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Abstract: On June 8, 2018, an NS3/4A protease inhibitor called danoprevir was approved in

China to treat the infections of HCV genotype (GT) 1b – the most common HCV genotype

worldwide. Based on phase 2 and 3 clinical trials, the 12-week regimen of ritonavir-boosted

danoprevir (danoprevir/r) plus peginterferon alpha-2a and ribavirin offered 97.1% (200/206)

of sustained virologic response at post-treatment week 12 (SVR12) in treatment-naïve non-

cirrhotic patients infected with HCV genotype 1b. Adverse events such as anemia, fatigue,

fever, and headache were associated with the inclusion of peginterferon alpha-2a and

ribavirin in the danoprevir-based regimen. Moreover, drug resistance to danoprevir could

be traced to amino acid substitutions (Q80K/R, R155K, D168A/E/H/N/T/V) near the drug-

binding pocket of HCV NS3 protease. Despite its approval, the clinical use of danoprevir is

currently limited to its combination with peginterferon alpha-2a and ribavirin, thereby

driving its development towards interferon-free, ribavirin-free regimens with improved

tolerability and adherence. In the foreseeable future, pan-genotypic direct-acting antivirals

with better clinical efficacy and less adverse events will be available to treat HCV infections

worldwide.
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Introduction
According to the WHO report in 2019, 71 million people are infected with the

hepatitis C virus (HCV) worldwide. The population of HCV-infected patients in

China was approximately 9.8 (6.6 to 10.8) million in 2015.1 Chronic HCV infec-

tions are known to damage and inflame the liver, leading to the development of

cirrhosis and liver cancer.2 For this reason, effective anti-HCV therapeutic strate-

gies are critical for the management of HCV.3–10

As a hepacivirus from the Flaviviridae family, HCV is a positive-sense, single-

stranded RNA virus that contains a linear genome (approximately 9600 nucleotide

bases) encoding 10 viral proteins.3 Due to the high genetic heterogeneity of the

HCV genome, HCV strains can be classified into 8 genotypes (GT-1 to GT-8) and

more than 80 subtypes.11 Globally, the most common genotype is GT-1, followed

by GT-3 and GT-2, but genotype distribution varies in different countries.1 Based

on a large-scale cohort of 32,030 HCV-infected patients, dominant HCV subtypes

in Mainland China are characterized by GT-1b (prevalence = 52.2%), GT-2a

(28.7%), GT-3b (7.1%), GT-6a (6.4%), and others.12 Pan-genotypic regimens
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against different HCV genotypes are highly

recommended,3,5,8-10 because of the significant regional

divergence of HCV genotypes.1,13

Many antivirals have been developed to treat HCV

infections during the past decade.3–7 Of interest, inter-

feron-free, all-oral regimens harboring direct-acting anti-

virals (DAAs) offer high clinical efficacies (>90%) to

“cure” HCV infections.3,14,15 As of January 2020, more

than 10 DAAs have been marketed in the USA, while

eight DAA-based therapies have been approved by the

National Medical Products Administration in China,

including (i) asunaprevir soft capsules (Sunvepra®)

approved in April 2017; (ii) daclatasvir hydrochloride

tablets (Daklinza®) approved in June 2017; (iii) simeprevir

capsules (Olysio®) approved in August 2017; (iv) sofos-

buvir tablets (Sovaldi®) approved in September 2017; (v)

ombitasvir, paritaprevir plus ritonavir tablets (Viekirax®)

approved in September 2017; (vi) elbasvir and grazoprevir

tablets (Zepatier®) approved in April 2018; (vii) sofosbu-

vir and velpatasvir tablets (Epclusa®) approved in

May 2018; and (viii) danoprevir sodium tablets

(Ganovo®) approved on June 8, 2018.

A decade ago, interferon treatments were standards of

care for HCV-infected patients.16 However, there is a switch

from interferons to DAAs which offer better clinical efficacy

and less adverse events. Danoprevir (ITMN-191, R7227) is

a macrocyclic small-molecule inhibitor (Movie 1) that blocks

the catalytic activity of HCV NS3 protease.17 To treat geno-

type 1b HCV in treatment-naïve non-cirrhotic adults, dano-

previr was approved in China for its use with ritonavir,

peginterferon alpha-2a, and ribavirin for 12 weeks (Figure

1A). The clinical efficacy of this danoprevir-based regimen

reached 97.1% (Figure 1B).

Here, we provide a comprehensive overview of dano-

previr regarding its discovery, mechanisms of action, clin-

ical efficacy, drug resistance, pharmacokinetics, and

pharmacodynamics. Since danoprevir is now marketed in

China, the clinical use of danoprevir will be highlighted in

HCV-infected Chinese patients.

Discovery of Danoprevir
In 1996, the first crystal structure of the HCV NS3/4A

protease was reported.18,19 This supported the structure-

based design and optimization of HCV protease inhibitors

such as danoprevir, simeprevir, telaprevir, and

grazoprevir.3,20 Computational algorithms could screen

large compound libraries to predict lead compounds that

interact with the target of HCV NS3/4A protease. Similar

to the discovery of HIV protease inhibitors,5 in silico screen-

ing of lead compounds targeting the catalytic site of HCV

NS3 protease led to the discovery of danoprevir.21 (Movie 1)

The discovery of danoprevir is briefly summarized herein

(Figure 2).21 Based on the principle that a peptide inhibitor

could structurally mimic NS3-cleaved peptides to inhibit

catalytic activities of HCV NS3 protease, a series of HCV

NS3 inhibitors were screened from a virtual library harboring

tetrapeptides with a carboxylic acid headgroup and diverse

sidechains. Subsequent optimizations were achieved by

modifications in the P1′, P2, and P3 groups of lead com-

pounds. First, a series of initial tetrapeptide inhibitors with

the carbamate attached to the P2 hydroxyproline were iden-

tified as potent hits from the structural-based screening.

A lead compound with the tetrahydroisoquinoline carbamate

was subsequently identified by enzymatic assays. Second,

reconstructing a macrocyclic structure in the initial tetrapep-

tide inhibitors reduced the solvent-exposed polar surface

area. The macrocyclization led to a macrocyclic tripeptide

mimetic compound with better cell permeability, metabolic

stability, and antiviral potency. Third, the carboxylic acid

headgroup was subsequently replaced by an acid bioisostere

acylsulfonamide that enhanced enzymatic and cellular

potency (>2 fold changes). Fourth, potency and pharmaco-

kinetic properties were further optimized by the modification

of P2 isoindoline near the HCV NS3 active site, leading to

the discovery of danoprevir (Figure 2).

Danoprevir was originally designed by InterMune, and

its US patent (ID: 7,491,794 B2) was filed on October 13,

2004. In October 2010, Roche purchased the exclusive

license of danoprevir for its global development and com-

mercialization rights.17 In April 2013, Roche made an

agreement with Ascletis Pharmaceutical, a Chinese bio-

technology company located in Hangzhou, for the co-

development of danoprevir in China. Under the agreement

terms, Ascletis is fully responsible for its commercializa-

tion in China while Roche would receive royalties in

return.17 The US patent of danoprevir will expire on

October 13, 2024.

Mechanism of Action
The drug target of danoprevir is HCV NS3 which consists

of a zinc-dependent serine protease at the N terminus

(amino acids: 1 to 180) and an ATP-dependent RNA heli-

case at the C terminus (amino acids: 181 to 631) (Figure 3).

During the viral maturation, HCV NS3 serine protease is an

indispensable enzyme that cleaves HCV precursor polypro-

teins at four junctions (NS3-NS4A, NS4A-NS4B, NS4B-
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NS5A, NS5A-NS5B). This catalytic processing thereby

releases five non-structural viral proteins (NS3, NS4A,

NS5B, NS5A, NS5B) for their subsequent maturation. The

activation of NS3 protease indispensably requires the bind-

ing of its cofactor NS4A, which is a single-pass transmem-

brane protein that locates and stabilizes NS3 protease facing

towards the cytosol (Figure 3A). NS3 helicase coupled with

adenosine triphosphate (ATP) is responsible for the RNA

translocation and unwinding.22

HCV NS3 protease is the therapeutic target of many

approved inhibitors such as danoprevir, boceprevir, telapre-

vir, paritaprevir, grazoprevir, and simeprevir.3 As illustrated

in Figure 3A, these inhibitors target the same drug-binding

pocket of NS3 at the catalytic site harboring three catalytic

triad residues (H57, D81, S139). Similar to other macrocyc-

lic inhibitors such as simeprevir and paritaprevir, danoprevir

noncovalently binds to the catalytic site and competes with

NS3 substrates. This intervention blocks the NS3-mediated

A Danoprevir-based regimen

12-week treatment

Ribavirin (1000 or 1200 mg/day)

Peginterferon alpha-2a (180 μg/week)

63.0% (17/27) 

66.7% (2/3) 

73.9% (17/23)

50% 60% 70% 80% 90% 100%

SVR24

SVR12

SVR12

SVR24

Sustained virologic response 

Clinical efficacy of danoprevirB

GT-1b

GT-1a

97.1% (200/206)

Baseline

Danoprevir (100 mg/twice daily)

Ritonavir (100 mg/twice daily)

Treatment-free for 12 weeks
SVR12
(97.1%)

Figure 1 Clinical use of danoprevir. (A) The approved use of danoprevir (100 mg twice daily) plus ritonavir (100 mg twice daily), peginterferon alpha-2a (180 μg once weekly
subcutaneous injection), and ribavirin (1000 mg/day for bodyweight <75 kg, 1200 mg/day for ≥75 kg, twice daily divided dose) for 12 weeks. Sustained virologic response at

12-week posttreatment (SVR12) is defined by the undetectable level of HCV RNA (<15 IU/mL) after a treatment-free period for 12 weeks. (B) Clinical efficacy of the

approved danoprevir-based regimen in the treatment of non-cirrhotic treatment-naïve patients infected with HCV genotype 1a or 1b. Clinical data of SVR12 and SVR24 are

retrieved from Table 1.
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Table 1 Clinical Efficacy of Danoprevir 100 mg in Major Clinical Trials of GT-1

Cirrhosis Prior

Treatment

SVR12 SVR24 Study Study

Location

Ref.

GT-1 GT-1a GT-1b GT-1 GT-1a GT-1b

Danoprevir/r (100 mg/100 mg) twice daily plus peginterferon alpha-2a and ribavirin for 12 weeks

Non-

cirrhosis

Naïve 97.1%

(136/140)

66.7%

(2/3)

97.8%

(134/137)

– – – MANASA

(Phase 3)

China [26]

Naïve 96.0%

(66/69)

– 96.0%

(66/69)

– – – MAKALU

(Phase 2)

China [29]

Naïve – – – 68.0%

(34/50)

63.0%

(17/27)

73.9%

(17/23)

DAUPHINE

(Phase 2b)

Americas,

Europe,

UK

[28]

Null

response

– – – 66.7%

(16/24)

25.0%

(2/8)

87.5%

(14/16)

NCT01185860

(Phase 1)

New

Zealand,

France,

Poland

[33]

Danoprevir/r (100 mg/100 mg) twice daily plus peginterferon alpha-2a and ribavirin for 24 weeks

Non-

cirrhosis

Naïve – – – 77.6%

(66/85)

69.6%

(39/56)

93.1%

(27/29)

DAUPHINE

(Phase 2b)

Americas,

Europe,

UK

[28]

Partial

response

– – – 51.0%

(25/49)

29.6%

(8/27)

77.3%

(17/22)

MATTERHORN

(Phase 2)

Americas,

Europe,

Australia

[32]

Cirrhosis Naïve – – – 40.9%

(9/22)

7.7%

(1/13)

88.9%

(8/9)

RUSHMORE

(Phase 2a)

USA,

Canada,

Europe,

Australasia

[25]

Danoprevir/r (100 mg/100 mg) twice daily plus ravidasvir 200 mg once daily and ribavirin for 12 weeks

Non-

cirrhosis

Naïve 100.0%

(38/38)

100.0%

(1/1)

100.0%

(37/37)

100.0%

(37/37)

– – EVEREST

(Phase 2)

China [30]

Naïve 99.0%

(306/309)

– – – – – NCT03362814

(Phase 2/3)

China [27]

Danoprevir/r (100 mg/100 mg) twice daily plus mericitabine (1000 mg twice daily) and peginterferon alpha-2a/ribavirin for 24 weeks

Non-

cirrhosis

Partial

response

– – – 86.0%

(43/50)

75.0%

(18/24)

96.2%

(25/26)

MATTERHORN

(Phase 2)

Americas,

Europe,

Australia

[32]

Null

response

– – – 80.5%

(62/77)

68.1%

(32/47)

100.0%

(30/30)

Cirrhosis Null

response

– – – 61.1%

(11/18)

50.0%

(4/8)

70.0%

(7/10)

RUSHMORE

(Phase 2a)

USA,

Canada,

Europe,

Australasia

[25]

(Continued)
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proteolytic cleavages (Movie 2), thereby preventing viral

maturation and replication.

Assuming a two-step mechanism, the surface plasmon

resonance biosensor-based analysis showed the equili-

brium dissociation constants (KD) of danoprevir to the

NS3 protease (without the NS4A cofactor) in GT-1a (KD

= 2.5 nM), GT-1b (1.6 nM), and GT-3a (21 nM).23

Moreover, the KD values of danoprevir to the NS3/4A

protease were 4.0 nM and 6.5 nM in GT-1a and GT-1b,

respectively.23 The binding of danoprevir to NS3 protease

is characterized by the slow and tight association and an

extremely slow dissociation, thereby allowing the persis-

tent inhibition of NS3 protease activity.23,24

Clinical Efficacy
The clinical efficacy of danoprevir has been evaluated by

nine clinical studies (Table 1). In addition to the

RUSHMORE study (phase 2a, NCT01483742) which

recruited cirrhotic patients,25 the other eight studies

reported the clinical efficacy of danoprevir in non-

cirrhotic patients, including the MANASA study (phase

3, NCT03020082),26 a phase 2/3 study (NCT03362814),27

the DAUPHINE study (phase 2b, NCT01220947),28

the MAKALU study (phase 2, NCT03020004),29 the

EVEREST study (phase 2, NCT03020095),30 the

INFORM-SVR study (phase 2, NCT01278134),31

a phase 2 study (NCT01331850),32 and a phase 1 study

(NCT01185860).33 Among these studies, the approved

danoprevir-based regimen (danoprevir 100 mg twice

daily (BID) plus ritonavir 100 mg twice daily; peginter-

feron alpha-2a 180 μg once weekly; and ribavirin

1000 mg/day for bodyweight <75 kg, 1200 mg/day for

≥75 kg, twice daily for 12 weeks) in treatment-naïve non-

cirrhotic patients was evaluated by the MANASA study,26

the MAKALU study,29 the DAUPHINE study,28 and

a phase 1 study (NCT01185860).33

In the MANASA study (phase 3), 141 treatment-naïve

non-cirrhotic adults infected with either HCV GT-1a (n = 3)

or GT-1b (N = 138) were recruited from 23 medical centers

in China and 140 (99.3%) patients completed the full course

of the approved danoprevir regimen.26 Detection of sus-

tained virologic response (HCV RNA <15 IU/mL) at post-

treatment week 12 (SVR12) was observed in 136 (97.1%)

patients. The drug-related serious adverse events included

alanine aminotransferase elevation and liver dysfunction.26

In theMAKALU study (phase 2), 70 treatment-naïve non-

cirrhotic patients infected with HCV GT-1b were recruited in

China and 69 (98.6%) patients completed the 12-week treat-

ment of the approved danoprevir regimen.29 One patient dis-

continued the therapy due to adverse events. SVR12 was

observed in 66 (96.0%) of 69 patients, and a virologic break-

through was not observed. The common adverse events were

nausea and diarrhea (approximately 10%).29

In the DAUPHINE study (phase 2b), treatment-naïve non-

cirrhotic adults infectedwith either HCVGT-1a (n = 244), GT-

1b (n = 135), GT-3 (n = 1), or GT-4 (n = 33) randomly received

different doses of danoprevir (50 mg, 100 mg, 200 mg) plus

ritonavir, peginterferon alpha-2a, and ribavirin.28 After the 12-

week treatment of danoprevir/r (100 mg/100 mg) plus pegin-

terferon alpha-2a and ribavirin, SVR24 rates were 63.0% (17/

27), 73.9% (17/23), and 100.0% (6/6) against GT-1a, GT-1b,

and GT-4 (Table 2), respectively.28 Moreover, headache, fati-

gue, and pyrexia were the most common adverse events

(>30%).28 Incidences of adverse events such as fatigue,

Table 1 (Continued).

Cirrhosis Prior

Treatment

SVR12 SVR24 Study Study

Location

Ref.

GT-1 GT-1a GT-1b GT-1 GT-1a GT-1b

Danoprevir/r (100 mg/100 mg) twice daily plus mericitabine (1000 mg twice daily) and ribavirin for 24 weeks

Non-

cirrhosis

Naïve 39.4%

(26/66)

– – 37.9%

(25/66)

25.0%

(11/44)

63.6%

(14/22)

INFORM-SVR

(Phase 2)

USA, New

Zealand,

France,

Germany

[31]

Partial

response

– – – 46.2%

(24/52)

51.7%

(15/29)

39.1%

(9/23)

MATTERHORN

(Phase 2)

Americas,

Europe,

Australia

[32]

Null

response

– – – 45.5%

(35/77)

40.0%

(18/45)

53.1%

(17/32)
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myalgia, and chills were similar between the danoprevir/r plus

peginterferon alpha-2a/ribavirin arm and the peginterferon

alpha-2a/ribavirin arm.28

The accumulated data from the MANASA study

(phase 3),26 the DAUPHINE study (phase 2b),28 and

a phase 1 study (NCT01185860)33 suggested that the

most common adverse events were anemia (48.5%), fati-

gue (36.3%), fever (35.5%), and headache (32.4%).

Table 3 summarizes the important adverse events of the

danoprevir-based regimen in the aforementioned three

clinical trials. Many adverse events have already been

reported in HCV-infected patients who received the regi-

men of peginterferon alpha-2a plus ribavirin (Table 3).

Therefore, the clinical use of danoprevir/r + peginterferon

alpha-2a + ribavirin should be closely monitored and dose

reduction or treatment discontinuation may be considered.

(1) (2) (3)

(6) Danoprevir (5) (4)

P2 substituent

Virtual screening

Carbamate

P2P2

Enzymatic assay

P2
Tetrahydroisoquinoline

IC50 = 210 nM
EC50 > 10 μM

(GT-1)

Macrocyclization

MacrocycleAcylsulfonamide

 modification

IC50 = 177 nM
EC50 = 2.3 μM

(GT-1)

IC50 = 2.2 nM
EC50 = 17.5 nM

(GT-1)

IC50 ≤ 3.5 nM for all HCV genotypes 
EC50 = 1.6 nM (GT-1), 20 nM (GT-2, GT-3)

P2 modification

P2
O(CO)(4 -F-isoindoline)

P3

Structural-based design

Step 1 Step 2

Step 3

Step 4Step 5

Figure 2 Structure-based design and discovery of danoprevir. This Figure is adapted from Jiang Y, Andrews SW, Condroski KR et al Discovery of danoprevir (ITMN-191/R7227),

a highly selective and potent inhibitor of hepatitis C virus (HCV) NS3/4A protease. J Med Chem. 2014;57(5):1753–1769. Copyright (2014) American Chemical Society.21
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Moreover, adverse events of danoprevir are yet to be

evaluated by single-drug arms in clinical trials.

In addition to the approved regimen, danoprevir in com-

binational therapeutics were also examined by several clin-

ical trials. For instance, (i) danoprevir/r plus ravidasvir

(NS5A inhibitor) and ribavirin in the EVEREST study

offered 100% of SVR12 and SVR24 in treatment-naïve non-

cirrhotic HCV GT-1-infected patients who received

danoprevir/r (100 mg/100 mg twice daily) plus ravidasvir

(200 mg once daily) and ribavirin for 12 weeks.30 This

regimen also exhibited a high rate of SVR12 (99%, 306/

309) in another phase 2/3 trial (NCT03362814).27 (ii)

Danoprevir/r plus mericitabine (NS5B inhibitor) and pegin-

terferon alpha-2a/ribavirin for 24 weeks in the

MATTERHORN study offered a high rate of SVR24

(98.2%, 55/56) in non-cirrhotic HCV GT-1b-infected

S2

S3

Danoprevir

S3

S2

Paritaprevir

S3

S2

Simeprevir

NS4A

NS3
S2

S1S3

S4
S1

S3

S4

S2

Drug binding pocket

NS3

A

Danoprevir

ER lumen

Cytosol

90°C

B

Figure 3 Drug binding pocket of danoprevir in the HCV NS3/4A complex. (A) Surface visualization of HCV NS3/4A with its inhibitor danoprevir (PDB: 4B76, 5EQR). The

binding of NS4A to the endoplasmic reticulum membrane is presented by a schematic model. The drug-binding pocket of danoprevir is highlighted at the right. Four surface

areas S1 to S4 are colored by pink, gray, cyan, and purple, respectively. (B) Chemical structures of danoprevir, paritaprevir, and simeprevir. Differences of three inhibitors are

highlighted in blue, and colored cycles represent the S1 and S2 surface regions within the drug-binding pocket of HCV NS3 protease. Protein structures are visualized using

the PyMOL V1.7 (https://pymol.org).
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patients who previously experienced partial or null

responses.32 Another phase 2b study (RUSHMORE)

reported SVR24 (61.1%, 11/18) of the above regimen in

cirrhotic HCV GT-1-infected patients who previously exhib-

ited null responses.25 (iii) Danoprevir/r plus mericitabine and

ribavirin for 24 weeks offered SVR24 <65% in non-cirrhotic

Table 2 Clinical Efficacy of Danoprevir 100 mg in Patients Infected with HCV GT-4

Cirrhosis Prior Treatment SVR24 Study Study Location Ref.

GT-4

Danoprevir/r (100 mg/100 mg) twice daily plus peginterferon alfa-2a and ribavirin for 12 weeks

Non-Cirrhosis Naïve 100.0% (6/6) DAUPHINE (Phase 2b) Americas, Europe, UK [28]

Danoprevir/r (100 mg/100 mg) twice daily plus peginterferon alfa-2a and ribavirin for 24 weeks

Non-Cirrhosis Naïve 100.0% (7/7) DAUPHINE (Phase 2b) Americas, Europe, UK [28]

Danoprevir/r (100 mg/100 mg) twice daily plus mericitabine 1000 mg twice daily and peginterferon alfa-2a/ribavirin for 24 weeks

Cirrhosis Null response 100.0% (2/2) RUSHMORE (Phase 2a) USA, Canada, Europe, Australasia [25]

Table 3 Adverse Events of Danoprevir/r (100 mg/100 mg) Twice Daily Plus Peginterferon Alpha-2a and Ribavirin in Major Clinical

Trials

Adverse Events Danoprevir/r (100 mg/100 mg) Twice Daily Plus Peginterferon

Alpha-2a and Ribavirin

PeginterferonAlpha-2a andRibavirin34–37

MANASA26

(N = 141)

DAUPHINE28

(N = 94)*

NCT0118586033

(N = 24)

% (Count/Total) % (Count/Total)

Anemia 76 (53.9%) – 4 (16.7%) 48.5% (80/165) 28.0% (662/2368)

Fatigue 52 (36.9%) 36 (38.3%) 6 (25.0%) 36.3% (94/259) 38.8% (1094/2821)

Fever 53 (37.6%) 33 (35.1%) 6 (25.0%) 35.5% (92/259) 28.1% (470/1675)

Headache 31 (22.0%) 38 (40.4%) 15 (62.5%) 32.4% (84/259) 45.0% (754/1675)

Myalgia – 23 (24.5%) 6 (25.0%) 24.6% (29/118) 27.0% (453/1675)

Decreased appetite – 23 (24.5%) – 24.5% (23/94) 19.4% (124/640)

Chills – 22 (23.4%) – 23.4% (22/94) 24.6% (46/187)

Insomnia – 22 (23.4%) – 23.4% (22/94) 39.9% (669/1675)

Dizziness 28 (19.9%) – – 19.9% (28/141) 4.9% (65/1333)

Arthralgia – 17 (18.1%) 6 (25.0%) 19.5% (23/118) 25.9% (166/640)

Diarrhea 25 (17.7%) 20 (21.3%) – 19.1% (45/235) 17.6% (33/187)

Alopecia – 14 (14.9%) – 14.9% (14/94) 28.3% (128/453)

Flu-like symptoms 25 (17.7%) – 4 (16.7%) 17.6% (29/165) 4.7% (63/1333)

Nausea 13 (19.5%) 23 (24.5%) 6 (25.0%) 16.2% (42/259) 34.9% (584/1675)

Rash – 15 (16.0%) – 16.0% (15/94) 14.7% (349/2368)

Pruritus – 14 (14.9%) – 14.9% (14/94) 20.2% (129/640)

Cough – 12 (12.8%) – 12.8% (12/94) 5.2% (69/1333)

Notes: *The DAUPHINE study reported the adverse events of danoprevir/r (100 mg/100 mg) BID plus peginterferon alpha-2a and ribavirin for 12 or 24 weeks. –: Data

were not available, or the proportions were less than 10%.
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HCV-infected patients based on two phase 2 studies:

INFORM-SVR31 and MATTERHORN (Table 1).32 The

above findings revealed the potential of danoprevir/r in inter-

feron-free regimens, but future studies are yet to evaluate the

interferon-free ribavirin-free regimens of danoprevir plus

other DAAs such as sofosbuvir.

Drug Resistance
Drug resistance mutations may significantly reduce the

potency of NS3 protease inhibitors.38 Table 4 summarizes

drug resistance mutations in HCV GT-1-infected patients

who experienced the treatment failure of the approved dano-

previr regimen. It is known that substitutions at amino acid

positions 36, 80, 155, 156, and 168 induce drug resistance to

simeprevir and paritaprevir.39 Given the similar chemical

structures of macrocyclic NS3/4A inhibitors (Figure 3B),

drug resistance profiles may share common features between

danoprevir, simeprevir, and paritaprevir.

In a phase 3 study, R155K (n = 1) and D168A (n

= 3) were observed in four treatment-naïve HCV GT-

1-infected patients who showed no SVR12 after receiv-

ing danoprevir/r plus pegylated-interferon alpha-2a and

ribavirin for 12 weeks.26 In the phase 2 study called

INFORM-SVR, R155K was detected in all danoprevir-

treated HCV GT-1a-infected patients (n = 97) at the

time of breakthrough, relapse, or discontinuation.31

D168A was also observed in HCV GT-1b-infected

patients with virological breakthrough or relapse.31

R155K and D168A could interrupt the favorable

cation-π stacking interactions between danoprevir and

the drug-binding pocket, thereby reducing the binding

affinity of danoprevir to HCV NS3 protease.40

Naturally occurring polymorphisms in different HCV

genotypes, such as Q168 in GT-3,38 could induce drug

resistance and prevent the pan-genotypic antiviral activity

of danoprevir.41 Three active site polymorphisms (R123T,

I132L, D168Q) are mainly responsible for the lost potency

of protease inhibitors against HCV GT-3.41 This finding

was supported by comparing the enzyme inhibition con-

stant (Ki) of danoprevir in different HCV strains: (i) Ki = 1

± 0.13 nM in a wildtype strain of GT-1a, (ii) Ki = 29.4 ±

3.4 nM in a GT-1a mutant with D168Q, (iii) Ki = 879 ± 39

nM in a wildtype strain of GT-3a, and (iv) Ki = 1056 ± 376

nM in a GT-1a mutant with R123T, I132L, and D168Q.41

Furthermore, GT-1a mutations on the surface area S2

showed modest to significant drug resistance to danopre-

vir, including R155K (EC50: 447 nM), D168A (153 nM),

D168E (75 nM), and A156V (63 nM).42

Based on clinical findings in the literature, amino acid

substitutions Q80K/R, R155K, and D168A/E/H/N/T/V are

likely associated with drug resistance to danoprevir (Table 4).

In treatment-failure patients, the most common mutation is

R155K (96.9% in GT-1a, 35.5% in GT-1b), followed by

D168A/E/H/N/T/V (4.8% in GT-1a, 70.8% in GT-1b), and

Q80K/R (20% in GT-1a, 7.1% in GT-1b). R155K is often

observed in GT-1a but not GT-1b because the amino acid

substitution from R to K only needs one nucleotide substitu-

tion in GT-1a (AGA to AAA), but two nucleotide

Table 4 Drug Resistance Mutations of Danoprevir in Clinical Studies

Mutations GT-1a Total GT-1b Total Study

R155K 96.5% (82/85)32 96.9% (217/224) 43.8% (14/32)32 35.5% (27/76) MATTERHORN (Phase 2)

75.0% (6/8)33 12.5% (1/8)33 NCT01185860

95.9% (47/49)28 42.9% (6/14)28 DAUPHINE (Phase 2b)

100.0% (78/78)31 26.3% (5/19)31 INFORM-SVR (Phase 2)

100.0% (4/4)25 33.3% (1/3)25 RUSHMORE (Phase 2a)

D168A/E/H/N/T/V 9.7% (3/31)28 4.8% (4/84) 65.6% (21/32)32 70.8% (46/65) MATTERHORN (Phase 2)

70.0% (7/10)28 DAUPHINE (Phase 2b)

1.9% (1/53)32 75.0% (3/4)25 RUSHMORE (Phase 2a)

78.9% (15/19)31 INFORM-SVR (Phase 2)

Q80K 20.0% (1/5)32 20.0% (1/5) 10.0% (1/10)28 10.0% (1/10) DAUPHINE (Phase 2b)

Q80R – – 6.3% (2/32)32 6.3% (2/32) MATTERHORN (Phase 2)
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substitutions are required in GT-1b (CGA to AAA).43 In

treatment-naïve GT-1b-infected patients, R155K (preva-

lence: 0%) is not a natural polymorphism conferring resis-

tance to danoprevir and the prevalence of D168A/E/H/N/T/V

is less than 1% (8/940).44,45 However, Q80R/K in non-1b

genotypes is a major concern because its estimated preva-

lence is 98.7% (299/303) in GT-6a,44 95.5% (84/88) in GT-

1a,45 and 0.6% (1/165) in GT-1b.44 An in vitro study reported

the resistance towards danoprevir by protease substitutions

Y56H and D168A,46 but Y56H could not be observed in the

six clinical studies above. In another in vitro study, D168E

and D168Y rapidly emerged during the phage-assisted con-

tinuous evolution of NS3/4A protease,47 while D168Y was

neither reported by clinical studies. This disagreement might

be due to inevitable differences between in vitro assays and

clinical subjects.

The above findings support the use of danoprevir

against GT-1b, but not GT-1a and GT-6a. Due to similar

inhibitory potentials between macrocyclic NS3/4A

inhibitors,48 it is not surprising that Q80K/R, R155K,

and D168A/E/H/N/T/V (Figure 4) are listed as drug resis-

tance mutations of macrocyclic NS3/4A protease inhibi-

tors such as simeprevir and paritaprevir.39 Based on the

resistance profiles, potent macrocyclic analogs with flex-

ible moieties at the P2 position (Figure 2) would maintain

active inhibition against HCV strains with drug resistance

mutations in NS3/4A protease.49

Table 5 summarizes the EC50 values and fold

changes of danoprevir-associated resistance mutants in

HCV-infected patients who received danoprevir. The

susceptibility to danoprevir was significantly reduced

by amino acid substitutions such as R155K/Q and

NS4A

NS3

A

Danoprevir

Protease domain

Helicase domain

R155K

D168A

Q80K
R155K

D168A

Q80K

Danoprevir

Danoprevir

H57

S139

D81

HS3 catalytic site Danoprevir-associated resistance mutations

90°C

B

Figure 4 HCV NS3 protease catalytic sites and drug resistance mutations. (A) Crystal structure of HCV NS3/4A protease with its inhibitor danoprevir (PDB: 4B76, 5EQR).

HCV NS3 protease, NS3 helicase, and the NS4A cofactor are colored by yellow, pink, and cyan, respectively. Crystal structure of danoprevir (PDB code: 5EQR). (B) NS3

catalytic site with three catalytic triad residues: H57, D81, and S139 (PDB code: 3SU0). Three amino acid substitutions (R155K, Q80K, D168A) associated with the drug

resistance of danoprevir (PDB codes: 3SU0, 3SU1). Protein structures are visualized using the PyMOL V1.7 (https://pymol.org).
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D168A/E/H/T/V (fold changes of EC50 >10). This

implies that 155 and 168 substitutions exert an impor-

tant impact on the potency of danoprevir.50

Based on the list of danoprevir-associated variants in

Table 5, we used HCV NS3 sequences from our previous

study38 to report the proportions of danoprevir-associated

Table 5 Drug Resistance Profiles of Danoprevir-Associated NS3 Mutations

NS3 Mutations EC50 (nM) Fold Changes* Replication Capacity Genotype Ref.&

I71V# 0.06 ± 0.01 0.57 – GT-1 [50]

Q80K 0.9 2.3 98% GT-1b [51]

Q80R 4.5 3.5 40% GT-1b [51]

R155K 135 447 40% GT-1b [51]

R155Q 6.3 ± 2.6 57 10% GT-1 [50,51]

A156T 4.8 41 30% GT-1b [51]

D168A 31 153 90% GT-1b [51]

D168E 6.1 75 34% GT-1b [51]

D168H 26 133 104% GT-1b [51]

D168N – – 67% GT-1b [51]

D168T 42 227 192% GT-1b [51]

D168V 10.4 ± 6.3 93 94% GT-1 [50,51]

V170I# 0.12 ± 0.06 1.05 – GT-1 [50]

Notes: *Fold changes were defined by EC50 of danoprevir for the resistant cells divided by the EC50 for the wild-type replicon or the DMSO-treated control cells. &The

transient replicon assay51 and the secreted luciferase phenotyping assay50 were used to assess the in vitro susceptibility of the NS3/4A mutants to danoprevir. #Note that

V at position 71 and I at the position 170 are the most prevalent amino acids in GT-1.

Table 6 Proportions of Danoprevir-Associated Variants in Six HCV Genotypes Based on NS3 Sequences in Literature38

Variants GT-1 GT-1a GT-1b GT-2 GT-3 GT-4 GT-5 GT-6

V71I# 36% 0.8% 85.8% 4.6% 0% 5.3% 0% 11.5%

Q80K 23.2% 40.2% 0.3% 0% 0% 0% 100.0% 36.5%

Q80R 0.6% 0.6% 0.6% 0% 0% 0% 0% 0%

R155K 0.6% 1% 0% 0% 0% 0% 0% 0%

R155Q 0% 0% 0% 0% 0% 0% 0% 0%

A156T 0% 0% 0% 0% 0% 0% 0% 0%

D168A 0% 0% 0% 0% 0% 0% 0% 0%

D168E 0.5% 0.4% 0.6% 0% 0% 0% 62.5% 3.8%

D168H 0% 0% 0% 0% 0% 0% 0% 0%

D168N 0% 0% 0% 0% 0% 0% 0% 0%

D168T 0% 0% 0% 0% 0% 0% 0% 0%

D168V 0% 0% 0% 0% 0% 0% 0% 0%

I170V# 28.8% 3.5% 64% 2.8% 6.1% 97.4% 25% 50%

Note: #Note that V at position 71 and I at the position 170 are the most prevalent amino acids in GT-1.
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variants in six HCV genotypes. As shown in Table 6, dano-

previr-associated resistance mutations are natural variants in

several HCV genotypes. As a drug resistance mutation of

danoprevir, D168E has a high replication capacity (34%) and

fold changes of EC50 (75 folds), while it is highly prevalent in

GT-5 (62.5%) and GT-6 (3.8%).

Pharmacokinetics and
Pharmacodynamics
Inhibitory and Effective Concentrations
Based on a continuous fluorescent resonance energy

transfer (FRET)-based assay, the half-maximal inhibi-

tory concentrations (IC50) of danoprevir against the

NS3/4A protease were measured for different clinical

isolates: (i) 0.2 ± 0.01 nM in a GT-1a clinical isolate

FJ024486; (ii) 0.29 ± 0.07 nM in a GT-1b reference

strain FJ031985; (iii) 1.6 ± 0.1 nM in a GT-2b isolate

FJ024487; (iv) 3.5 ± 0.5 nM in GT-3a isolate FJ024488;

(v) 0.24 ± 0.02 nM in GT-4 isolate FJ024489; (vi) 0.35

± 0.01 nM in GT-5 isolate FJ024490; and (vii) 0.45 ±

0.01 nM in GT-6 isolate FJ024491.52 In the evaluation

of HCV viral RNA replication in Huh-7 hepatoma cells

compared with a DMSO-treated control signal, the half-

maximal effective concentration (EC50) of danoprevir

was 1.6 nM against GT-1b and 20 nM against GT-2

and GT-3.21

An in vitro phenotypic analysis was designed to eval-

uate the susceptibility of different HCV genotypes to

danoprevir using intra- and inter-genotypic chimeric

recombinant viruses.53 Different HCV genotypes con-

ferred varied susceptibility to danoprevir, including GT-1b

(IC50 = 3 nM), GT-2a (750 nM), GT-3a (280 nM), GT-4a

(2 nM), GT-5a (670 nM), and GT-6a (2 nM).53 This

revealed the high potency of danoprevir to inhibit GT-1,

GT-4, and GT-6.53

Bioavailability and Excretion
Danoprevir can be orally administered with or without

food (Table 7). The absolute bioavailability of danopre-

vir 100 mg is only 1.15%, but this value increases to

3.86% when ritonavir is co-administered.54 Excretion of

oral danoprevir (100 mg) or intravenous danoprevir

(2 mg, 6 mg) was almost completed 6 hours after the

administration in healthy nonsmoking subjects (age

range: 18 to 55 years, body mass index: 18 to 30 kg/

Table 7 Pharmacokinetic Parameters of Danoprevir (100 mg) Plus Ritonavir (100 mg)

Parameters Danoprevir Danoprevir/r Subjects

Ctrough,ss (ng/mL) – 0.352 ± 0.247 GT-1-infected patients55

Cmax,ss (ng/mL) – 40.1 ± 32.9 GT-1-infected patients55

Cmax (ng/mL) 8.7 (median) 29.7 (median) Healthy volunteers*

T1/2 (h) 1 3.2 Healthy volunteers*

Tmax (h) 1.5 – Healthy volunteers*

Tmax,ss (h) – 2 (median) GT-1-infected patients55

AUC0-T,ss (ng×h/mL) – 87.0 ± 42.9 GT-1-infected patients55

AUC0-24 (ng×h/mL) 15.2 (median) 117.9 (median) Healthy volunteers*

Vd (L) 8600 – Healthy volunteers*

Urinary excretion (%) 0.1 0.4 Healthy volunteers54

Bioavailability (%) 1.15 3.86 Healthy volunteers54

Metabolism by CYP CYP3A4 Healthy volunteers54

Effect of food No pronounced effect Healthy volunteers*

Note: *Data was retrieved from the drug label.

Abbreviations: Ctrough,ss, observed trough concentration at steady state; Cmax, maximum plasma concentration; Cmax,ss, observed maximum plasma concentration at

steady state; Tmax, time to maximum plasma concentration; AUC, area under the plasma concentration-time curve; Vd, apparent volume of distribution; T1/2, elimination

half-life.
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m2).54 After the intravenous administration, nearly 7%

of an intravenous dose is excreted in the urine.54 Over

24 hours, 0.1% of oral danoprevir (100 mg) is excreted

in urine and its urine excretion increases to 0.4% when

danoprevir is orally administered with ritonavir

100 mg.54

Synergistic Effects Between
Danoprevir and Ritonavir/
Peginterferon Alpha-2a
Ritonavir acts as a pharmacologic booster of danoprevir

because ritonavir inhibits the metabolism of danoprevir and

improves its pharmacokinetic profile.55 Since danoprevir is

mainly metabolized by the cytochrome P450 (CYP) 3A4, its

concentration is significantly increased by CYP3A inhibitors

(such as ritonavir, ketoconazole) or reduced by CYP3A

inducers such as rifampin, rifabutin, and carbamazepine.54

Moreover, peginterferon alpha-2a can reduce the concentra-

tion of danoprevir required for eliminating HCV replicon.52

The steady-state pharmacokinetic parameters of dano-

previr/r (100 mg/100 mg twice daily) were tested in treat-

ment-naïve patients infected with HCV GT-1.55 Its

parameters were reported as follows: (i) the steady-state

area under the curve over the dosing interval (AUC0-T,ss) =

87.0 ng×h/mL; (ii) observed maximum plasma concentra-

tion at steady state (Cmax,ss) = 40.1 ng/mL; (iii) median

time to Cmax,ss (Tmax,ss) = 2 h; and (iv) observed trough

concentration at steady state (Ctrough,ss) = 0.352 ng/mL.55

Pharmacokinetic Parameters
According to the approved label of Ganovo®, a single dose of

danoprevir 100 mg could be rapidly absorbed in healthy

Chinese subjects, and the maximal plasma concentration

(Tmax) is reached at approximately 1.5 hours. Furthermore,

the median observed maximal plasma concentration (Cmax) of

danoprevir 100mg is 8.7 ng/mL and themedian area under the

plasma concentration-time curve at hour 24 (AUC0-24) is 15.2

ng×h/mL. In healthy subjects, a single dose of danoprevir

100 mg is quickly cleared since its mean elimination half-life

(T1/2) is approximately one hour and its apparent volume of

distribution (Vd) is 8600 L. Compared to danoprevir alone, the

median Cmax, median AUC0-24, and the mean T1/2 of danopre-

vir plus ritonavir increase to 29.7 ng/mL, 117.9 ng×h/mL, and

3.2 hours, respectively.

In HCV-infected patients, the plasma concentration of

danoprevir ranges from 0.2 to 11.1 ng/mL at steady state

after the administration of danoprevir/r for 6 to 7 days.

The median area under the plasma concentration-time

curve at hour 12 (AUC0-12) is approximately 2.8 ng×h/

mL after multiple doses of danoprevir/r.

Conclusion
We provide a comprehensive overview of danoprevir to

highlight its preclinical discovery, clinical efficacy, pharma-

cokinetics, and pharmacodynamics. Based on clinical trials

at phases 2 and 3, SVR12 of the danoprevir-based regimen

(danoprevir/r plus pegylated-interferon alpha-2a and riba-

virin) reached 97.1% (200/206) to treat non-cirrhotic treat-

ment-naïve patients infected with HCV GT-1b (Figure 1).

Host variations are also associated with treatment responses

in HCV-infected patients.56 Based on genome-wide associa-

tion studies, a key nucleotide polymorphism (rs12979860) in

the host interleukin 28B (IL28B) determines clinical out-

comes in HCV-infected patients.56,57 Most HCV-infected

Han Chinese patients harbor the IL28B genotype CC

(rs12979860), probably leading to better treatment responses

in patients with the peginterferon/ribavirin regimen.57

Although danoprevir has been marketed at

a relatively cheap price in China, the approved danopre-

vir-based regimen is only limited to the treatment of

HCV GT-1b and should be closely monitored due to

its adverse events. Of note, the recent development of

pan-genotypic DAAs could provide interferon-free once

daily regimens to effectively treat different HCV

genotypes.3–10 For instance, Epclusa® is a fixed-dose

single-pill tablet of sofosbuvir and velpatasvir. This 12-

week regimen offers more than 95% of SVR12 against

different HCV genotypes (GT-1 to GT-6) even in treat-

ment-experienced cirrhotic patients.3

To develop interferon-free, ribavirin-free regimens

administered with oral tablets, possible regimens such as

danoprevir 100 mg twice daily plus sofosbuvir 400 mg

once daily (NCT03887637) or danoprevir/r plus ravidasvir

(NCT03020095, NCT03362814) are still under evaluation.

Future studies need to investigate the clinical use of dano-

previr with other DAAs in worldwide populations.

Overall, the approval of danoprevir has boosted the popu-

larity of direct-acting antivirals against HCV infections in

China. In the foreseeable future, pan-genotypic DAAs

with better efficacy and less adverse events will be

approved in China and other countries.

Abbreviations
ATP, adenosine triphosphate; AUC, area under the plasma

concentration-time curve; BID, twice daily; Cmax,
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maximum plasma concentration; Cmax,ss, observed maxi-

mum plasma concentration at steady state; Ctrough,ss,

observed trough concentration at steady state; CYP, cyto-

chrome P450; DAA, direct-acting antiviral; Danoprevir/r,

ritonavir-boosted danoprevir; EC50, half-maximal effective

concentration; GT, genotype; HCV, hepatitis C virus; IC50,

half maximal inhibitory concentration; SVR, sustained

virologic response; T1/2, elimination half-life; Tmax, time

to maximum plasma concentration; UK, United Kingdom;

USA or US, United States of America; Vd, apparent

volume of distribution.
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