doi.org/10.1038/labinvest.2013.135
http://www.ncbi.nlm.nih.gov/pubmed/24296877
https://doi.org/10.1074/jbc.M102630200
http://www.ncbi.nlm.nih.gov/pubmed/11320098
https://doi.org/10.1016/j.jmb.2004.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15165856
https://doi.org/10.1007/s00441-009-0823-9
http://www.ncbi.nlm.nih.gov/pubmed/19609566
https://doi.org/10.1002/hep.27095
http://www.ncbi.nlm.nih.gov/pubmed/24615981
https://doi.org/10.1111/jvh.12538
https://doi.org/10.1111/jvh.12538
http://www.ncbi.nlm.nih.gov/pubmed/27028626
https://doi.org/10.1111/jvh.12574
http://www.ncbi.nlm.nih.gov/pubmed/27453300
https://doi.org/10.1002/hep.25606
http://www.ncbi.nlm.nih.gov/pubmed/22271347
https://doi.org/10.1136/gut.48.4.548
http://www.ncbi.nlm.nih.gov/pubmed/11247901
https://doi.org/10.1002/hep.28112
http://www.ncbi.nlm.nih.gov/pubmed/26248612
https://doi.org/10.1371/journal.pone.0194163


36. Li Y, Kim BG, Qian S, Letterio JJ, Fung JJ, Lu L, et al. Hepatic stellate Cells inhibit T cells through active

TGF-β1 from a cell surface-bound latent TGF-β1/GARP complex. J Immunol. 2015; 195: 2648–2656.

https://doi.org/10.4049/jimmunol.1500139 PMID: 26246140

37. Zhao W, Zhang L, Yin Z, Su W, Ren G, Zhou C, et al. Activated hepatic stellate cells promote hepatocel-

lular carcinoma development in immunocompetent mice. Int J Cancer. 2011; 129: 2651–2661. https://

doi.org/10.1002/ijc.25920 PMID: 21213212

38. Matsuura K, Sawai H, Ikeo K, Ogawa S, Iio E, Isogawa M, et al. Genome-wide Association study identi-

fies TLL1 variant associated with development of hepatocellular carcinoma after eradication of hepatitis

C virus infection. Gastroenterology. 2017; 152: 1383–1394. https://doi.org/10.1053/j.gastro.2017.01.

041 PMID: 28163062

39. Cucchetti A, Vivarelli M, Piscaglia F, Nardo B, Montalti R, Grazi GL, et al. Tumor doubling time predicts

recurrence after surgery and describes the histological pattern of hepatocellular carcinoma on cirrhosis.

J Hepatol. 2005; 43: 310–316. https://doi.org/10.1016/j.jhep.2005.03.014 PMID: 15970351

40. Tachi Y, Hirai T, Miyata A, Ohara K, Iida T, Ishizu Y, et al. Progressive fibrosis significantly correlates

with hepatocellular carcinoma in patients with a sustained virological response. Hepatol Res. 2015; 45:

238–246. https://doi.org/10.1111/hepr.12331 PMID: 24655233

41. D’Ambrosio R, Della Corte C, Colombo M. Hepatocellular carcinoma in patients with a sustained

response to anti-hepatitis C therapy. Int J Mol Sci. 2015; 16: 19698–19712. https://doi.org/10.3390/

ijms160819698 PMID: 26295392

42. Sato A, Sata M, Ikeda K, Kumada T, Izumi N, Asahina Y, et al. Clinical characteristics of patients who

developed hepatocellular carcinoma after hepatitis C virus eradication with interferon therapy: current

status in Japan. Intern Med. 2013; 52: 2701–2706. PMID: 24334571

43. Arase Y, Kobayashi M, Suzuki F, Suzuki Y, Kawamura Y, Akuta N, et al. Effect of type 2 diabetes on

risk for malignancies includes hepatocellular carcinoma in chronic hepatitis C. Hepatology. 2013; 57:

964–973. https://doi.org/10.1002/hep.26087 PMID: 22991257

44. Nagaoki Y, Imamura M, Aikata H, Daijo K, Teraoka Y, Honda F et al. The risks of hepatocellular carci-

noma development after HCV eradication are similar between patients treated with peg-interferon plus

ribavirin and direct-acting antiviral therapy. PLoS One. 2017 Aug 10; 12(8):e0182710. https://doi.org/

10.1371/journal.pone.0182710 PMID: 28797106

45. Ioannou GN, Green PK, Berry K. HCV eradication induced by direct-acting antiviral agents reduces the

risk of hepatocellular carcinoma. J Hepatol. 2017 Sep 5. pii: S0168-8278(17)32273-0.

Hepatocellular carcinoma after HCV eradication

PLOS ONE | https://doi.org/10.1371/journal.pone.0194163 March 13, 2018 16 / 16

https://doi.org/10.4049/jimmunol.1500139
http://www.ncbi.nlm.nih.gov/pubmed/26246140
https://doi.org/10.1002/ijc.25920
https://doi.org/10.1002/ijc.25920
http://www.ncbi.nlm.nih.gov/pubmed/21213212
https://doi.org/10.1053/j.gastro.2017.01.041
https://doi.org/10.1053/j.gastro.2017.01.041
http://www.ncbi.nlm.nih.gov/pubmed/28163062
https://doi.org/10.1016/j.jhep.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15970351
https://doi.org/10.1111/hepr.12331
http://www.ncbi.nlm.nih.gov/pubmed/24655233
https://doi.org/10.3390/ijms160819698
https://doi.org/10.3390/ijms160819698
http://www.ncbi.nlm.nih.gov/pubmed/26295392
http://www.ncbi.nlm.nih.gov/pubmed/24334571
https://doi.org/10.1002/hep.26087
http://www.ncbi.nlm.nih.gov/pubmed/22991257
https://doi.org/10.1371/journal.pone.0182710
https://doi.org/10.1371/journal.pone.0182710
http://www.ncbi.nlm.nih.gov/pubmed/28797106
https://doi.org/10.1371/journal.pone.0194163

