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A B S T R A C T

The hepatitis C virus (HCV) is a globally prevalent infectious pathogen. As many as 80% of people infected with
HCV do not control the virus and develop a chronic infection. Response to interferon (IFN) therapy is widely
variable in chronic HCV infected patients, suggesting that HCV has evolved mechanisms to suppress and evade
innate immunity responsible for its control and elimination. Adenosine deaminase acting on RNA 1 (ADAR1) is a
relevant factor in the regulation of the innate immune response. The loss of ADAR1 RNA-editing activity and the
resulting loss of inosine bases in RNA are critical in producing aberrant RLR-mediated innate immune response,
mediated by RNA sensors MDA5 and RIG-I. Here, we describe ADAR1 role as a regulator of innate and antiviral
immune function in HCV infection, both in vitro and in patients. Polymorphisms within ADAR1 gene were found
significantly associated to poor clinical outcome to HCV therapy and advanced liver fibrosis in a cohort of HCV
and HIV-1 coinfected patients. Moreover, ADAR1 knockdown in primary macrophages and Huh7 hepatoma cells
enhanced IFN and IFN stimulated gene expression and increased HCV replication in vitro. Overall, our results
demonstrate that ADAR1 regulates innate immune signaling and is an important contributor to the outcome of
the HCV virus–host interaction. ADAR1 is a potential target to boost antiviral immune response in HCV infection.

1. Introduction

Hepatitis C virus (HCV) is a major public health problem that infects
approximately 70 million people worldwide (Lavanchy, 2009). HCV
infections become chronic in the majority of infected individuals and is
a major cause of liver disease and hepatocellular carcinoma (Lauer and
Walker, 2001). HCV infection occurs within hepatocytes and thus, the
first line of immune defense against HCV relies on cell-intrinsic innate
immunity within hepatocytes (Heim, 2013).

HCV is recognized by RIG-I (Loo et al., 2006), TLR3 (Seki and
Brenner, 2008; Wang et al., 2009) and PKR (Arnaud et al., 2011) within
hours of infection and activates the downstream signaling before ex-
tensive viral protein synthesis (reviewed in (Horner and Gale, 2013).
However, despite the effective detection of viral infection, as many as
80% of people infected with HCV do not effectively control the virus
and develop a chronic infection (Seeff, 2009), reflecting the fact that

HCV has evolved several mechanism to evade and suppress innate
immunity (reviewed in (Horner and Gale, 2009). Due to the crucial role
of innate immune activation and the interferon pathway in achieving
HCV viral clearance, it is not surprising that genes involved in this
pathway may alter a patient's outcome of HCV infection. Genetic
polymorphisms in, as interleukin-28B gene (IL-28B, also referred as
IFN-λ3) (Ge et al., 2009; Rauch et al., 2010; Suppiah et al., 2009;
Tanaka et al., 2009) (Rauch et al., 2010; Thomas et al., 2009) (Aparicio
et al., 2010)IFNL4 (Bibert et al., 2013; Franco et al., 2014; Prokunina-
Olsson et al., 2013) and other genes in the IFN-alpha pathway have
been associated to responses to antiviral therapy of chronic HCV in-
fection (Medrano et al., 2017; Welzel et al., 2009).

IFN expression drives the expression of hundreds of ISG, encoding
innate immune effectors that also exert control on virus replication and
spread. For HCV, this set of genes includes distinct IRF family members,
signal transduction factors and other ISGs of unknown mechanism of
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action, such as ADAR1 (Reviewed in (Horner and Gale, 2013)). Ade-
nosine deaminases acting on RNA (ADAR) catalyze the conversion of
adenosine (A) to inosine (I) in double-stranded RNA (dsRNA) sub-
strates, a process of broad physiologic importance (George et al., 2014;
Nishikura, 2016). Three ADAR enzymes (ADAR1-3) are present in hu-
mans, albeit ADAR1 has been shown to play more significant roles in
biological and pathological conditions, including infection, auto-
immune disease and cancer (Song et al., 2016). Of note, ADAR1 has
been identified as a relevant factor in the regulation of the innate im-
mune response [reviewed in (Wang et al., 2017)], suggesting that
without appropriate RNA editing by ADAR1, endogenous or exogenous
RNA transcripts may stimulate cytosolic RNA sensing receptors and
therefore activate the IFN-inducing signaling pathways (Liddicoat et al.,
2015). Although how RNA sensors differentiate “self” from “non-self”
nucleic acids, such as double-stranded RNA (dsRNA), is not completely
understood, accumulating evidences point towards ADAR1 as the cru-
cial player; editing of RNA by ADAR1 differentiates “self” RNA from
“non-self” RNA, leading to the detection of pathogenic material by the
cytosolic RNA surveillance machineries (RIG-I)-like receptors (RLRs),
including melanoma differentiation-associated protein 5 (MDA5) and
RIG-I (Chung et al., 2018; George et al., 2016; Mannion et al., 2014).
Both these RLRs interact with the mitochondrial activation signaling
(MAVS) protein, ultimately activating transcription factors that initiate
the expression of immune response genes, ranging from interferon (IFN)
to antiviral genes (Brubaker et al., 2015; Tamura et al., 2008).

Growing evidences support a role for A-to-I editing in dsRNA by
ADAR1 in the replication process of different viruses, but ADAR1
function has been associated either to enhanced or reduced virus
growth or persistence (Samuel, 2011). In the case of HCV, ADAR1 has
been shown to play a role in limiting HCV replication, by specifically
eliminating HCV RNA through A-to-I editing (Taylor et al., 2005).
Additionally, ADAR1 have also been associated to an essential role in
hepatic homeostasis in knockout mice, while the loss of ADAR1 in he-
patocytes has been associated to activated IFN signaling pathways, in-
flammation, injury, disruption of liver's integrity, fibrosis and extensive
liver damage (Wang et al., 2015). However, activation of the en-
dogenous IFN system may not only be ineffective in clearing HCV in-
fection but also may impede the response to IFN therapy, most likely by
inducing a refractory state of the IFN signaling pathway as previously
indicated (Sarasin-Filipowicz et al., 2008). The exact mechanism un-
derlying the antiviral role of ADAR1 in HCV infection is not clear and it
deserves further investigation.

Here, we have investigated the role of ADAR1 as a regulator of in-
nate and antiviral immune function in HCV infection, both in vitro and
in HCV and HIV coinfected patients. Polymorphisms within ADAR1
gene were found significantly associated to poor clinical outcome to
HCV therapy and advanced liver fibrosis in coinfected patients.
Moreover, we show that depletion of ADAR1 modifies IFNbeta and ISG
expression and leads to increased HCV replication in vitro. Overall, our
results demonstrate that ADAR1 is an important contributor to the
outcome of the HCV virus–host interaction and point to ADAR1 as a
potential target to boost antiviral immune response.

2. Materials and methods

2.1. Patients and samples

A cohort of 155 patients from our clinical unit with chronic HCV/
HIV-1 coinfection who had a standard course of treatment with
PEGIFNα/Ribavirin (RBV) with known virological response status at 24
weeks post-therapy were included in this study (Table 1) (Table 2).
Treatment success (i. e. sustained-IFN viral response, SVR) was defined
as undetectable HCV RNA in plasma 24 weeks after finishing therapy.
Severe fibrosis was considered in patients with a METAVIR score≥ F3.
HCV viral load, HCV genotype, HIV-1 viral load, CD4+ T cell count and
transaminases levels were determined with conventional methods as

described before (Aparicio et al., 2010).
The protocol was approved by the scientific committee of Hospital

Universitari Germans Trias I Pujol. Written informed consent was ob-
tained from each patient who participated in the study. All methods
were carried out in accordance with relevant guidelines and regulations
and to the ethical principles suggested in the Declaration of Helsinki.

2.2. DNA extraction and SNP genotyping

Blood samples from the patients were collected into EDTA tubes
following standard procedures. Genomic DNA was extracted from
peripheral blood mononuclear cells (PBMCs) using the QuickExtract™
DNA Extraction Solution 1.0 (EPICENTRE Biotechnologies). Briefly,
1× 106 cells were resuspended in 0.5 ml of QuickExtract DNA Solution,
incubated at 65 °C for 15min, followed by an incubation of 2min at
98 °C, and then stored at −30 °C.

2 μl of the extracted DNA were used for the genotyping. Two ADAR1
SNPs (rs2229857 and rs1127326, Human Genome hg38 assembly) were
selected based on previous functional evidences (Medrano et al., 2017).
The variants were typed using TaqMan SNP genotyping assay (Assay
num: C_1235929_10 and C_8724402_20, respectively, Applied Biosys-
tems) following manufacturer's protocol. Reactions were analyzed on
an ABI PRISM 7500 (Applied Biosystems). Allele calling was performed
using AutoCaller Software v 1.1 (Applied Biosystems). Genotyping data,
minor allele frequency and Hardy-Weinberg equilibrium are found in
Supplementary Table 1.

2.3. Statistical analysis

Treatment baseline covariates were analysed with chi-squared test,
unpaired t-test and the Mann-Whitney U test (GraphPad Prism, version
4.00; GraphPad Software Inc., San Diego, California, USA). The asso-
ciation of each SNP and odds ratio and CI were computed using a
stratified analysis by gender with a logistic regression model adjusted
by HCV viral load and IL28B-rs12979860 and HCV genotype (Gonzalez
et al., 2007) (Gonzalez et al., 2007). We consider four inheritance
models (codominant, dominant, recessive model, and log-additive), and
akaike information criterion (AIC) was considered for estimation of the
relative quality of statistical models. P values were derived from like-
lihood ratio tests. In all cases, the reference class was set as the
homozygosis for the major allele among controls. The level of sig-
nificance was set up equal to 0.0083 (0.05/6=0.0083) based on
Bonferroni correction for multiple comparisons. We considered gender
and the two considered outcomes (response to treatment and fibrosis).
Since two assessed variants are highly correlated (r2=0.99), Bonfer-
roni correction for two variants was considered too conservative and
not considered (Gao et al., 2008). All analyses were carried out using
the SNPassoc R library (Gonzalez et al., 2007).

Experimental data are presented as mean ± SD. Paired Student's t-
test was used for comparison between two groups, using the GraphPad
Prism software. p-values lower than 0.05 were considered significant.

2.4. Cells

PBMC were obtained from blood of healthy donors using a Ficoll-
Paque density gradient centrifugation and monocytes were purified
using negative selection antibody cocktails (StemCell Technologies) as
described before (Badia et al., 2016). In brief, monocytes were cultured
in complete culture medium (RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS; Gibco) and penicillin/
streptomycin (Gibco) and differentiated to monocyte derived macro-
phages (MDM) for 4 days in the presence of monocyte-colony stimu-
lating factor (M-CSF, Peprotech) at 100 ng/ml. The protocol was ap-
proved by the scientific committee of Institut de Recerca de la Sida -
IrsiCaixa. Buffy coats were purchased from the Catalan Banc de Sang i
Teixits (http://www.bancsang.net/en/index.html). The buffy coats
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received were totally anonymous and untraceable and the only in-
formation given was whether or not they have been tested for disease.
All donors provided informed consent at the time of blood extraction.

MT4, Jurkat and ACH2 cells (AIDS Reagent Program, National
Institutes of Health, NIH, Bethesda, MD) were grown in RPMI 1640 L-
Glutamine medium (Gibco, Madrid, Spain), supplemented with 10%
heat-inactivated fetal calf serum (FCS; Lonza, Barcelona, Spain). The
Hela-derived cell line TZM-bl (AIDS Reagent Program, National
Institutes of Health, NIH, Bethesda, MD), were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco, Madrid, Spain), supplemented
with 10% heat-inactivated fetal calf serum (Gibco, Madrid, Spain). The
hepatoma cell line Huh7 cells and its derivative Huh7.5 expressing RFP-
NLS-IPS and a constitutive mitochondrial marker, mito-EGFP (Jones
et al., 2010) was a king gift of Dr. Charles M. Rice (The Rockefeller
University). Both hepatoma cell lines were cultured DMEM with 10%
FCS (Hyclone, Cultek) and supplemented with glucose (4.5 g/l; In-
vitrogen), 2 mM L-Glutamine (Sigma-Aldrich), 1 mM sodium pyruvate
(Sigma-Aldrich) and 1X MEM Non-essential Amino Acid (M7145, 100×
MEM Non-essential Amino Acid Solution NEEA, Sigma-Aldrich).

2.5. RNA interference

Isolated monocytes were transfected as previously described (Badia
et al., 2016). Briefly, 50 pmol of the corresponding siRNA (siGENOME
SMARTpool from Dharmacon, Thermo-Scientific, Waltham, USA and
ThermoFisher Scientific), were transfected using a Monocyte Amaxa
Nucleofection kit (Lonza, Basel, Switzerland) following manufacturer
instructions. Monocytes were left untreated overnight and then differ-
entiated to macrophages as described above. For transfecting Huh7 and
Huh7.5 cells, the corresponding siRNAs were mixed with Lipofectamine
2000 reagent (Invitrogen) at a final concentration of 100 nM and let
stand for 20min. Then, lipofectamine-siRNA complexes were mixed
with 2×105 cells and seeded in 24-well plates in the absence of serum,
using OPTIMEM medium (Invitrogen) as described (Ballana et al.,
2010). After 24 h, medium with serum was added and left untreated
24 h more. 48 h after transfection cells were detached using an EDTA
solution (Versene, ThermoFischer Scientific), counted and seeded at
appropriate concentration for viral infection. At the same time,
knockdown phenotype was assessed by measuring RNA expression
(1×105 cells were used for RNA extraction) and protein expression
(8×105 cells were used for protein lysates).

A non-targeting siRNA (siNT, ON-TARGETplus Non-targeting Pool,

Table 1
Clinical characteristics of 155 HCV/HIV-1 coinfected patients with known response to the IFN/RBV therapy.

Sustained-IFN viral response Non-Sustained IFN viral response p-value

Patients, n (%) 60 (38,7) 95 (61,3) –
Age, yr (median, IQR) 47,5 (45–52) 47 (44–49,5) 0.1245
Gender, n (%)
Female 20 (33,3) 27 (28,4)
Male 40 (66,6) 68 (71,6) 0.52
CD4 Absolute (cells/mm3) (mean ± SEM) 587,6 ± 32,6 589,4 ± 27,34 0.97
HCV genotype, n (%)
1 25 (41,6) 59 (62,1)
3 27 (45) 18 (18,9)
4 8 (13,3) 18 (18,9) 0.0023
Fibrosis stage, n (%)
F0-F2 36 (60) 59 (62.1)
F3-F4 18 (30) 32 (33.7)
Unknown 6 (10) 4 (4.2) 0.82
ALT (U/L) (mean ± SEM) 90.68 ± 11.16 89.43 ± 5.052 0.9088
AST (U/L) (mean ± SEM) 60.48 ± 6.688 66.09 ± 3.406 0.4121
Baseline HCV RNA Viral load (IU/ml) log10 (median,IQR) 5,84 (5,48-6,02) 5,93 (5,7-6,33) 0.0097
Undetectable HIV-1, n (%) 46 (76,6) 79 (83,1) 0.32
On Antiretroviral treatment, n (%) 58 (96,6) 93 (97,9) 0.64

CD4+, ALT, AST, unpaired t-test; BL HCV VL, age, Mann-Whitney; HCV genotype, fibrosis, Gender, undetectable HIV-1, on ART, Chi-square test. Graph Pad Prism
4.0.

Table 2
Clinical characteristics of HCV/HIV-1 coinfected patients with different liver fibrosis stages (n=147).

Non-cirrhosis (F0 to F3) Cirrhosis (F4) p-value

Patients, n (%) 130 (88.5) 17 (11.6) –
Age, yr (median, IQR) 47 (44.5–50) 47 (44.5–53) 0.7284
Gender, n (%)
Female 38 (29.2) 6 (35.3)
Male 92 (70.7) 11 (64.7) 0.6077
CD4+ Absolute (cells/mm3) (mean ± SEM) 588.4 ± 22.57 570.7 ± 71.66 0.7931
HCV genotype, n (%)
1 74 (56.9) 7 (41.2)
3 35 (26.9) 6 (35.3)
4 21 (16.1) 4 (23.5) 0.4641
ALT (U/L) (mean ± SEM) 87.56 ± 5.87 103.9 ± 14 0.3378
AST (U/L) (mean ± SEM) 61.78 ± 3.459 82.18 ± 13.39 0.0586
Baseline HCV RNA Viral load log10 (IU/ml) (median, IQR) 5.94 (5.7–6.10) 5.8 (5.55–6.6) 0.9050
Undetectable HIV-1, n (%) 103 (79.2) 15 (88.2) 0.58
On Antiretroviral treatment, n (%) 128 (98.4) 17 (100) 0.61

CD4+, ALT, AST, unpaired t-test; Baseline HCV RNA Viral Load, Age, Mann-Whitney; HCV genotype, Gender, undetectable HIV-1, on ART, Chi-square test (GraphPad
Prism 4.0). Eight patients without liver fibrosis data were excluded from the analysis.

M. Pujantell et al. Antiviral Research 156 (2018) 116–127

118



Dharmacon) was used as a control for putative off-targets effects in all
experiments.

2.6. Drugs

3-Azido-3-deoxythymidine (1 μM, zidovudine, AZT) was purchased
from Sigma-Aldrich (Madrid, Spain). Daclatasvir (25 nM, DCV) was
obtained from Selleckchem. Both drugs were resuspended in phosphate
buffered saline (PBS).

2.7. Quantitative RT-polymerase chain reaction (qRT-PCR)

For relative mRNA quantification, RNA was extracted using the
NucleoSpin RNA II kit (Magerey-Nagel), as recommended by the
manufacturer, including the DNase I treatment step. Reverse tran-
scriptase was performed using the PrimeScript™ RT-PCR Kit (Takara).
mRNA relative levels of all genes were measured by two-step quanti-
tative RT-PCR and normalized to GAPDH mRNA expression using the
DDCt method. Primers and DNA probes were purchased from Life
Technologies (TaqMan gene expression assays).

Cytokine expression was evaluated by using the commercial
TaqMan Human Cytokine Network array (4414255, Life Technologies),
which included primers and probes for 28 different cytokine genes.
mRNA relative levels of all cytokine genes were measured by two-step
quantitative RT-PCR and normalized to GAPDH mRNA expression using
the DDCt method.

All reactions were run and analysed on an ABI PRISM 7500 real time

PCR System (Applied Biosystems).

2.8. Viral strains and infections

Envelope-deficient HIV-1 NL4-3 clone encoding IRES-luciferase was
pseudotyped with VSV-G by cotransfection of HEK293T cells using
polyethylenimine (PEI, Polysciences) as previously described (Pauls
et al., 2014). In brief, 5× 106 cells were plated the day before in a
75 ml flask to reach 70–80% confluence at the day of transfection.
10 μg of DNA (9 μg virus + 1 μg VSV-G) were diluted in Optimem
media, mixed with 50 μl of PEI (1 μg/ml) and mixture was incubated for
20 min at RT, before adding to plated cells drop-wise. After 24 h, cul-
ture medium with serum was added and 48 h later, supernatants were
harvested, filtered and stored at −80 °C. Viruses were titrated by in-
fection of TZM cells followed by luciferase measurement in a lumin-
ometer. Huh7 and Huh7.5 cells were infected with VSV-pseudotyped
NL4-3-luciferase virus and viral replication was measured two days
later by quantification of luciferase production in a luminometer.

For HCV infection, we used the HCV Jc1 virus (kind gift of Dr.
Charles M. Rice (The Rockefeller University) (Pietschmann et al.,
2006). Transfected Huh7 cells were infected with HCV Jc1 at a MOI of
0.02 and viral replication was measured five days later by quantifica-
tion of HCV RNA in infected cells. Briefly, total cellular RNA of HCV
infected cells was extracted with the Quickextract™ RNA extraction kit
protocol (EPICENTRE Biotechnologies) following manufacturers' pro-
tocol, including the DNAseI treatment step and extracted RNA was
stored at −80 °C until analyzed. Then, 1 μg of total RNA was retro-

Table 3
Association of ADAR1 rs2229857 SNP with Non-Sustained IFN viral response in HCV/HIV-1 coinfected patients treated with IFN plus Ribavirin.

Gene SNP Gender Genetic model Non-Sustained IFN viral
Response

% Sustained IFN Viral
Response

% OR 95%CI p-value AIC p-value2

All (n= 150) Codominant
C/C 44 47,3 27 47,4 1 0,26 181,4 0,1
T/C 31 33,3 25 43,9 1,5 0.67–3.38
T/T 18 19,4 5 8,8 0,56 0.16–1.93
Dominant
C/C 44 47,3 27 47,4 1 0,67 181,9 0,83
T/C-T/T 49 52,7 30 52,6 1,17 0.55–2.48
Recessive
C/C-T/C 75 80,6 52 91,2 1 0,19 180,4 0,06
T/T 18 19,4 5 8,8 0,47 0.14–1.53
log-Additive
0,1,2 93 62 57 38 0,92 0.54–1.55 0,74 181,9 0,45

ADAR1 rs2229857 Male (n= 104) Codominant
C/C 29 43,9 19 50 1 0,021 121,7 0.0031*
T/C 21 31,8 18 47,4 1,48 0.55–3.96
T/T 16 24,2 1 2,6 0,11 0.01–1.02
Dominant
C/C 29 43,9 19 50 1 0,83 127,4 0,84
T/C-T/T 37 56,1 19 50 0,9 0.36–2.26
Recessive
C/C-T/C 50 75,8 37 97,4 1 0.007* 120,3 0.0012*
T/T 16 24,2 1 2,6 0,09 0.01–0.83
log-Additive
0,1,2 66 63,5 38 36,5 0,63 0.32–1.25 0,18 125,6 0,1

Female (n= 46) Codominant
C/C 15 55,6 8 42,1 1 0,35 62,6 0,43
T/C 10 37 7 36,8 1,68 0.37–7.58
T/T 2 7,4 4 21,1 5,51 0.43–71.16
Dominant
C/C 15 55,6 8 42,1 1 0,27 61,5 0,47
T/C-T/T 12 44,4 11 57,9 2,17 0.53–8.91
Recessive
C/C-T/C 25 92,6 15 78,9 1 0,2 61,1 0,2
T/T 2 7,4 4 21,1 4,36 0.38–50.36
log-Additive
0,1,2 27 58,7 19 41,3 2,08 0.71–6.05 0,16 60,7 0,26

*Bonferroni correction threshold is considered at 0.0083, correcting for strata and outcome (IFN viral response). Only patients with all clinical data available were
included (n = 150). P-value: p-value obtained from logistic regression adjusting by HCV genotype, log10 HCV RNA viral load and IL28B-rs12979860. P-value2: p-
value obtained from logistic regression without adjustment.
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transcribed to cDNA with a PrimeScript RT master mix (Takara Bio,
Clontech, Inc.). cDNA was used for Taqman quantitative PCR (Premix
Ex Taq (perfect real time) from Takara Bio, Clontech, Inc.) of viral HCV
RNA using HCV 5′NC6 primers and probe (kindly provided by Dr.
Juana Díez (Scheller et al., 2009)), normalized with the transcript
GAPDH (Hs99999905_m1, Taqman Gene Expression Assay, Applied
Biosystems) according to manufacturer's protocol.

2.9. Western blot

Cells were rinsed in ice-cold phosphate-buffered saline (PBS) and
extracts prepared in lysis buffer (50mM Tris HCl pH 7.5, 1 mM EDTA,
1mM EGTA, 1mM Na3VO4, 10mM Na β-glycerophosphate, 50mM
NaF, 5mM Na Pyrophosphate, 270mM sucrose and 1% Triton X-100)
supplemented with protease inhibitor (Roche) and 1mM phe-
nylmethylsulfonyl fluoride. Lysates were subjected to SDS-PAGE and
transferred to a PVDF membrane (ImmunolonP, Thermo). The fol-
lowing antibodies were used for immunoblotting: anti-rabbit and anti-
mouse horseradish peroxidase-conjugated secondary antibodies
(1:5000; Pierce); anti-human Hsp90 (1:1000; 610418, BD Biosciences,
RRIB: AB_397798), anti-GAPDH (1:2500; ab9485, Abcam, RRIB:
AB_307275) and anti-ADAR1 (14175, RRIB: AB_2722520), anti-MDA5
(5321, RRIB: AB_10694490), anti-phosphoSTAT1 (9167, RRIB:
AB_561284),anti-RIG-I (3743, RRIB: AB_2269233), anti-phosphoIRF7
(12390, RRIB: AB_647242), anti-IRF7 (4920, RRIB: AB_2127551), anti-
phosphoIRF3 (4947, RRIB: AB_2272318) and anti-IRF3 (11904, RRIB:
AB_2722521) all 1:1000 from Cell Signaling.

3. Results

3.1. Polymorphisms in ADAR1 are associated to HCV infection progression
in HCV/HIV-1 coinfected patients

The IFN-alpha pathway is crucial in achieving HCV viral clearance
and thus, genes involved in this pathway may alter disease progression
and treatment response. A cohort of HCV and HIV-1 coinfected patients
(n= 155), were genotyped for ADAR1 polymorphisms rs2229857 and
tested for association to treatment response. rs2229857 codes for a non-
synonymous substitution, K384R, located in exon 2, between the third
double-stranded RNA (dsRNA)-binding domain (dsRBD) and the first Z-
DNA-binding region. Selected demographic and clinical information are
summarized in Table 1 and Table 2. All patients were treated with IFN
plus RBV and patients were stratified for sustained virological response
(SVR) after treatment. ADAR1 rs2229857 SNP was significantly asso-
ciated to IFN plus ribavirin SVR in males (adjusted p-value=0.007, T
risk allele), suggesting that ADAR1 may have a role in HCV infection
outcome and response to treatment (Table 3). ADAR1 SNPs were also
significantly associated to advanced fibrosis in females (Table 4, ad-
justed p-value=0.001, T risk allele). Association results were re-
plicated with an additional SNP rs1127326, which is in complete
linkage disequilibrium with rs2229857 (r2= 0.99, Supplementary
Tables 2 and 3), i. e., rs2229857 alleles are non-randomly associated to
rs1127326 alleles.

Table 4
Association of ADAR1 rs2229857 SNP with liver disease progression in HCV/HIV-1 coinfected patients.

Gene SNP Gender Genetic model Non-Cirrhosis
(F0 to F3)

% Cirrhosis (F4) % OR 95%CI p-value AIC p-value2

All (n= 142) Codominant
C/C 61 48,4 5 31,2 1 0,32 109,1 0,27
T/C 45 35,7 8 50 2,41 0.72–8.05
T/T 20 15,9 3 18,8 2,09 0.44–10
Dominant
C/C 61 48,4 5 31,2 1 0,13 107,1 0,11
T/C-T/T 65 51,6 11 68,8 2,31 0.74–7.19
Recessive
C/C-T/C 106 84,1 13 81,2 1 0,67 109,2 0,81
T/T 20 15,9 3 18,8 1,35 0.34–5.43
log-Additive
0,1,2 126 88,7 16 11,3 1,55 0.76–3.15 0,22 107,9 0,24

ADAR1 rs2229857 Male (n= 99) Codominant
C/C 40 44,9 5 50 1 0,91 76,6 0,98
T/C 34 38,2 3 30 0,78 0.17–3.68
T/T 15 16,9 2 20 1,17 0.19–7.13
Dominant
C/C 40 44,9 5 50 1 0,88 74,7 0,99
T/C-T/T 49 55,1 5 50 0,9 0.24–3.45
Recessive
C/C-T/C 74 83,1 8 80 1 0,77 74,7 0,87
T/T 15 16,9 2 20 1,28 0.23–7.17
log-Additive
0,1,2 89 89,9 10 10,1 1,02 0.41–2.51 0,96 74,7 0,93

Female (n= 43) Codominant
C/C 21 56,8 0 0 1 0.005* 38,3 0.008*
T/C 11 29,7 5 83,3 NA NA
T/T 5 13,5 1 16,7 NA NA
Dominant
C/C 21 56,8 0 0 1 0.001* 36,8 0,021
T/C-T/T 16 43,2 6 100 NA NA
Recessive
C/C-T/C 32 86,5 5 83,3 1 0,84 46,7 0,82
T/T 5 13,5 1 16,7 1,29 0.1–16.41
log-Additive
0,1,2 37 86 6 14 3,93 0.96–16.06 0,0411 42,6 0.008*

*Bonferroni correction threshold is considered at 0.0083, correcting for strata and outcome (cirrhosis). Only patients with fibrosis measurements were included
(n = 142) P-value: p-value obtained from logistic regression adjusting by HCV genotype, log10 HCV RNA viral load and IL28B-rs12979860. P-value2: p-value
obtained from logistic regression without adjustment.
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3.2. ADAR1 function regulates IFN-mediated inflammation

In response to viral infection, type I IFN is produced endogenously
by distinct innate immune cells, including macrophages. Thus, to fur-
ther investigate the putative effect of ADAR1 as a modulator of innate
immune response, ADAR1 expression was inhibited with small inter-
fering RNA (siRNA) in monocytes and further differentiated to macro-
phages. Effective and specific downregulation of ADAR1 expression was
achieved (Fig. 1A) and cytokine production was evaluated in ADAR1
knockdown macrophages. Significantly enhanced expression of five
different IFNs and cytokine genes was observed in ADAR1 knockdown
macrophages (IFNB1, IFNG, IL12A, IL1A and IL6) compared to mock-
treated or control (siNT-treated) macrophages (Fig. 1B), an effect that

was further confirmed in 6 additional donors (Fig. 1C). Upregulated
cytokines are suggestive of a pro-inflammatory phenotype, indicating
that inhibition of ADAR1 affects the innate immune response to viral
infection. No changes where observed when using the control non-
targeting siRNA.

Further characterization of the phenotype associated to ADAR1
knockdown macrophages showed increased expression of the RNA
sensors MDA5 and RIG-I, increased phosphorylation of STAT1
(pSTAT1), a well-recognized marker of type I IFN induction and in-
creased IRF7 expression (Fig. 2A). As expected, ADAR1 knockdown
correlated with increased production of IFNβ (7.5-fold change,
p=0.0388, Fig. 2B, left panel) but also with increased expression of
the IFN stimulated gene (ISG) CXCL10 (50-fold change, p=0.049,

A.A.

Fig. 1. ADAR1 knockdown boosts type I IFN response and blocks HIV-1 replication in primary macrophages. (A) Effective downregulation of ADAR1 by two
different siRNA in primary macrophages. Relative mRNA expression of ADAR1 was measured by quantitative PCR and normalized to GAPDH expression. Data
represents mean ± SD of 3 different donors and is normalized to Mock-transfected macrophages. (B) Cytokine expression profile of ADAR1 knockdown macro-
phages. Relative mRNA expression of the different cytokines normalized to mock-transfected macrophages is depicted. Data represents mean ± SD of 3 different
donors. (C) Relative mRNA expression of IFNG, IL12, IL1A and IL6 in ADAR1 knockdown macrophages. mRNA expression was measured by quantitative PCR and
normalized to GAPDH expression. Data represents mean ± SD of 6 different donors and is normalized to Mock-transfected macrophages. ns, non-significant; **
p < 0.005.
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Fig. 2B, right panel), as seen in HCV/HIV-1 coinfected patients. The
same effect was seen with two different siRNA targeting ADAR1. In-
terestingly, our previous data show that stimulation of macrophages
with poly I:C presented a similar pattern of protein overexpression
(Pujantell et al., 2016), suggesting that ADAR1 is a regulator of the
RLRs-MAVS canonical pathway of innate immune activation leading to
type I IFN production. Overall, these data may suggest that ADAR1
could have a role in HCV infection by regulating innate immune re-
sponse.

3.3. Differential expression of ADAR1 and RNA sensors determines HIV
and HCV viral susceptibility in cell lines

To further investigate the differences in the innate immune sig-
naling pathway that might be controlled by ADAR1, expression of
ADAR1 and its related RNA sensors was evaluated in different cell lines,
including HuH7.5 and its parental cell line HuH7 hepatoma cell, that
have been extensively used for evaluating HCV infection in vitro.
ADAR1 total mRNA expression was relatively stable in all cell lines
tested (Fig. 3A, left panel and 2B). However, MDA5 and RIG-I expres-
sion was significantly higher in HuH7 cells, compared to the others,
including the hepatoma cell line HuH7.5 (Fig. 3A and B), which are

Moc
k

siN
T

siA
DAR1 #

1

siA
DAR1 #

2
0

1

20
40
60
80

R
el

at
iv

e
IF
N
B1

m
R

N
A

Moc
k

siN
T

siA
DAR1 #

1

siA
DAR1 #

2
0
1
2
3
4

25

75

125

175

R
el

at
iv

e
C
XC
L1
0 

m
R

N
A

B.

A.

ADAR1

pSTAT1

GAPDH

Mock siNT #1
siADAR1

#2

MDA5

RIG-I

*
*

*
*

IRF7

IRF3

Fig. 2. ADAR1 knockdown modulates innate im-
mune response. (A) Protein expression in ADAR1
knockdown macrophages. Western blot of ADAR1,
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known to be RIG-I null function-wise. Interestingly, a significant dif-
ference was also observed in IFNβ and CXCL10 expression in HuH7
cells compared to Huh7.5, suggesting higher innate immune activation
and type I IFN production in HuH7 cells (Fig. 3C).

Then susceptibility to HCV viral infection was evaluated in the two
hepatoma cell lines and as expected,HuH7.5 cells showed 100-fold
higher susceptibility to HCV infection (Fig. 3D). Previous data sug-
gested a role for ADAR1 in HIV replication (Pujantell et al., 2016), thus,
susceptibility to HIV-1 infection was also assessed obtaining similar
results to HCV infection (Fig. 3E). Overall, these data suggest that in-
nate immune effectors may be significantly modulating susceptibility to
viral infection.

3.4. ADAR1 is a negative regulator of innate immune pathway in the HuH7
hepatoma cell line

In contrast to Huh7.5 cells that express undetectable levels of the
RNA sensors RIG-I and MDA5, HuH7 cells have a preserved expression
of innate immune effectors, a feature that may determine the outcome
of HCV infection. Therefore, the role of ADAR1 and MDA5 was further
investigated in HuH7 cells. Effective and specific downregulation of
ADAR1 and MDA5 was achieved in HuH7 cells (Fig. 4A). ADAR1
downregulation was linked to increased IFIH1 (MDA5) and DDX58
(RIG-I) expression as described above for macrophages (Fig. 4A, middle
and right panels), whereas no significant change was observed in MDA5
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M. Pujantell et al. Antiviral Research 156 (2018) 116–127

124



knockdown cells or when using a non-targeting control (Fig. 4A, left
and middle panels). In addition, ADAR1 knockdown in HuH7 cells
correlated also with increased production of IFNβ and increased ex-
pression of the IFN stimulated gene (ISG) CXCL10 (Fig. 4B). Im-
portantly, the increase in IFN stimulated genes consequence of ADAR1
knockdown was also observed at protein level (Fig. 4C), showing en-
hanced expression of RIG-I and increased phosphorylation of IRF7, in-
dicative of its activation as the transcription factor responsible for IFN
production. We did not observe changes in IRF3 expression or phos-
phorylation. Increased RIG-I expression was also observed in MDA5
knockdown cells, suggesting a coordinated regulation between both
RNA sensors. Conversely, no effect was seen when ADAR1 was in-
hibited in cells that do not express RNA sensors MDA5 and RIG-I such as
Huh7.5 cells (Supplementary Fig). Overall, these data indicate that
ADAR1 regulates innate immune activation and IFN production in he-
patocyte-like cells and thus, can have an effect on HCV viral infection.

3.5. ADAR1 knockdown in hepatoma cells stimulates HCV infection

The role of ADAR1 and MDA5 on viral susceptibility was evaluated
by testing the capacity of siRNA-treated HuH7 cells to support HCV
replication. HuH7 cells were refractory to HCV infection as observed by
the lack of inhibition of viral replication with DCV (Fig. 5). Knockdown
of ADAR1 but not MDA5 (IFIH1) was able to bypass the restriction on
HCV replication, supporting the notion that ADAR1 acts as an antiviral
factor in HCV infection (Fig. 5).

4. Discussion

Upon HCV infection, the host induces the IFN-mediated frontline
defense to limit virus replication, which is mainly mediated by type I
IFN and the eliciting of its antiviral actions by inducing a wide array of
ISGs. However, HCV employs diverse strategies to escape host innate

immune surveillance. Indeed, although the immune response can clear
HCV in some cases, virus exposure often carries forward into a chronic
infection. Here, we describe the role of ADAR1 as a regulator of innate
and antiviral immunity in HCV infection. ADAR1 has been proposed to
be a critical suppressor of IFN responses, which protects cells from the
harmful effects of excessive IFN signaling (Wang et al., 2017), and thus,
ADAR1 function may affect the innate response to viral infections.

We show that in HCV/HIV-1 coinfected patients, polymorphisms
within ADAR1 gene were found significantly associated to poor clinical
outcome to therapy and advanced liver fibrosis. Interestingly,
rs2229857 codes for a missense mutation (K384R) that may have an
impact on protein function or regulation. Our results are in accordance
to previous reports where undetectable HCV RNA at was associated
with an ADAR1 polymorphism (Medrano et al., 2017) (Welzel et al.,
2009). The phenotype associated to ADAR1 TT allele was different
between male and female individuals. Previous analysis of poly-
morphisms in several genes of the IFN system rs2229857 and
rs1127326 revealed that host genetic factors affect HCV responsiveness
to IFN therapy, in addition to other factors including HCV virus geno-
type, age, gender and cirrhosis status (Collazos et al., 2011; Welzel
et al., 2009). HCV/HIV-1 coinfected women have more favorable HCV
virological and clinical profile than men and, particularly when refer-
ring to liver disease progression. Thus, the distinct association of
ADAR1 SNP in males and females may be reflecting the complex in-
teraction of patient genetic background with viral and host factors that
altogether trigger and control the outcome of HCV infection. While the
analysis of polymorphisms in ADAR1 suggests that ADAR1 may play an
important role in the host response to HCV infection, only limited
mechanistic studies have been described that directly test this possibi-
lity, most of them based on the HCV replicon system (Appel et al.,
2006). Evidence consistent with an antiviral role of ADAR1 emerged
when it was found that inhibition of ADAR1 stimulated HCV viral RNA
production in HCV RNA replicon-containing cells (Taylor et al., 2005).
However, the availability of the JFH-1 HCV virus and Huh7 hepatoma
cell system for production of infectious HCV in cell culture permits
mechanistic analyses of innate antiviral responses to HCV in virus-in-
fected cells (Lemon, 2010). Indeed, we found important differences in
expression and function of innate RNA sensors between Huh7 and
Huh7.5 cells, indicating that Huh7 cells may better preserve the innate
immune signaling pathways. Consistent with this, silencing ADAR1 in
Huh7 cells results in increased expression of innate immune sensors
RIG-I and MDA5, enhanced IFN and CXCL10 production and increased
IRF7 phosphorylation, presenting a similar profile to that observed in
primary macrophages, and furthermore, indicating that knockdown of
ADAR1 in Huh7 cells resembles innate immune activation features
observed in ADAR1-associated Aircadi-Goutieres syndrome patients
and in KO mouse models (Liddicoat et al., 2015; Rice et al., 2013; Wang
et al., 2017).

As reported, inhibition of ADAR1 stimulated HCV viral RNA pro-
duction, suggesting that ADAR1 is an important contributor to the
outcome of the HCV virus–host interaction also in the infectious virus
cell culture system. The exact mechanism underlying the antiviral role
of ADAR1 in HCV infection is not clear. However, it is known already
that ADAR1 can modulate PKR activation status in HCV-infected cells
resulting in the inhibition of IFN-stimulated cellular protein synthesis
but not HCV IRES-dependent viral protein synthesis (Garaigorta and
Chisari, 2009). Furthermore, HCV also controls IFN production through
modulation of PKR activation; PKR-mediated inhibition of IFN induc-
tion occurs in JFH1 HCV-infected Huh cells through eIF2-mediated
inhibition of translation (Arnaud et al., 2010). Thus, an interesting
possibility is that ADAR1 is antiviral in the context of HCV infection
through a combination of mechanisms: A-to-I editing of HCV RNA re-
ducing HCV protein expression through mutation of viral coding se-
quences, and editing by ADAR1 that inhibits HCV indirectly through
suppression of both IFN and ISGs that will block HCV replication.

In summary, we show how ADAR1 regulates intracellular signaling
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Fig. 5. ADAR1 knockdown in hepatoma cells stimulates HCV infection.
Susceptibility to HCV infection in HuH7 cells treated or not with siRNA.
Relative HCV infection measured by quantitative PCR is shown. Data represents
mean ± SD of 3 different experiments performed in triplicate and is normal-
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in the context of HCV infection, representing an important factor in the
innate immune response. ADAR1 function is affected by the complex
interaction between the patient genetic background with viral and host
factors. Chronic HCV may induce aberrant innate and adaptive immune
signaling and viral induced cytotoxicity and apoptosis in the hepatic
environment, which together affect infection outcome and response to
therapy. A better knowledge of factors triggering innate function is
crucial for a better control the outcome of HCV infection and immunity
(reviewed in (Horner and Gale, 2013)). This is especially relevant in the
context of HCV and HIV-1 co-infected individuals were liver fibrosis
progresses rapidly in partially due to heightened inflammation rather
than direct HCV replication.
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