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A bs tr ac t

Background

The stability and propagation of hepatitis C virus (HCV) is dependent on a func-
tional interaction between the HCV genome and liver-expressed microRNA-122 
(miR-122). Miravirsen is a locked nucleic acid–modified DNA phosphorothioate 
antisense oligonucleotide that sequesters mature miR-122 in a highly stable hetero-
duplex, thereby inhibiting its function.

Methods

In this phase 2a study at seven international sites, we evaluated the safety and ef-
ficacy of miravirsen in 36 patients with chronic HCV genotype 1 infection. The 
patients were randomly assigned to receive five weekly subcutaneous injections of 
miravirsen at doses of 3 mg, 5 mg, or 7 mg per kilogram of body weight or placebo 
over a 29-day period. They were followed until 18 weeks after randomization.

Results

Miravirsen resulted in a dose-dependent reduction in HCV RNA levels that endured 
beyond the end of active therapy. In the miravirsen groups, the mean maximum 
reduction in HCV RNA level (log10 IU per milliliter) from baseline was 1.2 (P = 0.01) 
for patients receiving 3 mg per kilogram, 2.9 (P = 0.003) for those receiving 5 mg per 
kilogram, and 3.0 (P = 0.002) for those receiving 7 mg per kilogram, as compared 
with a reduction of 0.4 in the placebo group. During 14 weeks of follow-up after 
treatment, HCV RNA was not detected in one patient in the 5-mg group and in four 
patients in the 7-mg group. We observed no dose-limiting adverse events and no 
escape mutations in the miR-122 binding sites of the HCV genome.

Conclusions

The use of miravirsen in patients with chronic HCV genotype 1 infection showed 
prolonged dose-dependent reductions in HCV RNA levels without evidence of viral 
resistance. (Funded by Santaris Pharma; ClinicalTrials.gov number, NCT01200420.)
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A pproximately 170 million persons 
worldwide are chronically infected with 
the hepatitis C virus (HCV).1 Chronic HCV 

infection is a major cause of liver cirrhosis, liver 
failure, and hepatocellular carcinoma and is the 
leading indication for liver transplantation in 
many Western countries.2 Sustained eradication 
of HCV infection has been associated with a re-
duced risk of liver-related morbidity and all-cause 
mortality.3-5

Despite the recent registration of protease 
inhibitors for the treatment of chronic HCV 
genotype 1 infection, current therapeutic regi-
mens remain dependent on the administration 
of pegy lated interferon and ribavirin for 24 to 
48 weeks.6,7 Thus, anti-HCV therapy continues 
to be associated with substantial side effects. 
In addition, there is the risk of drug interac-
tions mediated by cytochrome P-450 3A, drug 
resistance, unknown sustainability of response, 
and reduced efficacy against certain HCV geno-
types and subtypes.8

MicroRNAs (miRNAs) are small, endogenous, 
noncoding RNAs that direct posttranscriptional 
regulation of gene expression by binding to par-
tially complementary sites within the 3′ untrans-
lated region of target messenger RNAs (mRNAs), 
resulting in translational repression or mRNA 
deadenylation and degradation.9 MiRNAs have 
been implicated in the regulation of a wide range 
of important biologic processes, such as cellular 
growth and differentiation, developmental tim-
ing, apoptosis, and modulation of host response 
to viral infection.10

MicroRNA-122 (miR-122) is a highly abundant 
miRNA expressed in the liver and is essential to 
the stability and propagation of HCV RNA.11,12 
MiR-122 binds to two closely spaced target sites 
(S1 and S2) in the highly conserved 5′ untrans-
lated region of the HCV genome, thereby form-
ing an oligomeric miR-122–HCV complex that 
protects the HCV genome from nucleolytic deg-
radation or from host innate immune respons-
es.12-14 A third potential miR-122 binding site in 
the 3′ untranslated region of the HCV genome 
does not appear to have any functional rele-
vance.11 The miR-122 binding sites are con-
served across all HCV genotypes and subtypes.15 
MiR-122 could thus represent a host target for 
antiviral therapy.

Miravirsen is a 15-nucleotide locked nucleic 
acid–modified antisense oligonucleotide com-

plementary to and with a high affinity and 
specificity for the 5′ region of mature miR-122. 
Miravirsen can sequester and thus inhibit miR-
122 (Fig. 1). The administration of miravirsen to 
chimpanzees with chronic HCV infection pro-
vided long-lasting viral suppression without evi-
dence of resistant mutations at the two miR-122 
binding sites of the 5′ untranslated region of the 
HCV genome, and no adverse events were ob-
served in phase 1 studies in healthy volun-
teers.16,17 Here, we report on the safety and ac-
tivity of miravirsen in patients with chronic HCV 
infection.

Me thods

Study Population

Patients who had not undergone previous thera-
py for chronic HCV genotype 1 infection were 
enrolled at seven international sites. Eligible pa-
tients were 18 to 65 years of age and were re-
quired to have compensated liver disease with a 
plasma HCV RNA level of more than 75,000 IU 
per milliliter. Patients with other causes of 
chronic liver disease, cirrhosis (as diagnosed on 
previous biopsy), or decompensated liver disease 
were excluded. Patients were also required to be 
seronegative for hepatitis B surface antigen and 
antibodies to human immunodeficiency virus 
and to have an absolute neutrophil count of 1500 
or more per cubic millimeter, a platelet count of 
100,000 or more per cubic millimeter, normal 
values for serum creatinine and for total and di-
rect bilirubin, and alanine aminotransferase lev-
els less than 3 times the upper limit of the nor-
mal range.

The study was approved by the institutional 
review board or ethics committee at each partici-
pating center and was conducted in accordance 
with the Declaration of Helsinki, Good Clinical 
Practice guidelines, and local regulations. All 
patients provided written informed consent be-
fore enrollment in the study.

Study Design

From September 2, 2010, to November 16, 2011, 
we enrolled 36 patients in a randomized, double-
blind, placebo-controlled, sequential-series, as-
cending multiple dose–ranging study. The patients 
underwent central randomization with the use of 
a Web-based system in a 3:1 ratio to receive either 
miravirsen (in doses of 3 mg, 5 mg, or 7 mg per 
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kilogram of body weight) or placebo. An inde-
pendent review committee evaluated safety data 
for the 3-mg group before the study drug was 
administered to the 5-mg group; the same pro-
cess was used for the 7-mg group.

Miravirsen was reconstituted to a concentra-
tion of 150 mg per milliliter and was adminis-
tered subcutaneously in five weekly doses over a 
29-day period (Fig. 1 in the Supplementary Ap-
pendix, available with the full text of this article 
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Figure 1. Mechanism of Action of Miravirsen.

In Panel A, microRNA-122 (miR-122) binds to two closely spaced target sites (S1 and S2) in the 5′ noncoding region 
of the HCV genome and thereby promotes the propagation of HCV RNA.13 In Panel B, miravirsen, a locked nucleic 
acid–modified antisense oligonucleotide, sequesters mature miR-122 in a highly stable heteroduplex, which results 
in the functional inhibition of miR-122.
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at NEJM.org). Placebo injections contained nor-
mal saline (0.9% sodium) and were adminis-
tered at a volume equivalent to that for mira-
virsen. After the administration period, patients 
returned for weekly follow-up visits until week 8, 
for visits every 2 weeks until week 14, and for a 
final visit at week 18. At the investigators’ dis-
cretion, patients were allowed to initiate therapy 
with pegylated interferon and ribavirin at study 
week 7 (for patients receiving 3 mg of miravirsen 
per kilogram) or week 10 (for those receiving 5 mg 
or 7 mg per kilogram).

Study Oversight

The study protocol (available at NEJM.org) was 
designed and developed by the sponsor, Santaris 
Pharma, along with the principal investigator at 
each study site and representatives of Duke Clin-
ical Research Institute. All authors participated 
in the collection of the data, had complete access 
to data, participated in the data analysis, and were 
involved in the preparation and content review of 
the final manuscript. Duke statisticians performed 
the statistical analyses. The publication commit-
tee, consisting of the first author and several co-
authors (including a representative of the spon-
sor), made the decision to submit the manuscript 
for publication. All authors vouch for the com-
pleteness and accuracy of this report as well as 
the fidelity of the report to the study protocol.

Efficacy, Safety, and Pharmacokinetics

At every patient visit, we measured the plasma 
HCV RNA levels using the Abbott RealTime HCV 
assay, with a reported lower limit of detection 
and quantification of 12 IU per milliliter. Sam-
ples with HCV RNA levels below the lower limit 
of detection or quantification were considered to 
have undetectable levels. The HCV RNA genotype 
was assessed by an in-house genotype-specific 
polymerase-chain-reaction (PCR) assay that had 
been developed with the use of the nucleotide 
sequence of the hypervariable region 1 of the E2 
protein of HCV. Direct sequencing was used to 
confirm the genotype in the event that the result 
obtained on PCR assay was ambiguous.

Assessment of resistance-associated mutations 
was performed in all patients at baseline and at 
week 5 and at the time of viral rebound in the 
event that the HCV RNA level exceeded 1000 IU 
per milliliter and pegylated interferon and riba-
virin were not initiated. Amplification and se-

quence analysis of miR-122 binding sites within 
the 5′ and 3′ HCV RNA untranslated regions was 
accomplished by site-specific primed reverse-
transcriptase PCR, followed by population-based 
sequencing with the use of the Applied Biosys-
tems 3730xl Genetic Analyzer (for details, see the 
Methods section in the Supplementary Appendix).

We performed physical examinations and se-
rum biochemical and hematologic laboratory 
tests at all study visits. We asked the patients 
open-ended questions to determine whether new 
adverse events, both general and according to 
organ system, had emerged since the previous 
visit; all adverse events were classified according 
to terms used in the Medical Dictionary for Regula-
tory Activities. Adverse events were considered to 
be mild if they were transient in nature and gen-
erally did not interfere with normal activities, 
moderate if they were sufficiently discomforting 
to interfere with normal activities, and severe if 
they prevented normal activities. Twelve-lead elec-
trocardiography was performed at screening and 
periodically throughout the study. Plasma sam-
ples for miravirsen pharmacokinetic assessment 
were collected before the administration of each 
dose of a study drug and 2 hours after each dose. 
Miravirsen levels were determined with the use 
of a hybridization enzyme-linked immunosor-
bent assay.17

Statistical Analysis

The primary analyses included all patients who 
underwent randomization and who received at 
least one dose of a study drug. We compared the 
rates at which HCV RNA levels declined using 
HCV RNA measurements obtained throughout 
the study period or until the initiation of therapy 
with pegylated interferon and ribavirin. To gauge 
the decline in viral load associated with mira-
virsen alone, we excluded from the analyses HCV 
RNA results after the initiation of therapy with 
pegylated interferon and ribavirin. To report all 
potential toxicity during or after the administra-
tion of miravirsen, we reported side effects and 
biochemical safety profiles on all data that were 
collected from baseline to week 18, regardless of 
whether patients were receiving pegylated inter-
feron and ribavirin.

For each patient, we determined the maximum 
change in the HCV RNA level from baseline and 
used two-sample t-tests to compare the means of 
these values in each miravirsen-dose group with 
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the placebo group. A P value of 0.05 was consid-
ered to indicate statistical significance; all tests 
were two-sided, with no adjustment for multiple 
testing. We assessed the dose–response relation-
ships to HCV RNA levels using a linear trend test, 
assuming an equal space among the four study 
groups. All analyses were performed with the 
use of SAS software, version 9.2 (SAS Institute).

R esult s

Patients

A total of 36 patients with chronic HCV genotype 
1 infection were enrolled in the study, with 9 pa-
tients in each miravirsen group (receiving 3 mg, 

5 mg, or 7 mg per kilogram) and in the placebo 
group (Fig. 2 in the Supplementary Appendix). 
Baseline characteristics were similar among the 
four study groups (Table 1). Of the 36 patients, 
12 started therapy with pegylated interferon and 
ribavirin during follow-up.

Efficacy

The reduction in HCV RNA levels was dose-de-
pendent and sustained beyond the administration 
period for miravirsen (Fig. 2). In the miravirsen 
groups, the mean of the maximum reduction in 
HCV RNA levels (log10 IU per milliliter) from base-
line was 1.2 (P = 0.01) for patients receiving 3 mg 
per kilogram, 2.9 (P = 0.003) for those receiving  

Table 1. Baseline Characteristics of the Patients.*

Characteristic Miravirsen
Placebo 
(N = 9)

3 mg/kg
(N = 9)

5 mg/kg 
(N = 9)

7 mg/kg
(N = 9)

Median age (range) — yr 35 (26–66) 46 (33–65) 48 (31–61) 56 (42–66)

Body-mass index — median (range)† 28 (18–31) 26 (19–38) 29 (21–38) 27 (18–37)

Male sex — no. (%) 5 (56) 8 (89) 6 (67) 3 (33)

Race — no. (%)‡

White 9 (100) 8 (89) 7 (78) 7 (78)

Black 0 1 (11) 1 (11) 2 (22)

Asian 0 0 1 (11) 0

Alanine aminotransferase — IU/liter 74.3±38.7 69.1±21.4 81.3±71.8 92.7±37.0

Total bilirubin — µmol/liter 10.2±5.1 11.8±8.6 9.9±3.6 12.4±5.1

Serum albumin — g/liter 44.9±3.5 43.0±2.8 42.6±3.3 43.3±2.7

Platelet count — per mm3 267,000±70,000 250,000±38,000 245,000±51,000 189,000±69,000

Prothrombin time — sec 11.1±0.4 12.6±1.0 12.2±1.4 11.7±1.7

Subtype of HCV genotype 1 — no. (%)§

1a 5 (56) 7 (78) 5 (56) 6 (67)

1b 2 (22) 1 (11) 3 (33) 2 (22)

1a/1b 2 (22) 0 1 (11) 1 (11)

1a/3a 0 1 (11) 0 0

HCV RNA — log10 IU/ml 6.0±0.7 6.2±0.3 5.9±0.6 6.2±0.4

HCV RNA ≥800,000 IU/ml — no. (%) 5 (56) 8 (89) 6 (67) 7 (78)

IL28B CC genotype (rs12979860) — no. (%) 2 (22) 4 (44) 4 (44) 2 (22)

Interferon-inducible protein 10 — pg/ml 1209±1283 1069±787 798±501 1390±881

* Plus–minus values are means ±SD. There were no significant differences among groups. To convert the values for bilirubin 
to milligrams per deciliter, divide by 17.1. HCV denotes hepatitis C virus.

† The body-mass index is the weight in kilograms divided by the square of the height in meters.
‡ Race was self-reported.
§ Several patients had a mixture of HCV genotype 1a and HCV genotype 1b. One patient had a mixture of HCV genotype 1a 

and HCV genotype 3a.
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5 mg per kilogram, and 3.0 (P = 0.002) for those 
receiving 7 mg per kilogram, as compared with a 
decline of 0.4 in the placebo group. A reduction 
in the HCV RNA level of at least 2 log10 IU per 
milliliter occurred in one patient (11%) in the 
group receiving 3 mg of miravirsen per kilogram 
and in six patients each (67%) in the groups re-
ceiving 5 mg or 7 mg of miravirsen per kilogram, 
as compared with none of the patients in the pla-
cebo group. Corresponding dose-dependent phar-
macokinetic profiles are shown in Figure 3 in the 
Supplementary Appendix.

Figure 3 shows the reductions in HCV RNA 
levels among individual patients during the ad-
ministration of miravirsen and after initiation of 
pegylated interferon and ribavirin. In five patients, 
the use of miravirsen alone resulted in undetect-
able HCV RNA (i.e., <12 IU per milliliter). Of these 
patients, one who received 5 mg of miravirsen per 
kilogram had undetectable HCV RNA at study 
week 14 but subsequently had an HCV RNA level 
of 3180 IU per milliliter at week 18. The other 
four patients, who received 7 mg of miravirsen per 
kilogram, had undetectable HCV RNA at study 
week 5 (in one patient), week 6 (in one patient), 

or week 14 (in two patients). In the two patients 
with undetectable HCV RNA at weeks 5 and 6, the 
HCV RNA levels remained undetectable up to and 
including week 10. Subsequently, one patient had 
a detectable HCV RNA level of 6230 IU per mil-
liliter at week 12, and the other started therapy 
with pegylated interferon and ribavirin at week 
10 and remained without detectable HCV RNA 
through the end of study (week 18). Of the two 
patients with undetectable HCV RNA levels at week 
14, one continued to have undetectable HCV RNA 
throughout the study, and the other had a low 
HCV RNA level of 80 IU per milliliter at week 18.

Virologic rebound, which is defined as an in-
crease exceeding 1 log10 in the HCV RNA level 
over nadir, occurred after the discontinuation of 
miravirsen in 1 patient receiving 3 mg of the 
drug per kilogram (at week 18), in 5 patients re-
ceiving 5 mg of the drug per kilogram (3 patients 
at week 10, 1 at week 14, and 1 at week 18), and 
in 3 patients receiving 7 mg of the drug per kilo-
gram (at weeks 12, 14, and 18). We did not de-
tect resistance-associated mutations in the two 
miR-122 seed sites of the HCV genome in any of 
the 36 patients. We observed no apparent relation-
ships between the declines in HCV RNA levels 
and factors that have previously been associated 
with such declines, including the IL28B genotype 
(rs12979860), baseline serum interferon-inducible 
protein 10 (IP-10) levels, baseline viral load, the 
presence of HCV genotypes 1a or 1b, and other 
baseline characteristics of the patients.

Safety

Of the 112 adverse events that were recorded for 
patients receiving miravirsen, 93 were grade 1, 
17 were grade 2, and 2 were grade 3. Of the  
31 adverse events recorded for patients receiving 
placebo, 23 were grade 1, 7 were grade 2, and  
1 was grade 3 (thrombocytopenia, which was  
assessed by the investigator as moderate in sever-
ity). There were no dose-limiting toxic effects or 
treatment discontinuations because of adverse 
events (Table 2).

During the 18-week study period, five patients 
in the miravirsen groups (two receiving 3 mg per 
kilogram, 1 receiving 5 mg per kilogram, and 
two receiving 7 mg per kilogram) and two pa-
tients in the placebo group had adverse events of 
moderate severity. These events included single 
occurrences of headache, otitis externa, pelvic 
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Figure 2. Change from Baseline in HCV RNA Levels.

Shown are the mean changes in HCV RNA levels from baseline for patients 
receiving 3 mg, 5 mg, or 7 mg of miravirsen per kilogram of body weight, 
as compared with placebo. Miravirsen was administered in five weekly sub-
cutaneous injections during the first 29 days of the study (gray shading). 
The dashed line indicates no change from baseline. The HCV RNA levels 
during the use of pegylated interferon and ribavirin in some patients were 
not included in this analysis.
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bone injury after a fall, syncope, and flulike 
symptoms (after starting pegylated interferon and 
ribavirin) among the miravirsen-treated patients, 
and headache and a hand abscess among the 
placebo-treated patients. The only severe event dur-
ing the study was loss of consciousness in one 
patient 9 weeks after the last dose of 7 mg of 

miravirsen per kilogram, which occurred after a 
fall and also resulted in pelvic bone injury. This 
severe event was designated as a serious adverse 
event, since the patient was hospitalized overnight 
for observation. 

Injection-site reactions that included a combi-
nation of erythema, pruritus, persistent induration, 
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Figure 3. HCV RNA Levels for Individual Patients, According to Study Group.

Miravirsen or placebo was administered in five weekly subcutaneous injections during the first 29 days of the study (gray shading). The 
dashed curves in the data points represent HCV RNA levels after the initiation of therapy with pegylated interferon and ribavirin in 12 patients. 
The lower limit of detection (LLOD) was 12 IU (or 1.08 log10 IU) per milliliter. In the group receiving 3 mg of miravirsen per kilogram, 
two patients had decreases in HCV RNA levels below the LLOD after the initiation of pegylated interferon and ribavirin. In the group receiving 
5 mg of miravirsen per kilogram, undetectable HCV RNA levels occurred at week 14 in one patient who was treated with miravirsen alone 
and at week 18 in one patient who started pegylated interferon and ribavirin after week 10. In the group receiving 7 mg of miravirsen per  
kilogram, four patients had undetectable HCV RNA levels with miravirsen alone: one at week 5, one at week 6, and two at week 14. Therapy 
with pegylated interferon and ribavirin was initiated in two patients receiving placebo (both after the week 7 visit), in five patients receiving 
3 mg of miravirsen per kilogram (two after week 7, one after week 8, and two after week 14), in three patients receiving 5 mg of miravirsen 
per kilogram (all after the week 10 visit), and in two patients receiving 7 mg of miravirsen per kilogram (also all after the week 10 visit).
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or a burning sensation are characteristic of oligo-
nucleotide drugs and were reported in two pa-
tients in our study, both in the group receiving 
7 mg of miravirsen per kilogram. These injection-
site reactions were self-limited or resolved with 
minimal treatment. No systemic allergic reactions 
were observed. There were no deaths.

Among patients receiving miravirsen, biochem-
ical safety profiles indicated a sustained decrease 
in levels of serum alanine aminotransferase (Fig. 
4A in the Supplementary Appendix), aspartate 
aminotransferase, and γ-glutamyl transpeptidase. 
Clinically insignificant increases in levels of se-

rum alkaline phosphatase and creatinine that were 
not dose-dependent were noted among most 
patients in all three groups receiving miravirsen. 
None of these increases exceeded the criteria for 
grade 1 toxicity, according to the Common Termi-
nology Criteria for Adverse Events, version 4.0. 
No clinically significant changes in hemoglobin 
levels or total white-cell counts were noted dur-
ing miravirsen administration. There were mean 
increases of 8 to 10% above baseline in platelet 
counts among patients receiving miravirsen, but 
there were no clinically significant changes in 
prothrombin time or activated partial thrombo-
plastin time. No patient stopped miravirsen treat-
ment or required a dose reduction because of labo-
ratory abnormalities. As expected, a decrease in 
the serum total cholesterol level was found (Fig. 
4B in the Supplementary Appendix). There were no 
changes in the ratio of low-density lipoprotein 
cholesterol to high-density lipoprotein cholesterol.

Discussion

In this study, five weekly injections of miravirsen, 
an antisense inhibitor of miR-122, produced a 
dose-dependent and prolonged decrease in HCV 
RNA levels in patients with chronic HCV geno-
type 1 infection. In some patients, undetectable 
HCV RNA levels were achieved. We observed no 
evidence of viral resistance.

Patients receiving miravirsen had reductions in 
aminotransferase levels, in contrast to the in-
creased levels reported in those receiving phos-
phorothioate antisense compounds in previous 
studies.18 Miravirsen treatment did not result in 
clinically significant changes in renal function or 
increases in the activated partial thromboplastin 
time. A gradual and prolonged non–dose-depen-
dent reduction in cholesterol levels was observed 
in accordance with the effects of miR-122 antago-
nism on cholesterol homeostasis, consistent with 
data from previous studies in mice and nonhu-
man primates.17,19-21

Studies of miravirsen in animals have not 
indicated any adverse effects associated with the 
sequestration of miR-122 and subsequent up-
regulation of miR-122–regulated target mRNAs, 
suggesting that short-term inhibition of miR-122 
is safe.17,19,22 The degree of modulation of most 
miR-122–regulated target mRNAs is relatively 

Table 2. Adverse Events.*

Event Miravirsen
Placebo 
(N = 9)

3 mg/kg
(N = 9)

5 mg/kg 
(N = 9)

7 mg/kg
(N = 9)

Any adverse event

Patients — no. (%) 8 (89) 7 (78) 8 (89) 7 (78)

Events — no. 29 32 51 31

Moderate or severe adverse event

Patients — no. (%) 2 (22) 1 (11) 2 (22) 2 (22)

Events — no. 2 1 3 2

Most common adverse events  
— no. of patients (%)†

Headache 3 (33) 2 (22) 4 (44) 3 (33)

Fatigue 1 (11) 3 (33) 4 (44) 3 (33)

Nasopharyngitis 3 (33) 2 (22) 1 (11) 2 (22)

Nausea 0 1 (11) 3 (33) 1 (11)

Rash 0 2 (22) 2 (22) 1 (11)

Diarrhea 2 (22) 0 0 1 (11)

Myalgia 0 2 (22) 1 (11) 1 (11)

Flulike symptoms 2 (22) 0 1 (11) 1 (11)

Pruritus 0 1 (11) 2 (22) 1 (11)

Injection-site event‡

Classic reaction 0 0 2 (22) 0

Other event 1 (11) 0 3 (33) 0

* Listed are all adverse events that were reported throughout the 18-week study 
period regardless of whether patients were receiving pegylated interferon and 
ribavirin along with the study drug.

† The events listed in this category occurred in at least 15% of the patients in any 
study group.

‡ Classic reactions are those that are characteristic of oligonucleotide drugs; these 
include erythema, pruritus, persistent induration, and a burning sensation. Other 
events include any other injection-site reactions, including pain and hematoma.
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small and could explain the good side-effect pro-
file. In contrast, the effects of miR-122 sequestra-
tion appear to result in a more substantial change 
in HCV RNA levels. The expression of several miR-
122–regulated host genes has been implicated in 
the development of hepatocellular carcinoma, sug-
gesting that miR-122 has tumor-suppressive ef-
fects. Although a direct causal relationship be-
tween sustained loss of miR-122 function and 
hepatocellular carcinoma remains to be deter-
mined, down-regulation of miR-122 has been de-
scribed in hepatocellular carcinoma, with lower 
miR-122 levels correlating with a poor progno-
sis.23-26 However, Varnholt et al.27 have reported 
the up-regulation of miR-122 in HCV-induced 
hepatocellular carcinoma, suggesting that the role 
of miR-122 in HCV-derived hepatocellular carci-
noma could be different from that in hepatocel-
lular carcinomas not associated with HCV. Re-
gardless, short-term inhibition of miR-122 by 
miravirsen was shown to be reversible.

Reduced intrahepatic miR-122 levels, possibly 
related to higher expression of interferon-regu-
lated genes, have been observed in patients who 
did not have a virologic response to interferon-
based therapy.28 However, other studies have not 
shown any association between intrahepatic inter-
feron-regulated genes and miR-122 expression.29 
We did not find a clear association between viro-
logic response to miravirsen and baseline IP-10 
levels, IL28B genotype, or any other host and viral 
factors assessed in this study. However, the power 
of our study to identify factors associated with 
virologic response was limited because of the small 
sample size.

Our results are relevant to the consideration 
of miravirsen as a potential treatment for HCV 
infection. First, the miR-122 HCV binding sites 
are highly conserved, allowing the use of mira-
virsen in all HCV genotypes.15 Second, we have not 
observed evidence of escape mutations in HCV 
RNA in primates or humans treated with mira-
virsen, indicating a high genetic barrier to resis-
tance.17 Third, the pharmacokinetic profile of 
miravirsen, with a gradual increase in trough 
levels representing hepatic accumulation and a 
prolonged tissue clearance half-life, allows once-
monthly regimens, favoring patient compliance. 
Unlike the currently approved protease inhibitors, 
miravirsen is not a substrate for cytochrome 

P-450 and is therefore not expected to have sig-
nificant drug–drug interactions.

Five patients receiving short-term miravirsen 
alone had undetectable HCV RNA levels, indicat-
ing the potential of miravirsen as monotherapy for 
chronic HCV infection. However, four of these 
five patients had a rebound in viral levels at the 
end of the study, indicating that four weeks of 
administration of miravirsen (at a weekly dose of 
7 mg per kilogram) was insufficient to achieve a 
sustained virologic response in these patients. It 
is not clear whether regimens of miravirsen of 
longer duration could achieve a sustained viro-
logic response; we are currently testing the effect 
of a 12-week regimen (ClinicalTrials.gov number, 
NCT01727934). A sustained virologic response 
has been achieved in several patients treated with 
an interferon-free regimen that combined direct-
acting antiviral agents.8,30 It is possible that mira-
virsen could be used as a host-targeting agent to 
increase the antiviral efficacy of such combina-
tion regimens by providing a continuous barrier 
to viral breakthrough, an approach that would 
seem worth testing, given the rapid clearance of 
direct-acting antiviral agents, potential issues of 
compliance with increased pill burden of current 
treatment regimens, and selection of resistance-
associated mutations.

Because of the wide applicability of antisense 
therapy, the strategy we have described here may 
also be relevant for diseases other than chronic 
HCV infection. Within the field of hepatology, the 
inhibition of miR-122 has been associated with an 
improvement of steatosis in a mouse model of 
diet-induced obesity, suggesting a role for miR-122 
antagonism in the treatment of nonalcoholic fatty 
liver disease.20 Within other fields, therapeutic 
silencing of disease-associated miRNAs in pre-
clinical studies of cancer and of cardiovascular 
and autoimmune disorders has delivered results 
that warrant clinical investigation.31-33

In conclusion, miravirsen administered in five 
weekly subcutaneous injections over 29 days to 
patients with chronic HCV infection resulted in 
significant virologic responses. With this study, 
we have shown a therapeutic effect by targeting 
a noncoding host miRNA.
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