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Abstract: The hepatitis C virus (HCV) is known as a main etiological cause of chronic hepatitis.
HCV infection disturbs cholesterol metabolism of the host, which is frequently observed in patients
suffering from chronic hepatitis C (CHC). The course of viral infections remains under strict control
of microRNA (miRNA). In the case of HCV, miR-122 exerts a positive effect on HCV replication
in vitro. The purpose of this study was to investigate the impact of peginterferon alpha (pegIFN-α)
and ribavirin treatments on the expression of miR-122 and the cholesterol level in the peripheral
blood mononuclear cells (PBMCs) of CHC patients. We report here that the level of miR-122
expression in the PBMCs decreased after the antiviral treatment in comparison to the pretreated
state. Simultaneously, the level of cholesterol in the PBMCs of CHC patients was higher six months
following the treatment than it was pretreatment. Consequently, it seems that the decrease of
miR-122 expression in the PBMCs of CHC patients is one of the antiviral effects connected with
the pegIFN-alpha/ribavirin treatments.
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1. Introduction

Approximately 180 million people worldwide are known to be infected with the hepatitis C
virus (HCV), which is a main etiological cause of chronic hepatitis, cirrhosis, and hepatocellular
carcinoma [1]. The development of chronic hepatitis C (CHC) infection is strictly associated with an
ineffective immunological response, as well as with lipid disorders of hosts [2]. The HCV particles
bind to lipoproteins to form lipoviroparticles (LVPs) [3] and use various host surface receptors,
such as the low-density lipoprotein receptor [4] and the scavenger B receptor [5], as important entry
factors. HCV RNA replication and virion assembly depend on the products of the cholesterol pathway,
such as cholesterol and geranylgeranyl pyrophosphate [6]; HCV assembly requires a platform of
cellular lipid droplets that result in a considerable alteration of host lipid metabolism [7]. Therefore,
in addition to cirrhosis and hepatocellular carcinoma, HCV infection is also frequently characterized
by disorders such as hepatic steatosis and hypocholesterolemia [2].
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Although hepatitis C is mainly hepatotropic, the presence of both genomic and antigenomic HCV
RNA strands have been documented in the peripheral blood mononuclear cells (PBMCs) of CHC
patients [8]. Some studies showed that the hepatitis C virus infects PBMCs and remains a source
of virions long after HCV elimination from sera [9,10]. PBMCs proved to be excellent material for
observing changes in intracellular cholesterol in CHC patients [11].

miRNAs, i.e., small (19–22 nt) noncoding RNAs, bind mainly to the 3′UTR of pre-mRNAs during
post-transcriptional regulation and guide the degradation of target mRNAs. Previous studies showed
that miRNAs control the course of viral infections, including the antiviral host response [12]. Previous
in vitro studies [13,14] reported that miR-122 exerts a positive effect on HCV replication through
a specific interaction with the 5′UTR region of the viral genome. Contrastingly, sequestration of
miR-122 in hepatoma cells resulted in a marked loss of replicating HCV RNAs. Being highly abundant
in the liver, miR-122 was also described as a factor responsible for the regulation of lipid metabolism
in mammalian organisms [15].

The purpose of the current study was to investigate the influence of peginterferon α (pegIFN-α)
and ribavirin treatments on serum cholesterol profiles, as well as on the expression of miR-122
and intracellular cholesterol levels in the PBMCs of CHC patients. Our findings indicated that
the intracellular cholesterol level in the PBMCs of CHC patients was significantly higher, and miR-122
expression was significantly decreased six months after pegIFN-α/ribavirin treatments than it
was before treatment.

2. Results

Firstly, serum cholesterol profiles, intracellular cholesterol levels, and miR-122 expressions
in the PBMCs were all compared between three independent groups. The groups consisted of
54 untreated CHC patients (NT CHC), 26 CHC patients who were six months post antiviral
treatment (T CHC), and 30 healthy donors (HD). The levels of serum total cholesterol (TC),
as well as the low-density lipoproteins (LDLs) and high-density lipoproteins (HDLs), were significantly
lower in both the untreated and treated CHC patients than in the group of healthy donors (Figure 1A–C).
However, these were also found to be slightly elevated in the group of CHC patients who received
the antiviral treatment (T CHC) compared those who remained untreated (NT CHC).
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Figure 1. A comparison of serum total cholesterol (A), low-density lipoprotein (LDL) (B)
and high-density lipoprotein (HDL) (C) levels between three independent groups: healthy donors (HD),
untreated CHC patients (NT CHC), and CHC patients six months after pegIFN-α/ribavirin treatments
(T CHC) (via the Kruskal–Wallis test). NS = non-significant.

Significant differences in intracellular cholesterol (IC) levels and miR-122 expression in PBMC
samples were also found between these three independent groups. The NT CHC patients showed lower
intracellular cholesterol levels than the HD and T CHC groups (Figure 2A). The miR-122 expressions
were lower in the HD and T CHC groups than they were in the NT CHC group (Figure 2B).
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Figure 2. A comparison of intracellular cholesterol levels (A) and miR-122 expressions in PBMCs (B)
between three groups: healthy donors (HD), untreated CHC patients (NT CHC), and CHC patients six
months after pegIFN-α/ribavirin treatments (T CHC) (via the Kruskal–Wallis test). NS = non-significant.

The samples taken from the 21 CHC patients before pegIFN-α/ribavirin treatments were then
compared with those taken from the same patients six months after treatment cessation. Changes were
observed in cholesterol and miR-122 profiles, as well as in HCV RNA levels. As presented in Table 1,
the serum HCV RNA before treatment was detected in all 21 CHC patients (mean: 3.25 × 105 IU/mL).
The viral load significantly decreased after cessation of therapy and was detectable only in the sera of
seven CHC patients (mean: 0.33 × 105 IU/mL).
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Table 1. A comparison of selected parameters in the samples taken from the same 21 CHC patients
before (CHC Before) and after (CHC After) the pegIFN-α/ribavirin treatments.

Analyzed Parameters CHC Before CHC After p Value +

Serum HCV RNA positive (%) 21 (100) 7 (29.2) ND

Serum HCV RNA load (× 105 IU/mL) 3.245 ± 2.99 0.3333 ± 0.48 0.0008

ALT (IU/L) 67.8 ± 50.5 35.32 ± 18.5 0.003

G/A HCV RNA strand (PBMCs) 21/13 11/4 ND

TC (mmol/L) 2.669 ± 0.72 2.8476 ± 0.57 0.1098

LDL (mmol/L) 1.4629 ± 0.5 1.5938 ± 0.5 0.1023

HDL (mmol/L) 0.8062 ± 0.27 0.9162 ± 0.23 0.0137

IC (PBMCs) 1.8986 ± 0.56 2.4047 ± 0.82 0.0228

miR-122 (PBMCs) 0.8027 ± 0.06 0.7070 ± 0.17 0.0005

+ = Mann–Whitney U test; ND = not determined; ALT (IU/L) = serum alanine aminotransferase concentration;
G/A HCV RNA strand = number of genomic-strand-positive to antigenomic-strand-positive PBMCs samples;
serum concentration of TC = total cholesterol; LDL = low-density lipoproteins; HDL = high-density lipoproteins;
IC = relative intracellular cholesterol level in PBMCs; miR-122 = relative miR-122 expression in PBMCs.

The strand-specific HCV RNA analysis confirmed the presence of genomic HCV RNA (G) in all
PBMC samples collected before treatment. In the same samples, the antigenomic HCV RNA strand (A)
was detected in 13 cases (~60%). After treatment, the antigenomic HCV RNA was observed in 4 of 11
PBMC samples (~36%) in which genomic RNA was also detected. The total cholesterol levels and LDL
fractions tended to be elevated following treatment (Table 1), and HDL levels tended to be significant
higher in CHC patients after treatment compared to baseline. Following treatment, this group of
21 CHC patients demonstrated significantly higher intracellular cholesterol levels and lower miR-122
expressions in their PBMCs.

3. Discussion

The impact of the HCV infection on a patient’s lipid disorder is closely related to the HCV life
cycle depending on host lipid metabolism [16]. A unique feature of the HCV is that virus cell entry,
HCV RNA replication, and virion assembly all depend on the products of host lipid metabolism
including cholesterol [7]. Therefore, other than liver steatosis, the main lipid disorder observed
in chronic hepatitis C patients is hypocholesterolemia.

It was previously established that the HCV infection may induce the decrease in serum [17,18]
and intracellular cholesterol (IC) in PBMCs [11]. The detected hypocholesterolemia and decreased IC
levels in the PBMCs of CHC patients in the present study confirmed previous findings.

An insignificantly higher level of the TC, LDL, and HDL fraction was observed in 26 CHC
patients following peginterferon α/ribavirin treatments in comparison to 54 untreated CHC patients.
The differences were observed more clearly in the group of the same 21 patients who were examined
before and after treatment. Similar changes in cholesterol profile following treatment were described
by others in studies based on pegIFN-α/ribavirin treatments [19] and those on Daclatasvir/Asunaprevir
treatments [20]. It was previously reported that serum cholesterol and the LDL fraction may be treated
as a predictive factor of treatment response [21].

A significant increase in intracellular cholesterol (IC) was observed in the PBMCs of CHC
patients following treatment, suggesting that the PBMC cholesterol expression levels return to normal
following treatment. These are the first data obtained about the post-treatment elevation of intracellular
cholesterol in the PBMCs of CHC patients.

The presence of antiviral HCV RNA, a marker of HCV RNA replication, was discovered in PBMCs
in previous studies [8,11,22]. It was thus possible to estimate the scale of treatment-induced alterations
in the HCV RNA levels by analyzing the sera and the PBMCs of CHC patients before and six months after
treatment. A significant reduction or elimination of serum HCV RNA was observed following treatment,



Pathogens 2020, 9, 514 6 of 9

along with a reduced expression of genomic and antigenomic HCV RNA in the PBMCs (Table 1).
These results confirmed the limited effects of pegIFN-α/ribavirin treatments, as did the presence of
genomic and antigenomic HCV RNA strands in PBMCs, especially in patients who had lost HCV RNA
from sera; they also suggested the possibility of ongoing HCV replication. Such persistence of HCV
was proposed as a possible source of hepatitis reactivation [10,23], and this may be responsible for
the limited increase in serum cholesterol observed in our patients.

The interactions between miR-122 and the two binding sites in the 5′-noncoding region of
the HCV genome were found to be essential for HCV RNA maintenance and the sequestration of
miR-122, leading to a marked loss of HCV RNAs in vitro [13,14]. With this in mind, along with
the role of miR-122 in regulation of cholesterol metabolism [15], we also analyzed the effects of
peginterferon/ribavirin treatments on miR-122 expressions in the PBMCs of CHC patients. We found
that untreated CHC patients presented higher miR-122 expressions in their PBMCs than healthy
donors, as previously reported [11]. Similarly, the up-regulation of miR-122 was reported in HIV/HCV
coinfected patients in comparison to heathy donors [24].

In the present study, significantly lower levels of miR-122 expression were identified in the PBMCs
of treated patients than in untreated patients. The down-regulation of miR-122 was also previously
observed in human liver tissue in response to IFN treatments [25]. Similar decreases or normalizations of
circulating miR-122 were also reported in patients treated with pegIFN-α/ribavirin [26] or directly-acting
antivirals [27]. Since miR-122 was found to facilitate HCV RNA replication [13], it appears that from
the analyses observed in our study, the decrease in miR-122 expressions may explain the alteration
in the HCV RNA level, especially the reduced detection of the antigenomic HCV RNA strand.
The association between the decreased miR-122 expression and the increased cholesterol level proved to
be more complicated because earlier studies [15] suggested that miR-122 deletion markedly decreased
serum cholesterol. As a result, further studies are necessary to elucidate the exact role of miR-122
in the regulation of cholesterol metabolism.

It seems that both intracellular cholesterol levels and miR-122 expressions in PBMCs can be
restored to physiological levels by therapy. The decrease in miR-122 expression in the PBMCs of CHC
patients observed following treatment thus appears to be only a single aspect of the antiviral effects
connected with pegIFN-α/ribavirin treatments.

4. Materials and Methods

This study was approved by the Bioethical Committee of the Medical University of Lodz
(RNN/93/07/KB). As a source of sera and peripheral blood mononuclear cells (PBMCs), blood samples
were collected from the three groups of people: 54 untreated chronic hepatitis C patients (NT CHC),
26 CHC patients who were six months post pegylated–α–IFN and ribavirin treatment (T CHC),
and 30 healthy donors (HD). Written consent was obtained from all subjects in accordance with protocol
approved by the Bioethical Committee of the Medical University of Lodz (RNN/93/07/KB).

The PBMCs were isolated by blood centrifugation on a density gradient (Biocoll 1.077, Biochrom)
and were used for RNA isolation. Two fractions of RNA: RNA > 200 nt and RNA < 200 nt
were extracted from the PBMCs using a mirVanaTM miRNA Isolation Kit (Ambion) according to
the manufacturer’s instructions.

The HCV RNA serum was detected by an Amplicor HCV test, version 2.0 (Roche Diagnostics).
The genomic and antigenomic strands of HCV RNA in the PBMCs were quantified in RNA
fraction > 200 nt using the strand-specific reverse-transcription PCR (RT-PCR) method described
by Carreno et al. [8]. Briefly, 40 ng of RNA (>200 nt) was reverse transcribed using 1.25 U of
MasterAMP™ Tth DNA Polymerase (Epicentre® Biotechnologies) and 100 nM of antisense primer
UTRLC2 (5′–CAAGCACCCTATCAGGCAGT–3′) for genomic strand detection, or sense primer
UTRLC1 (5′–CTTCACGCAGAAAGCGTCTA–3′) for antigenomic strand detection. 5 µL of the resulted
cDNA was amplified using a Fast Start Universal SYBR Green Master (Roche Diagnostics) and 200 nM
of each primer (UTRLC1 and UTRLC2) in the ABIPrism 7900 Sequence Detection System (Applied
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Biosystems). The relative level of the genomic and antigenomic HCV RNA strands was estimated
from Ct values after normalization to Ct values of GAPDH.

The expression of miR-122 was determined in PBMC samples using quantitative real-time
reverse transcription PCR (qRT-PCR). Reverse transcription (RT) was performed according to
the manufacturer’s instructions on 10 ng of RNA < 200 nt using the TagMan MiRNA Assay specific for
miRNA-122 (Applied Biosystems). We then used 3.3 µL of the RT product in the qRT-PCR performed
on the ABIPrism 7900 Sequence Detection System (Applied Biosystems) with an miRNA-122-specific
primer/probe mix and a TagMan Universal PCR Master Mix (Applied Biosystems) according to
the following reaction: 95 ◦C for 10 min, then 45 cycles 95 ◦C for 15 s and 60 ◦C for 1 min. The mean
miRNA-122 Ct values were calculated from triplicate reactions and normalized to mean snRNA U6
Ct values. The expression of miR-122 relative to snRNA U6 was calculated using the formula 2-∆∆Ct,
according to the Applied Biosystems guidelines.

To determine the relative intracellular cholesterol (IC) level, the intracellular cholesterol
level in the PBMCs was evaluated using the cholesterol assay kit Cholesterol Chod-PAP
(BIOLABO S.A., France) per the manufacturer’s recommendations; the results were normalized to
the protein concentration in lysates. Serum total cholesterol (TC), high-density lipoprotein-cholesterol
(HDL-C), low-density lipoprotein-cholesterol (LDL-C) levels were measured enzymatically using an
Olympus AU 640.

Statistical analyses were performed with STATISTICA 8.0 PL software (Statsoft). The results that
originated from the three independent groups (HD, NT CHC, and T CHC) were compared using
the Kruskal–Wallis test. To compare the results obtained before and after treatment from the same
group of 21 CHC patients, the Mann–Whitney U test was used. The p-values < 0.05 were considered
statistically significant. The data in the figures and table are presented as mean values ± standard
deviation (SD).

5. Conclusions

Our findings demonstrated that pegIFN-α/ribavirin therapies restore the PBMC intracellular
cholesterol levels and miR-122 expressions in CHC patients to physiological levels. It is possible that
the post-treatment decrease in miR-122 expressions observed in the PBMCs of CHC patients is one
part of the range of antiviral effects demonstrated by anti-HCV treatment.

Author Contributions: Conceptualization, M.S. and M.G.-K.; methodology, M.S., M.G.-K., A.P.; writing—original
draft preparation, M.S.; writing—review and editing, M.S., M.G.-K., A.P.; funding acquisition, M.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the grant from Ministry of Science and Higher Education of Poland No N
N401 098536 and the statutory funds of Department of Medical Biochemistry (503/6-086-01/503-61-001) of Medical
University of Lodz.

Acknowledgments: We would like to thank Barbara Jozwiak for her skillful help with laboratory work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gower, E.; Estes, C.; Blach, S.; Razavi-Shearer, K.; Razavi, H. Global epidemiology and genotype distribution
of the hepatitis C virus infection. J. Hepatol. 2014, 61, S45–S57. [CrossRef] [PubMed]

2. Popescu, C.I.; Riva, L.; Vlaicu, O.; Farhat, R.; Rouillé, Y.; Dubuisson, J. Hepatitis C virus life cycle and lipid
metabolism. Biol. (Basel) 2014, 3, 892–921. [CrossRef] [PubMed]

3. André, P.; Komurian-Pradel, F.; Deforges, S.; Perret, M.; Berland, J.L.; Sodoyer, M.; Pol, S.; Bréchot, C.;
Paranhos-Baccalà, G.; Lotteau, V. Characterization of low- and very-low-density hepatitis C virus
RNA-containing particles. J. Virol. 2002, 76, 6919–6928. [CrossRef] [PubMed]

4. Albecka, A.; Belouzard, S.; Op de Beeck, A.; Descamps, V.; Goueslain, L.; Bertrand-Michel, J.; Tercé, F.;
Duverlie, G.; Rouillé, Y.; Dubuisson, J. Role of low-density lipoprotein receptor in the hepatitis C virus life
cycle. Hepatology 2012, 55, 998–1007. [CrossRef]

http://dx.doi.org/10.1016/j.jhep.2014.07.027
http://www.ncbi.nlm.nih.gov/pubmed/25086286
http://dx.doi.org/10.3390/biology3040892
http://www.ncbi.nlm.nih.gov/pubmed/25517881
http://dx.doi.org/10.1128/JVI.76.14.6919-6928.2002
http://www.ncbi.nlm.nih.gov/pubmed/12072493
http://dx.doi.org/10.1002/hep.25501


Pathogens 2020, 9, 514 8 of 9

5. Scarselli, E.; Ansuini, H.; Cerino, R.; Roccasecca, R.M.; Acali, S.; Filocamo, G.; Traboni, C.; Nicosia, A.;
Cortese, R.; Vitelli, A. The human scavenger receptor class B type I is a novel candidate receptor for
the hepatitis C virus. EMBO J. 2002, 21, 5017–5025. [CrossRef]

6. Kapadia, S.B.; Chisari, F.V. Hepatitis C virus RNA replication is regulated by host geranylgeranylation
and fatty acids. Proc. Natl. Acad. Sci. USA 2005, 102, 2561–2566. [CrossRef]

7. Hofmann, S.; Krajewski, M.; Scherer, C.; Scholz, V.; Mordhorst, V.; Truschow, P.; Schöbel, A.; Reimer, R.;
Schwudke, D.; Herker, E. Complex lipid metabolic remodeling is required for efficient hepatitis C virus
replication. Biochim. Et Biophys. Acta (Bba) Mol. Cell Biol. Lipids 2018, 1863, 1041–1056. [CrossRef]

8. Carreño, V.; Pardo, M.; López-Alcorocho, J.M.; Rodríguez-Iñigo, E.; Bartolomé, J.; Castillo, I. Detection of
hepatitis C virus (HCV) RNA in the liver of healthy, anti-HCV antibody-positive, serum HCV RNA-negative
patients with normal alanine aminotransferase levels. J. Infect. Dis. 2006, 194, 53–60. [CrossRef]

9. Baré, P.; Massud, I.; Parodi, C.; Belmonte, L.; García, G.; Nebel, M.C.; Corti, M.; Pinto, M.T.; Bianco, R.P.;
Bracco, M.M.; et al. Continuous release of hepatitis C virus (HCV) by peripheral blood mononuclear
cells and B-lymphoblastoid cell-line cultures derived from HCV-infected patients. J. Gen. Virol. 2005, 86,
1717–1727. [CrossRef]

10. Pham, T.N.; MacParland, S.A.; Mulrooney, P.M.; Cooksley, H.; Naoumov, N.V.; Michalak, T.I. Hepatitis
C virus persistence after spontaneous or treatment-induced resolution of hepatitis C. J. Virol. 2004, 78,
5867–5874. [CrossRef]

11. Sidorkiewicz, M.; Grek, M.; Jozwiak, B.; Piekarska, A. Decreased level of intracellular cholesterol in peripheral
blood mononuclear cells is associated with chronic hepatitis C virus infection. Virus Res. 2013, 178, 539–542.
[CrossRef] [PubMed]

12. Pedersen, I.M.; Cheng, G.; Wieland, S.; Volinia, S.; Croce, C.M.; Chisari, F.V.; David, M. Interferon modulation
of cellular microRNAs as an antiviral mechanism. Nature 2007, 449, 919–922. [CrossRef]

13. Jopling, C.L.; Yi, M.; Lancaster, A.M.; Lemon, S.M.; Sarnow, P. Modulation of hepatitis C virus RNA
abundance by a liver-specific MicroRNA. Science 2005, 309, 1577–1581. [CrossRef] [PubMed]

14. Henke, J.I.; Goergen, D.; Zheng, J.; Song, Y.; Schüttler, C.G.; Fehr, C.; Jünemann, C.; Niepmann, M.
microRNA-122 stimulates translation of hepatitis C virus RNA. EMBO J. 2008, 27, 3300–3310. [CrossRef]
[PubMed]

15. Esau, C.; Davis, S.; Murray, S.F.; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; Graham, M.;
McKay, R.; et al. miR-122 regulation of lipid metabolism revealed by in vivo antisense targeting. Cell Metab.
2006, 3, 87–98. [CrossRef] [PubMed]

16. Lavie, M.; Dubuisson, J. Interplay between hepatitis C virus and lipid metabolism during virus entry
and assembly. Biochimie 2017, 141, 62–69. [CrossRef]

17. Lambert, J.E.; Bain, V.G.; Ryan, E.A.; Thomson, A.B.; Clandinin, M.T. Elevated lipogenesis and diminished
cholesterol synthesis in patients with hepatitis C viral infection compared to healthy humans. Hepatology
2013, 57, 1697–1704. [CrossRef]

18. Honda, A.; Matsuzaki, Y. Cholesterol and chronic hepatitis C virus infection. Hepatol. Res. 2011, 41, 697–710.
[CrossRef]

19. Tada, S.; Saito, H.; Ebinuma, H.; Ojiro, K.; Yamagishi, Y.; Kumagai, N.; Inagaki, Y.; Masuda, T.; Nishida, J.;
Takahashi, M.; et al. Treatment of hepatitis C virus with peg-interferon and ribavirin combination therapy
significantly affects lipid metabolism. Hepatol. Res. 2009, 39, 195–199. [CrossRef]

20. Chida, T.; Kawata, K.; Ohta, K.; Matsunaga, E.; Ito, J.; Shimoyama, S.; Yamazaki, S.; Noritake, H.; Suzuki, T.;
Suda, T.; et al. Rapid Changes in Serum Lipid Profiles during Combination Therapy with Daclatasvir
and Asunaprevir in Patients Infected with Hepatitis C Virus Genotype 1b. Gut Liver 2018, 12, 201–207.
[CrossRef]

21. Ramcharran, D.; Wahed, A.S.; Conjeevaram, H.S.; Evans, R.W.; Wang, T.; Belle, S.H.; Yee, L.J.; Group, V.-C.S.
Associations between serum lipids and hepatitis C antiviral treatment efficacy. Hepatology 2010, 52, 854–863.
[CrossRef] [PubMed]

22. Blackard, J.T.; Kemmer, N.; Sherman, K.E. Extrahepatic replication of HCV: Insights into clinical manifestations
and biological consequences. Hepatology 2006, 44, 15–22. [CrossRef] [PubMed]

23. MacParland, S.A.; Pham, T.N.; Guy, C.S.; Michalak, T.I. Hepatitis C virus persisting after clinically apparent
sustained virological response to antiviral therapy retains infectivity in vitro. Hepatology 2009, 49, 1431–1441.
[CrossRef] [PubMed]

http://dx.doi.org/10.1093/emboj/cdf529
http://dx.doi.org/10.1073/pnas.0409834102
http://dx.doi.org/10.1016/j.bbalip.2018.06.002
http://dx.doi.org/10.1086/504692
http://dx.doi.org/10.1099/vir.0.80882-0
http://dx.doi.org/10.1128/JVI.78.11.5867-5874.2004
http://dx.doi.org/10.1016/j.virusres.2013.09.019
http://www.ncbi.nlm.nih.gov/pubmed/24055657
http://dx.doi.org/10.1038/nature06205
http://dx.doi.org/10.1126/science.1113329
http://www.ncbi.nlm.nih.gov/pubmed/16141076
http://dx.doi.org/10.1038/emboj.2008.244
http://www.ncbi.nlm.nih.gov/pubmed/19020517
http://dx.doi.org/10.1016/j.cmet.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16459310
http://dx.doi.org/10.1016/j.biochi.2017.06.009
http://dx.doi.org/10.1002/hep.25990
http://dx.doi.org/10.1111/j.1872-034X.2011.00838.x
http://dx.doi.org/10.1111/j.1872-034X.2008.00439.x
http://dx.doi.org/10.5009/gnl17179
http://dx.doi.org/10.1002/hep.23796
http://www.ncbi.nlm.nih.gov/pubmed/20690192
http://dx.doi.org/10.1002/hep.21283
http://www.ncbi.nlm.nih.gov/pubmed/16799966
http://dx.doi.org/10.1002/hep.22802
http://www.ncbi.nlm.nih.gov/pubmed/19177592


Pathogens 2020, 9, 514 9 of 9

24. Gupta, P.; Liu, B.; Wu, J.Q.; Soriano, V.; Vispo, E.; Carroll, A.P.; Goldie, B.J.; Cairns, M.J.; Saksena, N.K.
Genome-wide mRNA and miRNA analysis of peripheral blood mononuclear cells (PBMC) reveals different
miRNAs regulating HIV/HCV co-infection. Virology 2014, 450, 336–349. [CrossRef]

25. Boldanova, T.; Suslov, A.; Heim, M.H.; Necsulea, A. Transcriptional response to hepatitis C virus infection
and interferon-alpha treatment in the human liver. EMBO Mol. Med. 2017, 9, 816–834. [CrossRef]

26. Köberle, V.; Waidmann, O.; Kronenberger, B.; Andrei, A.; Susser, S.; Füller, C.; Perner, D.; Zeuzem, S.;
Sarrazin, C.; Piiper, A. Serum microRNA-122 kinetics in patients with chronic hepatitis C virus infection
during antiviral therapy. J. Viral. Hepat. 2013, 20, 530–535. [CrossRef]

27. Van der Ree, M.H.; Stelma, F.; Willemse, S.B.; Brown, A.; Swadling, L.; Van der Valk, M.; Sinnige, M.J.;
Van Nuenen, A.C.; De Vree, J.M.L.; Klenerman, P.; et al. Immune responses in DAA treated chronic hepatitis
C patients with and without prior RG-101 dosing. Antivir. Res. 2017, 146, 139–145. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.virol.2013.12.026
http://dx.doi.org/10.15252/emmm.201607006
http://dx.doi.org/10.1111/jvh.12075
http://dx.doi.org/10.1016/j.antiviral.2017.08.016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	References

