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Preface 
 

The idea for the 4RIBC study was conceived in 2017 after the exciting and promising results from another 

four week trial conducted by my supervisors Peer Brehm Christensen and Anne Øvrehus. At that time I was 

far away in the “maternity bubble”, but when I came back I could suddenly feel the enthusiasm in the field 

of hepatitis C after the introduction of the new direct acting antivirals. At this stage treatment for chronic 

hepatitis C was restricted to patients with liver impairments mainly because of the extremely high cost of the 

drugs. The majority of the patients could therefore not be offered any treatment to a potential life 

threatening disease. 

It seemed obvious to design another four-week treatment trial in the effort to shorten treatment duration 

so that more patients could be treated. The protocol was written, approvals were given and the first patients 

had already been included when I started as a PhD student in June 2018. This was a dream beginning! All 32 

patients in the first phase of the study were included in less than 4 months and all were grateful to finally 

have the opportunity to get rid of a chronic virus infection.  

November 1st 2018 was a milestone in the treatment for chronic hepatitis C in Denmark when the fibrosis 

criterion for treatment was abolished and all patients could now be offered treatment for their infection. 

This also meant the survival of the 4RIBC study as the study no longer had to fund the medicine. However, it 

also became an upheaval in terms of including patients. The study was no longer the patients’ only option 

for treatment and at the same time, the results from the first 32 patients were far from convincing. Inclusion 

largely stalled which was also hampered by a difficult inclusion criterion. Many meetings were held and 

amendments were written in the effort to clarify the survival of the study as short treatment was still seen 

as an important research area – and still is.  

However, all this was useless when the world was facing an entirely new virus which changed not only the 

agenda of this PhD but the whole world. The Danish society closed down and recruitment to other research 

projects than COVID-19 projects became almost impossible. Nonetheless for me it meant that I again felt the 

enthusiasm and commitment in research. New research collaborations were formed and my development 

as a researcher was not only progressing through my Ph.D. but also through my commitment to COVID-19 

projects. It has been a huge inspiration to see how research can do tremendous progress in little time so that 

a treatment was approved in less than 5 months and a vaccine was in production in less than a year after the 

discovery of SARS-CoV-2. As my main supervisor taught me in the beginning of my PhD which turned out to 

be completely correct; “Research never sleeps”.   

Peer also told me that a PhD usually is changed in the process and do not turn out as originally planned – and 

he was right again. So even though it did not end up to be the big randomized controlled trial as planned, I 

still hope that this Ph.D. can be a piece of the big puzzle to understand the aspects of short treatment better 
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so that we in the future can individualize treatment purposefully and that the WHO eliminations targets can 

be achieved more easily.  

 

Lone Wulff Madsen  
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Published manuscript at a glance 

 

Manuscript Study I Study II Study III Study IV 

Title Inferior cure rate in 

pilot study of four-week 

glecaprevir/pibrentasvir 

treatment with or 

without ribavirin of 

chronic hepatitis C 

Four weeks treatment 

with 

glecaprevir/pibrentasvir 

+ ribavirin – A 

randomized controlled 

clinical trial.  

Soluble inflammatory 

mediators identify HCV 

patients who may be 

cured with four weeks 

of antiviral treatment. 

Immunological characteristics of 

patients receiving ultra-short 

treatment for chronic hepatitis C 

Study Type Randomized controlled 

trial  

Randomized controlled 

trial 

Retrospective cohort 

study 

Retrospective cohort study 

Objectives Evaluate if four weeks 

treatment with GLE/PIB 

would be feasible 

without ribavirin.  

Estimate the resistance 

associated 

substitutions at 

baseline and at 

virological relapse 

To compare the SVR12 

percentage after four 

weeks of treatment 

with GLE/PIB + ribavirin 

with eight weeks of 

treatment with GLE/PIB.  

Predictors for cure after 

ultra-short treatment 

were investigated.  

To evaluate whether 

specific soluble 

inflammatory 

mediators differed 

between patients who 

achieved cure or 

virological relapse 

after short treatment 

for chronic hepatitis C.  

Characterization of immune 

subsets with focus on inhibitory 

receptors before and after four 

weeks treatment for chronic 

hepatitis C.   

 

Main 

Results 

SVR12 after four weeks 

GLE/PIB was 59% and 

73% after four weeks 

GLE/PIB + ribavirin.  

Baseline RAS were 

detected for 23% (5/21) 

with SVR12 and 54% 

(6/11) for non SVR12.  

Development of RAS 

was identified for 43% 

(5/11) but did not 

impede retreatment 

SVR12 after four weeks 

GLE/PIB + ribavirin was 

in mITT 58.3% (7/12) 

and after eight weeks 

100% (7/7). Baseline 

viral load and genotype 

3 were found as 

predictors for achieving 

SVR12 after four weeks 

GLE/PIB + ribavirin 

treatment (p=0.0045, 

p=0.042) respectively.  

Distinct pattern of 

soluble inflammatory 

mediators 

distinguishes patients 

with SVR12 from those 

with viral relapse at 

end of treatment but 

not at baseline. At EOT 

patients with SVR12 

had higher level of 

SIMs except for MMP-

10.  

Patients with SVR12 had an 

overall lower frequency of 

inhibitory receptors than non 

SVR12 patients. PD-1 and 

baseline viral load were 

positively correlated for non 

SVR12 patients at total CD8+ 

cells and effector memory T-

cells CD4+ and CD8+. 

   

Publication  DOI:10.1111/liv.14991  DOI:10.3390/v14030614 DOI:10.1111/jvh.13652 DOI:10.3389/fcimb.2022.885824 

https://doi.org/10.3390/v14030614
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English Summary 
 

Background   

The introduction of direct-acting antivirals (DAA) has led to a paradigm shift in the treatment for chronic 

hepatitis C with cure rates above 95% after 8-12 weeks treatment with DAA. The high cure rate has led to 

the speculation if treatment duration could be shorten.  

The World Health Organization (WHO) has highlighted that defining the target population for reduced 

treatment duration as an important area for further research. Certain clinical factors have previously been 

defined as predictors for achieving sustained virological response at week 12 (SVR12) and increasing evidence 

have showed that the immune response also plays an important role in determine the response to DAA 

therapy. Knowledge about the host immunity role during short-term treatment is still limited. A major 

concern in relation to short-term treatment is the development of treatment-related resistance-associated 

substitutions (RAS) and their possible impact of retreatment. 

If a well-defined patient group could be treated with DAA and still achieve cure rates above 90%, higher 

treatment coverage could be reached within the same health budget. This achievement would be an 

important improvement in the effort to achieve the 2030 elimination targets and reduce the overall 

morbidity and mortality caused by hepatitis C virus (HCV). 

 

Aims and methods 

All studies in this PhD are based on the 4RIBC study. The 4RIBC study was an investigator initiated, 

randomized, open label clinical trial and was designed in two phases. The overall aim was to investigate 

clinical, virological and immunological parameters in four weeks treatment with glecaprevir/pibrentasvir 

(GLE/PIB) with or without ribavirin.  The first phase (study I), a pilot phase, aimed to include 40 patients and 

the second larger phase (study II) aimed to include 195 patients. Blood samples were taken at each study 

visit in the pilot phase and these samples were used in study III+IV.  

Patients included in the trial were treatment naive patients age 18-49 with chronic hepatitis C and absence 

of liver fibrosis (liver stiffness measurement 8<kPa).  

 

Study I aimed to investigate if four weeks treatment with (GLE/PIB) without ribavirin would be feasible. 

Furthermore we investigated RAS at baseline and for patients with treatment failure at the time of virological 

relapse and determined the outcome of 12 weeks retreatment. 
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Study II aimed to compare the percentage of subjects achieving SVR12 after four weeks treatment with 

GLE/PIB + ribavirin compared to eight weeks of treatment with GLE/PIB for patients with recent drug use.  

Furthermore we estimated predictors to achieve cure after ultra-short treatment for hepatitis C including 

patients treated with GLE/PIB + ribavirin for four weeks in the pilot phase.  

 

The objective for Study III was to analyze whether distinct soluble inflammatory mediators differ between 

patients who achieve SVR12 with patients with treatment failure after four weeks treatment. Soluble 

inflammatory mediators (SIMs) were measured at baseline and by end of treatment. A pre-defined panel 

simultaneously measuring 92 inflammation- related proteins in plasma was used.  

 

Study IV investigated simplified immune subsets with antiviral potential in patients who received four weeks 

treatment. Blood samples by baseline and by end of treatment were processed for flow cytometry analysis 

in order to measure the expression of the inhibitory receptors PD-1, 2B4, BY55, CTLA-4, TIM-3 and LAG-3 on 

12 distinct T cell subsets.  

 

Results  

We included 32 patients in the pilot phase of the 4RIBC study. SVR12 after four weeks treatment was 59% 

(10/17) for GLE/PIB and 73% (11/15) for GLE/PIB + ribavirin. Baseline RASs were detected for 23% (5/21) of 

patients with SVR12 and 54.5% (6/11) of patients with virological relapse. Development of RAS did occur but 

did not impede retreatment with 12 weeks sofosbuvir containing regimens and all retreated patients (n=10) 

achieved SVR12.  

We started inclusion for the second phase of the 4RIBC study in marts 2019. Recruitment to the study was 

initially hampered by the inclusion criteria of intravenous drug use during the last year which was added after 

the pilot phase. An amendment change this in January 2020. The consequences of the COVID-19 pandemic 

affected the study and we were forced to close the study prematurely. Overall 24 patients were included to 

the study of which 21 started treatment. In the modified intention to treat group 100 % (7/7) achieved cure 

after eight weeks and for patients treated for four weeks the SVR12 was 58.3% (7/12). By including the data 

from the pilot phase the total SVR12 was 66.7% (18/27) for patients who were treated with GLE/PIB + 

ribavirin for four weeks.  

In the analysis for predictors to achieve cure after ultra-short treatment we found that low baseline viral load 

(p=0.0045) and genotype 3 (p=0.042) were significant predictors for achieving cure. Virological relapse were 

not observed in patients with baseline viral load < 1,000,000 IU/ml and among patients with a baseline viral 

load < 2,000,000 IU/ml, 93.3% (14/15) of the patients achieved SVR12.   
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Study III showed that after four weeks of therapy eight markers (MMP-10, CCL20, CXCL11, FGF-23, TNF, MCP-

2, IL-18R1 and CXCL10) were identified that could distinguish patients with SVR12 from the patients with 

virological relapse. Pretreatment SIM profiles did not differ between the group who achieved SVR12 and 

virological relapse. However, study IV identified a measurable immunological phenotype for SVR12 patients 

compared to non SVR12 patients at baseline. In general SVR12 patients had lower frequency of the 

expression of the six measured inhibitory receptor and furthermore we observed a significant positive 

correlation between baseline viral load and the expression of PD-1 on the total CD8+ cells and effector 

memory T-cells CD4+ and CD8+ for patients with virological relapse.  

 

Discussion 

The 4RIBC study is one of the largest four week treatment trials investigating second-generation 

pangenotypic DAA without a sofosbuvir containing regimen. We found that a majority of patients with 

favorable baseline characteristics can be treated with shorter treatment duration than is currently 

recommended by international guidelines. However the cure rate is still disappointing in the DAA era.  Our 

results suggest that baseline viral load is an important factor in the effort to shorten treatment duration and 

baseline RAS can probably be important for the outcome of ultra-short treatment for chronic hepatitis C. 

Nonetheless, testing for baseline RAS will not be a realistic option in a clinical setting. Instead it is important 

to highlight that even though that RAS development do occur during short treatment this does not impede 

retreatment. This is also an important issue in treatment of vulnerable patient groups were treatment may 

be interrupted early. The 4RIBC study showed that distinct inflammatory proteins can distinguish patients 

who achieve cure after four weeks treatment. This supports the theory that a certain immune activation is 

needed to obtain SVR12 with short treatment. This is also supported by that patients who achieved SVR12 

had an overall lower expression of inhibitory receptors and could indicate that these patients had a less 

exhausted phenotype at baseline compared to the relapse group. Furthermore, PD-1 correlated to viral load 

showed that the amount of antigen is associated with increased expression of PD-1 on distinct type of T-cells. 

Future studies have to clarify whether this could be a useful predictive biomarker for shortening treatment.  
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Dansk resumé 
 

Høje helbredelsesrater efter 8-12 ugers behandling med direct acting antivirals (DAA) har medført et 

paradigmeskifte i behandlingen af kronisk hepatitis C og overvejelser omkring reducering af 

behandlingslængden. Flere kliniske faktorer har tidligere været påpeget som prædiktorer for at blive rask 

efter behandling for kronisk hepatitis C og i de seneste år er der endvidere kommet fokus på at 

immunforsvaret også kan spille en rolle for resultatet af DAA behandlingen. Viden om immunforsvarets rolle 

under kort behandling er dog stadig begrænset.  

Der er mange fordele ved kort behandling og såfremt en veldefineret patientgruppe kunne kureres med 

kortere behandlingsvarighed med DAA og med samme høje helbredelsesrate kunne flere patienter blive 

behandlet for de samme ressourcer. Dette ville være en væsentlig fordel i forhold til at opfylde 

verdenssundhedsorganisationens (WHO’s) eliminationsmål for hepatitis C inden år 2030 samt at reducere 

den samlet sygelighed samt dødelighed på baggrund af hepatitis C infektion.  

En bekymring i forhold til kortere behandling er om dette kunne medvirke til udvikling af resistens i 

virusgenomet og herved besværliggøre en eventuel genbehandling efter behandlingssvigt.  

 

Formål og metode 

Alle studier i denne Ph.d. udgår fra 4RIBC studiet, der er et randomiseret, ikke blindet, kontrolleret klinisk 

forsøg designet i 2 faser. Det overordnet formål med dette studie var at undersøge kliniske, virologiske samt 

immunologiske aspekter i forbindelse med fire ugers behandling af kronisk hepatitis C med 

glecaprevir/pibrentasvir (GLE/PIB) alene eller suppleret med ribavirin. Den første pilot fase havde til formål 

at inkludere 40 patienter hvorimod anden fase af studiet var større og havde som mål at inkludere 195 

patienter. Der blev taget blodprøver ved hvert besøg i pilotfasen som blev brugt i studierne omkring 

immunforsvarets rolle (studie 3+4). Patienter inkluderet i 4RIBC havde ikke tidligere modtaget behandling for 

deres kroniske hepatitis C infektion og kunne være smittet med alle genotyper. Inkluderet patienter skulle 

være i alderen 18-49 og være uden leverfibrose (fibroskanning mindre end 8 kPa).  

 

I Studie I:  “Inferior cure rate in pilot study of four-week glecaprevir/pibrentasvir treatment with or without 

ribavirin of chronic hepatitis C” var formålet at undersøge om fire ugers behandling alene med GLE/PIB ville 

være muligt. Derudover blev der undersøgt for resistensmutationer i virus genomet inden behandlingsstart 

samt ved tidspunktet for behandlingssvigt for de patienter, der ikke opnåede helbredelse. Yderligere blev 

udfaldet samt valg af genbehandling registreret.  
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Studie II: “Four weeks treatment with glecaprevir/pibrentasvir + ribavirin – A randomized controlled clinical 

trial” havde som formål at sammenligne andelen af patienter, der opnåede helbredelse efter fire ugers 

behandling med GLE/PIB + ribavirin i forhold til otte ugers behandling med GLE/PIB. Derudover undersøgte 

vi prædiktorer for at opnå helbredelse efter fire ugers behandling med GLE/PIB + ribavirin, hvor vi 

inkluderede patienter fra den første fase af studiet. 

 

Den primære målsætning med Studie III “ Soluble inflammatory mediators identify HCV patients who may be 

cured with four weeks of antiviral treatment” var at beskrive om bestemte inflammatoriske proteiner kunne 

skelne mellem de patienter, der blev rask efter fire ugers behandling og dem som ikke opnåede helbredelse 

for deres hepatitis C infektion. Et prædefineret panel af 92 forskellige proteiner blev målt ved 

behandlingsstart samt ved afslutning af behandlingen.   

 

Ved Studie IV “Immunological characteristics of patients receiving ultra-short treatment for chronic hepatitis 

C” målte vi simple immunologiske parameter med antiviral potentiale i patienter som modtog fire ugers 

behandling. Blodprøver taget ved behandlingsstart og afslutning blev sendt til flowcytometriske 

undersøgelser og undersøgt for udtrykket af 6 inhibitoriske receptorer (PD-1, 2B4, BY55, CTLA-4, TIM-3 og 

LAG 3) på 12 forskellige undergrupper af T-celler.  

 

Resultater 

I alt 32 patienter blev inkluderet i pilot fasen af 4RIBC studiet, hvoraf 59% (10/17) af dem, der blev behandlet 

med GLE/PIB opnåede helbredelse for hepatitis C, hvor det var 73% (11/15) af dem, der blev behandlet med 

GLE/PIB + ribavirin. Resistensmutationer blev detekteret før behandlingsstart for 23% (5/21) af dem der blev 

raske og i 54.5% (6/11) for de patienter, der havde behandlingsvigt efter fire ugers behandling. Der blev 

derudover også identificeret resistensudvikling under behandling, hvilket ikke hindrede, at alle patienter 

(n=10), der blev genbehandlet blev kureret for hepatitis C efter 12 ugers behandling. 

Patientinklusion i den anden fase af 4RIBC studiet begyndte i marts 2019. Rekruttering til studiet var primært 

besværliggjort af inklusionskriteriet omkring intravenøst stofmisbrug inden for det sidste år, der var blevet 

tilføjet efter studiets pilotfase. En tillægsprotokol i januar 2020 ændret dette til, at alle patienter, der modtog 

opioid substitutions behandling kunne inkluderes, men studiet blev ramt af konsekvenserne ved COVID-19 

pandemien. Vi var derfor nødsaget til at lukke studiet før tid. I alt blev 24 patienter inkluderet hvoraf 21 

startede behandling for kronisk hepatitis C. I hver behandlingsarm var der én patient, der ikke indgik i den 

samlet analyse for primært endepunkt (intet målbart hepatitis c virus 12 uger efter endt behandling) og af 

de patienter, der blev undersøgt for primært endepunkt opnåede 100% (7/7) helbredelse af dem, der blev 
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behandlet i 8 uger, hvoraf det var 58% (7/12) for de patienter som blev behandlet i fire uger med GLE/PIB + 

ribavirin. Med inddragelse af resultaterne fra fase 1 var der samlet 66.7% (18/27) der opnåede helbredelse 

efter fire ugers behandling med GLE/PIB + ribavirin.  I analyserne for prædiktorer for at opnå helbredelse for 

hepatitis C efter fire ugers behandling, fandt vi at virus mængden ved behandlingsstart samt genotype 3 var 

signifikante prædiktorer for at blive rask. Der var intet behandlingssvigt hos de patienter, der havde en virus 

mængde under 1.000.000 IU/ml før behandlingsstart og blandt de patienter med en virusmængde på under 

2.000.000 IU/ml var det 93.3% (14/15), der opnåede helbredelse.  

I studie III kunne vi identificere 8 markører ved behandlingsafslutning (MMP-10, CCL20, CXCL11, FGF-23, TNF, 

MCP-2, IL-18R1 og CXCL10) der adskilte sig fra de patienter, der blev raske i forhold til dem, der oplevede 

behandlingssvigt efter fire ugers behandling. Der var ingen forskel før behandlingsstart.  

I studie IV kunne vi påvise en forskel i den immunologiske fænotype ved behandlingsstart for de patienter, 

der blev raske i forhold til dem, der havde behandlingssvigt efter fire ugers behandling. Før behandlingsstart 

havde de patienter, der blev raske efter fire ugers behandling et lavere udtryk af inhibitoriske receptorer i 

forhold til dem med behandlingssvigt. Dette studie viste også en positiv korrelation med virus mængden ved 

behandlingsstart og udtrykket af PD-1 på den totale mængde af CD8+ cellerne samt hukommelse effektor T 

celler for både CD4+ og CD8+. Denne positive korrelation kunne kun påvises for de patienter, der havde 

behandlingssvigt.   

 

Konklusion  

4RIBC studiet er et af de største behandlingsstudier, der undersøgte effekten af fire ugers behandling med 2. 

generation pangenotypiske DAA, der ikke indeholder sofosbuvir. Studiet viste, at en stor del af patienter med 

gunstige kliniske faktorer for at opnå helbredelse for kronisk hepatitis C, kan behandles på kortere tid end de 

nuværende behandlingsguidelines foreskriver. Men samlet set er helbredelsesraten skuffende i DAA æraen. 

Vores undersøgelser påpeger, at den samlet virusmænge før behandlingsstart kan være en vigtig parameter 

i forhold til at finde de patienter, der kan blive rask på kortere tid. Resistensmutationer i virus genomet inden 

behandlings start kan være en anden vigtig faktor i forhold til udfaldet af kort behandling, men undersøgelse 

for dette er hverken en realistisk eller ressourcemæssig mulighed i en klinisk hverdag. I stedet er det vigtig at 

understrege, at selvom udvikling af resistens sker under kort behandling har det ikke vist, at dette har 

betydning for genbehandling. Dette er også vigtigt i forhold til behandling af sårbare grupper, hvor 

behandling kan blive afbrudt for tidligt pga. nedsat kompliance. 4RIBC studiet har vist en immunologisk profil, 

der skelner sig mellem dem, der opnår helbredelse og dem der svigter på fire ugers behandling. Inden 

behandlingsstart så vi en forskel i udtrykket af bestemte inhibitoriske receptorer for dem, der svigtede i 
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forhold til de kureret patienter, hvor vi ved behandlingsafslutning fandt en forskel i målbare inflammatoriske 

proteiner. Dette kan understøtte teorien, at et vist immunologisk respons er nødvendig for at kontrollere 

viræmien såfremt behandlingen er afsluttet for tidligt. Derudover kunne vi også vise, at den inhibitoriske 

receptor PD-1 var korreleret til niveauet af virus mængden for bestemte undertyper af T-celler men kun for 

dem, der svigtede behandlingen. Om dette kan føre til udvikling af en bedre prædiktiv markør for helbredelse 

ved kort behandling er endnu uvist og nye større studier er nødvendige for at afklare dette.  
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Background 
 

Hepatitis C virus  

In 1975 it was recognized that a new virus could be the cause of several cases of transfusion-associated 

hepatitis [1, 2]. The disease was subsequently named non A / non B hepatitis until 1989 were it was possible 

to identify the virus for the first time [3]. The research from identification of a new virus and the isolate of 

the genome to the final evidence of demonstrating that hepatitis C virus alone can cause hepatitis [4] was 

acknowledge about 3 decades later with the Nobel prize in medicine in 2020 [5].  

Hepatitis C virus (HCV) is an enveloped positive-sense single-stranded RNA virus with a genome consisting of 

around 9600 nucleotides. The translation of the 9000 nucleotides in the one open reading frame produce a 

polyprotein that is cleaved by proteases into three structural proteins (C, E1 and E2) and seven nonstructural 

proteins p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B [6, 7]. Hepatitis C virus has a high level of genetic 

heterogeneity throughout the genome and eight genotypes have so far been identified (~30% sequence 

divergence) with a number of subtypes (>15% sequence divergence) with wide geographic difference in the 

distribution [8, 9]. In addition to the genotypes, HCV circulates within the infected individual as quasispecies 

which is distinct but closely related variants of the virus [10]. Such mutations can possible enable the virus to 

escape host immune response or antiviral drugs [8].  

HCV is a blood borne infection and is mainly transmitted through percutaneous exposure with contaminated 

blood due to medical procedures or sharing devices for injection drug use [11]. People who use intravenous 

drug (PWID) is the main driver of the global HCV epidemic especially in the Western world.  According to 

mathematical models the removal of the risk for HCV transmission for people who use drugs, would prevent 

an estimated 43% of new infections from 2018 -2030. This percentage is highest for high income countries 

versus low and middle income countries [12].  Among other modes of transmission, mother to child and 

sexual transmission is less common [13, 14], except for human immunodeficiency virus (HIV) infected men 

who have sex with men [15].   

The disease course is similarly across genotypes with association of severe liver disease on the long term 

infection with HCV. However infection with genotype 3 has been associated with higher risk of hepatic 

steatosis [16]. Acute infection with HCV is typically mild, subclinical and unrecognized and around 75% of 

infected individuals will develop chronic hepatitis C. Chronic hepatitis C is a slowly progressive disease leading 

to cirrhosis in 10-20% of the patients over a period of 20-30 years and once cirrhosis has been developed 

there is a 1-5% annual risk of hepatocellular carcinoma (HCC) [17].   
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Directing Acting Antivirals 

After the identification of HCV it was a struggle to establish research tools and cell culture systems for HCV. 

In 2005 the first report described the production of HCV in cell culture and it became therefore possible for 

the first time to study the entire life cycle of HCV in cell culture [7, 18]. The ability to study the entire HCV 

lifecycle identified targets for drug development and this became the beginning of the era of the direct acting 

antivirals (DAA). Until the introduction of the DAA treatment the only treatment for chronic hepatitis C were 

with interferon and later added with ribavirin. A treatment with many side effects and low cure rates [19].  

Therefore the introduction of DAA has led to a tremendously change in the treatment of chronic hepatitis C 

with high cure rates above 95% and few side effects [20].  The first DAA was introduced in 2010 and the major 

breakthrough came in 2011 with the introduction of the NS5B inhibitor sofosbuvir (SOF) and the publication 

of the electron study that demonstrated high SVR12 rates after treatment with SOF and ribavirin but without 

interferon [21].  

DAA is divided into four classes that need to be combined to avoid the development of resistance. The four 

classes are protease inhibitors (PI), NS5A inhibitors and inhibitors of the NS5B RNA polymerase which is 

further subdivided in nucleotide analogues and non-nucleotide analogues [22]. Protease inhibitors were the 

first developed DAA which inhibit the function of the HCV NS3/4A protease, a necessary factor for the 

proteolytic cleavage of the HCV encoded polyprotein and thereby for viral replication. The first developed 

PIs had noticeable side effects which has been significantly improved including a better resistance profile 

with the later marketed PIs. The NS5A protein is essential for viral RNA replication and virion assembly and 

is inhibited by the NS5A inhibitors. The initial limitation of the first approved NS5A inhibitors was the low 

barrier to resistance which later have been improved after the introduction of the second generation of NS5A 

inhibitors [23]. Nucleoside analogues inhibit the viral NS5B RNA polymerase by being incorporated into the 

RNA strand and thus leads to chain termination. Despite several clinical trials and several possible candidates, 

SOF is so far the only licensed nucleoside inhibitor of the NS5B protein. Sofosbuvir has a pangenotypic 

efficacy, with a high barrier to resistance and few side effects. Non nucleotide analogues inhibit the viral 

polymerase directly and has mainly only efficacy against genotype 1. This group is no longer marketed in 

Denmark [23-25].  

The price of the first marketed DAA in Denmark was extremely high with a price up to half to 1 million Danish 

kroner for a treatment. This led to that treatment was restricted to patients with liver impairments from the 

introduction of the DAAs until November 1, 2018 [26]. 
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Figure 1 Hepatitis C virus lifecycle and potential targets for antiviral drugs.  

 

Notes: (A) The virus gains entry by receptor-mediated endocytosis. (B) Fusion and uncoating occur and the HCV genomic RNA is 

released from the nucleocapsid into the cytoplasm. (C) Translation into a single large polyprotein occurs in the endoplasmic reticulum. 

(D) This polyprotein is then cleaved by viral and host proteases into 10 mature HCV proteins, including structural proteins (HCV core 

protein and envelope proteins E1 and E2) and non-structural proteins (P7, NS4A, NS4B, NS5A, and NS5B). (E) These viral and host 

proteins form a membrane bound replication-complex. (F) Transcription takes place, dependent upon the RNA helicase (RNA-

dependent RNA polymerase or NS5B polymerase) where the positive-strand RNA serves as a template for transcription. (G) Virion 

assembly occurs in the Golgi apparatus when viral glycoproteins combine with newly produced RNA. (H) Virion maturation, budding 

and release from the hepatocyte occurs. The site of action of current DAAs are listed at each step in the HCV life cycle [24]. 

Hepatic Medicine: Evidence and Research 2015 7 51-70’ Originally published by and used with permission from Dove Medical Press 

Ltd. 

 

Glecaprevir 

Glecaprevir (GLE) is an inhibitor of the NS3/4A proteases and inhibit proteases from all genotypes. Compared 

with two other PIs GLE have showed improved activity against most of the tested replicons [27]. Maximum 

plasma concentration is reached after 5 hours with a half-life of 6-9 hours. Compared to fastening the 

bioavailability is increased by 83-163% if the medicine is taken together with food [28].  Substitutions at 

https://www.dovepress.com/hepatic-medicine-evidence-and-research-journal


25 
 

position 156 and 168 have in vitro showed to have the most significance meaning for resistance to GLE. The 

most observed substitutions observed after GLE treatment failure have been substitutions in position 36, 56, 

80, 155, 156, 168 but in general GLE has a high barrier to resistance [27-29].  

Pibrentasvir  

Pibrentasvir (PIB) is a pan-genotypic inhibitor of HCV NS5A and has demonstrated improved pan-genotypic 

anti-viral activity to all currently approved NS5A inhibitors [30]. Maximum plasma concentration is reached 

after 5 hours with a half-life of 23-29 hours. The primary way of elimination is through bile excretion and 

bioavailability is increased with 40-53% if the medicine is taken together with food. The bioavailability is 3 

times higher when PIB is co-administered with GLE than alone.  Pibrentasvir demonstrate no influence in 

activity against substitutions at positions with normally reduced anti HCV activity to NS5A inhibitors but some 

combinations of substitutions herein (A30K, Y93H) showed reduction in susceptibility to PIB [28-30].   

Glecaprevir/Pibrentasvir (Mavyret) 

Glecaprevir/Pibrentasvir (GLE/PIB) was marketed in Denmark in 2017 and the efficacy of GLE/PIB have been 

demonstrated in several studies. Several clinical studies have showed high efficacy of GLE/PIB for genotype 

1-6 [31-33] including patients with compensated cirrhosis and treatment experienced patients [34-36]. High 

cure rates >95% have been confirmed in meta-analysis of the real world effectiveness of GLE/PIB even in 

subgroup analysis including treatment experience, cirrhosis and genotype 3 patients [37]. However genotype 

3 patients had lower SVR12 rate that genotype non 3, although this was only marginally lower in a recent 

GLE/PIB meta-analysis, 95.9 versus 98.1% SVR12 [37]. A meta-analysis have showed that the presence of 

baseline NS5A resistance associated substitutions (RASs) impacted the SVRR12 rate in genotype 3 patients 

and  especially baseline Y93H and A30K significantly reduced the SVR12 rate for genotype 3 patients [38].  

The most common side effects of GLE/PIB include fatigue and head ache [28, 39].  

The goal of elimination of hepatitis C 

The great advances in the treatment of hepatitis C led to that the world health organization (WHO) in 2016  

launched the first global health strategy on viral hepatitis with the aim of eliminate viral hepatitis as a major 

public health challenge [40]. At that time deaths caused by viral hepatitis were increasing while other major 

infectious diseases as HIV, malaria and tuberculosis showed declining number of deaths [40]. The new 

strategy was followed by the 2030 targets for how elimination should be achieved: a 90% reduction in 

incident cases of hepatitis C and 65% reduction in mortality by meaning that 90% of people living with 

hepatitis C needs to be diagnosed and 80% of those should be treated. In the absence of a vaccine, treatment 

with DAA have led to the strategy of treatment for chronic hepatitis C as prevention [41]. An example for this 

strategy is the massive screening and treatment program in Egypt which resulted in treatment of around 2 
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million infected individuals and demonstrated the possibility of a major progress towards elimination [42, 

43]. The Polaris study group have recently estimated that from 2015 to 2020 the global prevalence of 

hepatitis C has decreased from 63.6 million to 56.8 million [44]. Nonetheless the number of liver related 

deaths are still high with an estimated number of 275.000 annually deaths caused by chronic liver disease 

and liver cancer because of untreated hepatitis C infection.  Furthermore since 2019 the global treatment 

forecast has declined and currently estimates suggest that if the number of treated persons continue to be 

below 1 million patients per year, the number of liver related deaths will expect to increase [40, 44]. 

Therefore the path to elimination is not necessarily easy and achievable by year 2030 and even for high-

income countries, recent data has showed that many countries are not on track to reach elimination by 2030 

[45, 46] and improvement across the cascade of care is needed to achieve the ambitious goals [47]. 

 

Shortening treatment for chronic Hepatitis C 

Reducing treatment duration would not only benefit the overall cost but also improve adherence.  An obvious 

advantage of reducing the length of treatment would be the possibility to treat more infected for the same 

resources. The high cost of DAA has been a major obstacle for treatment uptake. The prices of DAA have 

been declining in the recent years but in 2017 when the 4RIBC study was designed the high prices were still 

a major obstacle to initiate treatment with DAA. In the recent years it has become possible to treat with 

generic products in low and middle income countries (LMICs) which has improved the treatment uptake 

significantly [48]. However differences in treatment prices between countries still persist [42]. The way 

medicine is priced varies and where the price of treatment is determined per pill and not per cure, the 

advantage of reduced treatment would be most significant [49]. 

Another area where the duration of treatment could have a major impact is according to compliance. This 

would be particularly relevant in relation to treating vulnerable groups herein PWIDs. The prevalence of HCV 

infection among PWIDs is considerable higher than the general population [12] and in this population 

adherence can be a major issue for treatment uptake. Adherence to DAA have in previously studies been 

identified to decline persistently during the treatment course [50] and in one study  adherence to medication 

declined after four weeks and significantly after eight weeks from 98.1% after 0-4 weeks to 95% after 8-12 

weeks (p=0.04) [51].  

Most of the studies on treatment duration of four weeks or less have been investigator initiated trials and 

not sponsored by the pharmaceutical industry, and therefore most have been small studies with <30 

participants. Clinical trials with a treatment duration of four weeks, where the results were published before 

2018 are listed in table 1. Most of the studies showed low cure rates with a SVR12 rate from 20-40% [52-55]. 

However the 4WIDUC study had more promising results after four weeks treatment with 
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ledipasvir/sofosbuvir (LDV/SOF) + ribavirin with no effect of adding interferon [56]. At that time, the 4WIDUC 

study was the only four weeks trial which added ribavirin in the effort to short the treatment duration and 

furthermore it included patients infected with HCV genotype 3. Ledipasvir/sofosbuvir was later removed 

from international guidelines for the treatment of genotype 3. Compared to the 4WIDUC trial a later study 

which investigated six weeks LDV/SOF + ribavirin only had 68% SVR12, but in this study patients were older 

and had a higher baseline viral load [57]. However, it was in the light of the promising results of the 4WIDUC 

trial that the 4RIBC trail was designed.  

Another short duration trial with surprising and promising results were the 3 weeks treatment trial by Lau et 

al. This trial used a response guided treatment course where patients with an ultra-rapid viral response 

(<500IU/ml by second day of treatment) were treated with 3 weeks of DAA therapy. Patients who received 

3 weeks therapy and had an ultra-rapid response had a significantly lower mean viral load at baseline 

compared to those who did not achieve an ultra-rapid viral response (6.0 log10/7.0 log10 IU/ml) respectively 

[58]. Furthermore all patients were genotype 1b and more than 50% had the favorable genotype CC, both 

predictive factors to achieve SVR12.  

According to 6 weeks trials some studies have showed SVR12 rate above 90% for patients with favorable 

baseline characteristics [55, 59, 60]. However the trials have still been limited to small number of participants 

and others trials have not shown the same high SVR12 rate [54, 57]. International guidelines now recommend 

8 weeks of treatment as the shortest duration for chronic hepatitis C [61, 62]. 
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Table 1 – Previously studies with duration of 4 weeks with results before 2018.  

Study NIH 
Synergy 
[52] 

NIH 
Synergy 
[52] 

C- SWIFT 
[53] 

FOURWARD 
[54] 

4WIDUC 
+interferon 
[56] 

4WIDUC 
-interferon 
[56] 

LEPTON [55] 

N= 25 25 31 14 16 16 15 

Year 2014 2014 2015 2016 2015-2016 2015-2016 2014-2015 

Drug 
combination 

Ledipasvir 
Sofosbuvir 
GS-94511 

 

Ledipasvir 
Sofosbuvir  
GS-94511 

GS-96692 

Grazoprevir 
Elbasvir 
Sofosbuvir 

Asunaprevir 
Daclatasvir 
Beclabuvir 
Sofosbuvir 

Ledipasvir 
Sofosbuvir 
Ribavirin 
Interferon 2a 

Ledipasvir 
Sofosbuvir 
Ribavirin 

Sofosbuvir 
Velpatasvir 
GS-9857 
(voxilaprevir) 

Gender 
male 

68% 76% 65% 36% 87% 69% 60% 

Mean 
age(SD) 

54(10) 58(8) 52 (9.7) 
Range(23-66) 

58(median) 
Range(21-64) 

39(median) 38.5(median) 54 
Range(40-
64) 

BMI 
mean(SD) 

 28(5) 25(5) NA NA 23.4(median) 24.5(median) 27 
Range (20-
33) 

Genotype        

1a (%) 18(72) 16(65) 26(84) 11(79%) 2(13%) 6(38%) 11(73%) 

1b 7(28) 9(36) 5( 16) 3(21%) 2(13%) 3(19%) 4(27%) 

2     0 1(6%)  

3     13(75%) 6(38%)  

F0-F1 
F2 
F3 

19(76%) 
6(24%) 

20(70%) 
4(16%) 
1(4%) 

25(87%) 
F2 Included 
above 
4(13%) 

12(86%) 
F2 Included 
above 
2(14%) 

16(100%) 16(100%) 15 (100%) 

SVR 12 40% 20% 32% 
(1 due to 
LTFU) 

29% 
 

ITT 94%  

(1 lost) 

PP 100% 

ITT 75% 
(3 lost 1 
relapse) 
PP 92%  

27% 

SVR 12  
6 week arm 

100% 100% 
without  
GS-9451 

86,7% 57%   93%  
14/15 

1NS3A inhibitor Vedroprevir 2Non nuke NS5B inhibitor Tegobuvir  

Overview of previously treatment studies with four weeks treatment with DAA published before 2018 [63]. Adapted with permission 

from Anne Øvrehus 

 

The influence of ribavirin to reduce treatment duration 

Ribavirin is a synthetic guanosine analogue with an antiviral activity against numerous of viruses [64]. 

Although the mechanism of antiviral activity is not fully elucidated several potential modes of action has been 

described.  The proposed mechanisms of action have been 1) through an immunomodulatory host response 

to a swift to a more antiviral Th1 profile 2) inhibition of the host enzyme inosine monophosphate 

dehydrogenase (IMPDH) whit a possible suppression of viral RNA replication 3) a direct inhibition of the HCV 

polymerases and 4) as an RNA mutagen [65, 66].  
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Ribavirin has a long half-life with a large distribution volume and thus it takes about four weeks to reach 

steady state concentrations [67]. Ribavirin is a teratogen and has several significant side effects of which 

hemolytic anemia is the most important [68]. Both the efficacy and the risk of ribavirin induced side effects 

is dose dependent and increased with the duration of treatment [69]. In the treatment for chronic hepatitis 

C together with pegylated interferon the dose of ribavirin had varied from a fixed 800 mg dose to a weight-

adjusted dosage.  Studies have showed that higher ribavirin drug concentration were correlated with higher 

SVR12 rates [70].  The same correlation has been showed in treatment regime without interferon. A 

randomized controlled trial (RCT) showed that the SVR12 rate dropped from 68% from weight adjusted dose 

to 48% in low dose (600mg) ribavirin regime for patients treated with ribavirin and SOF for 24 weeks [71]. 

The use of ribavirin for the treatment of chronic hepatitis C has been significantly reduced after the 

introduction of DAA and is now only recommend as a supplement to DAA in the case of decompensated Child 

Pugh B or C cirrhosis and in treatment experienced patients with NS5A RASs [61, 62]. In some studies, adding 

ribavirin to DAA has been shown to shorten the duration of treatment. The SIRIUS trial showed the same 

SVR12 rate for patients treated with SOF/LEV for 24 weeks compared to 12 weeks of SOF/LEV + ribavirin in 

previously non-responder genotype 1 patients with compensated cirrhosis [72]. However Everson et al found 

no differences between sofosbuvir/velpatasvir (SOF/VEL) with and without ribavirin given for 8 weeks in 

genotype 1 and 2 [73]. Until now the best evidence of shorten treatment duration with ribavirin has been in 

patients with cirrhosis [69].  In relation to treatment with duration of less than 8 weeks, the role of adding 

ribavirin has not been demonstrated convincingly [56, 57].  A recently RCT study showed no evidence of 

improvement on the SVR12 rate by adding ribavirin for patients treated with 

paritaprevir/ombitasvir/dasabuvir for eight weeks or less. However the same study showed that for patients 

with treatment failure the emergency of resistance was significantly lower for those who were treated with 

ribavirin compared with those who did not received ribavirin, 12% versus 38% respectively [74].  The property 

of ribavirin to increase the barrier to resistance and prevents the emergency of resistance-associated 

substitutions have also been presented in other studies [69]. 

 

Factors affecting treatment outcome 

Favorable predictors for achieving cure with interferon and ribavirin treatment have been identified to 

genotype 2 or 3, low baseline viral load, rapid virological response (RVR) (no measurable virus at treatment 

week 4), no fibrosis, non-African descent,  female gender and younger age [75, 76].  Predictive factors for 

obtaining SVR12 after treatment with DAA have been less important due to the overall high cure rates and 

unpronounced side effects. However, factors such as treatment naïve, low baseline viral load, genotype non 

3 and absence of advance liver disease have been associated to better treatment outcome after DAA 
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treatment [77-79]. In addition male gender and elevated body mass index have been associated with poor 

treatment outcome, however more than 4 negative predictors had to be present before the SVR12 rate was 

below 95% [80]. According to short duration treatment, previously studies have found that lower baseline 

viral load, HCV genotype 1b, younger age, Interferon lambda 3 (IFNL3) genotype CC and absence of baseline 

RAS predicted an improved response to treatment [52, 53].  

Host factors related to the immune system will be described later in the thesis.  

 

Viral kinetics during DAA treatment 

Mathematical models have showed that during antiviral treatment, HCV RNA decline in a biphasic way. The 

first short phase, which occurs within 12-48 hours after treatment initiation, reflects viral replication and the 

rate of viral clearance depends on the potency of the drug and virus susceptibility.  The second phase reflects 

the death of infected cells which can be affected by the host immunity, the degree of liver fibrosis and can 

be accelerated by ribavirin through unclear mechanisms [81]. In the second phase the virus continue to 

decline but in a slower rate as the number of newly infected cells declines and the overall viral production is 

reduced. Thus the second phase slope determines the duration of therapy [82]. Protease inhibitors induce a 

faster decline in viral load during the second phase and furthermore by stopping the HCV- NS3 mediated 

inhibition of the immune system which leads to control intracellular HCV RNA [82, 83]. Also the combination 

of the DAA have been suggested to have implication of the rate of the HCV decline. An illustration of the 

importance of immune reactivation is the clinical observation of patients who were still HCV RNA positive at 

end of treatment (EOT), but went on to achieve SVR12 which likely is the result of immune driven elimination 

of residual viral replication [83, 84]. 

In order to predict the time where treatment can be stopped a theoretical point defined as the cure boundary 

has been defined in mathematical models, see figure 2. The cure boundary is dependent of 3 factors 1) 

elimination of the last virus particle 2) elimination of the last infected cell and 3)  the time to reach a threshold 

where the immune system can control the infection.  Factors that can prolong the time to reach the cure 

boundary include reduced adherence to the drug and development of viral resistance [82] . 
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Figure 2, Theoretical model for predicting cure during antiviral treatment for Hepatitis C.  

 

A schematic of the cure boundary. The cure boundary can be based on eliminating the last virus particle (orange circle), eliminating 

the last infected cell (not shown) or be a threshold beyond which the immune system can contain the infection (blue circle). In 

addition, when the viral load falls below the LOQ, the rate of viral decay can no longer be observed and might change in response to 

missed drug doses, emergence of drug resistance, viral reservoirs or other factors. Consequently the time needed to hit the cure 

boundary might be extended (orange dashed line) [82] 

Adapted by permission from [Springer/Nature] [Nature Reviews Gastroenterology & Hepatology] (Nat. Rev Gastroenterol Hepatol, 

Perelson and Guedj, [2015] https://www.nature.com/articles/nrgastro.2015.97 

 

Resistance associated substitutions 

The HCV RNA polymerase possesses an error prone nature and as RNA virus has no proof reading capacity 

this  results in numerous of genetic sequence polymorphisms and the HCV therefore circulates in the host as 

a population of many, slightly different variants so called quasispecies. Some of these amino acid changes 

can express resistance to a given DAA. Resistance associated substitutions (RAS) is defined by the presence 

of one or more amino acid substitutions located in the NS3 protease, NS5B polymerase and the NS5A protein 

that are able to impact the activity of DAA  [29].  

The most important baseline RASs associated with treatment failures are located in the NS5A domain [85]. 

The prevalence of baseline NS5A RAS have been reported to be 16% in genotype 1b, using deep sequencing 

with a cut off at 1% of the viral population, but the prevalence and type of NS5A RAS can vary between 

geographic regions [86]. The impact of baseline RASs on treatment outcome is limited and due to the highly 

https://www.nature.com/articles/nrgastro.2015.97
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effective DAA, the European Association for the Study of the Liver (EASL) treatment guidelines do not 

recommend testing for baseline RAS before treatment initiation [61, 87].  However the American association 

for the study of liver diseases recommend testing for baseline RAS for specific genotypes and treatment 

regimen [62].  

Most of the amino acid substitutions are not replicative fit and are generally present in minor viral 

populations due to reduced fitness compared with wild type viruses [81].  However in the selective pressure 

during DAA treatment the sensitive wild type virus is quickly blocked and have a faster decline than less fit 

resistant variants with reduced susceptibility to the DAA. Some substitutions will be eliminated despite their 

reduced responsiveness as long as treatment is long enough. However, variants with considerable resistance 

will increase their fitness due to mutations and after treatment is terminated these variants will cause 

relapse, see figure 3 [81] . 

There are several conditions that depend on whether HCV develop resistance to a given DAA.  First, the 

genetic barrier to resistance refers to how many substitutions there are needed before the viral variant 

express full resistance to the drug. The genetic barrier is depended of the specific drug class and drug as well 

as HCV genotype and subtype [88].  Furthermore drug exposure and hereby the sufficiently concentration of 

the drug to inhibit the resistant variant is also important in the development of viral resistance. Drug 

adherence is a major factor in this issue [89].  

Resistance associated substitutions is highly frequent after treatment failure with DAA and follow a specific 

genotype and drug related pattern [90]. The frequency of NS5A RAS after failure to treatment with regimens 

targeting NS5A is of particular concern as the persistence of NS5A RAS can be long and last at least 1-2 years 

after treatment failure whereas NS3 RAS are less fit and will often be gone within weeks to months [29, 91, 

92].  Treatment-emergent substitutions was seen in 82% of the patients after treatment failure with 8-12 

weeks treatment with glecaprevir/pibrentasvir in a pooled analysis for both treatment experienced and 

treatment naïve patients [93].  

According to the models of viral kinetics and viral resistance a suboptimal treatment duration will cause that 

variants with both moderately and profoundly reduced responsiveness will continue to replicate and 

rebound after DAA withdraw. Therefore it has been a major concern that suboptimal regimens and herein 

short duration treatment will cause the development of RASs and thereby increase the risk of failure to 

retreatment [81, 94]. The studies of retreatment and the impact of treatment emergent RAS after treatment 

failure of four weeks therapy is limited. Studies have so far shown treatment emergent NS5A and NS3P RAS 

at virological relapse with a frequency between 40-60% and 0-11% respectively [52-54]. Nonetheless, this 

have so far not influenced the outcome of re-treatment as SVR12 after retreatment has been reported  to be  

between 91-100% [53, 54, 95]. According to guidelines it is only in the presence of treatment failure that 
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retreatment can be optimized with personalized retreatment regime after RAS testing [29]. However the 

clinical impact of RAS and retreatment is still not completely clear and clinical studies have showed high 

probability of successful retreatment regardless of RAS at retreatment baseline [96-98]. 

 

Figure 3 Schematic presentation of the individual kinetics of different viral variant populations present in the 

quasispecies of an HCV-infected patient treated with DAA-based regimen. 

 

 

In this example, the patient is infected at baseline with highly fit sensitive (wild-type) viral variants (green), less fit resistant variants 

with moderately reduced susceptibility to the DAA (yellow), and unfit resistant variants with profoundly reduced susceptibility to the 

DAA (red). Treatment administration efficiently blocks the replication of sensitive variants, inducing their biphasic decay and rapid 

clearance. The modest antiviral effect on resistant variants with moderately reduced susceptibility also induces their biphasic decay, 

although with a much slower second-phase slope, ultimately leading to their elimination because treatment duration is sufficient. In 

contrast, antiviral treatment has virtually no effect on the resistant variants with profoundly reduced susceptibility that keep 

replicating at the same low level during the full course of therapy. When treatment is stopped, their fitness acquisition through 

mutation causes the relapse with RAS-carrying resistant variants. If treatment were shorter, both resistant variants with moderately 

and profoundly reduced susceptibility would still replicate in the liver at withdrawal. The variants would then compete, causing 

relapse with the fittest RAS-carrying resistant variants. If treatment was much shorter, sensitive variants would still be present in the 

liver at withdrawal, causing relapse with wild-type variants. These HCV variant kinetics can be influenced by pharmacologic 

parameters that promote drug exposure and by host factors that modify the second-phase decay slope. LLOD, lower limit of 

detection; SVR12, SVR 12 weeks after treatment [81]. 

Reprinted from Gastroenterology, 151, Jean-Michel Pawlotsky, Hepatitis C Virus Resistance to Direct-Acting Antiviral Drugs in 

Interferon-Free Regimens, 70-86 (2016), with permission from Elsevier. doi: 10.1053/j.gastro.2016.04.003 

https://www.clinicalkey.com/#!/content/playContent/1-s2.0-S0016508516300555?returnurl=https:%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0016508516300555%3Fshowall%3Dtrue&referrer=https:%2F%2Fpubmed.ncbi.nlm.nih.gov%2F
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The host response to hepatitis C infection 

The failure of the immune response to clear hepatitis C infection is due to the virus’ ability to evade the 

immune response by the host. The precise interaction between the innate and adaptive immune response 

and the role of viral clearance or persistence is incompletely understood [11]. Interferons (IFNs) are central 

cytokines of the innate immune response to initiate an antiviral state and further activate and regulate 

cellular activity [99]. Production of especially type I and III interferons during HCV infection leads to the 

expression of interferon stimulated genes (ISGs).  ISGs are strongly upregulated during HCV infection and 

although this upregulation is persistent during chronic infection it is not strong enough to clear the virus.  

Persistently high expression of ISGs were associated with a poor treatment response to interferon treatment 

[99]. Type III IFNs are also called interferon lambdas (IFN-Lambda) and until now four IFN-Lambdas have been 

described. Until the discovery of IFNL4 they were previously termed IL-29 (IFNL1), IL-28A (IFNL2) and IL-28B 

(IFNL3) and all are closely encoded on chromosome 9. Single nucleotide polymorphisms (SNPs) represents a 

difference in a single nucleotide and primarily it was discovered that the polymorphisms in IFNL3 was strongly 

associated with spontaneous HCV clearance and treatment response to pegylated interferon and ribavirin 

[100, 101]. This association was also found for the later discovered polymorphism in the novel gene in the 

IFNL3 region and now termed IFNL4 [102].  The link between polymorphism of the IFN-Lambda gene to the 

activation of the endogenous IFN system is not completely understood [103]. The role of the IFN-Lambda 

genotypes in the DAA era is less important in relation to treatment outcome but the favorable genotype 

IFNL3 CC has been associated with better treatment response including after short treatment [53]. Other 

genetic factors have been described to be correlated to viral clearance. Human leucocyte antigen (HLA) class 

I and II alleles and specific natural killer (NK) cells receptor genes - killer-cell immunoglobulin receptors (KIRs) 

have been associated with viral clearance [104, 105].   

Chronic infection with HCV is in addition to failure of an endogenous interferon response also characterized 

by a failed response by virus specific CD8+ cells primarily due to viral escape and T cell exhaustion. In the 

absence of viral clearance prolonged and persistent HCV antigen exposure causes the exhaustion of T cells, 

a phenomenon which describes the progressive loss of effector functions and increased expression of 

inhibitory receptors (IRs) [99, 106]. Inhibitory receptors are negative regulators of activated T cells and are 

overexpressed in functionally impaired T cells. Several IRs have been described in relation to HCV infection 

where the most well-studied have been PD1 (programmed cell death protein 1) and cytotoxic T lymphocyte 

antigen 4 (CTLA-4).  Recently it was showed that the thymocyte selection-associated high mobility group box 

(TOX) protein is an important factor for the progression and maintenance of exhausted T cells during chronic 

infection [107]. Animal studies showed that the absence of TOX causes T cells to not become exhausted and 

future studies have to show if this discovery has any treatment perspective [108]. HCV specific CD8+ are 
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characterized by the co-expression of multiple IRs [109].  Programmed cell death protein-1 (PD-1) is an 

important IR and the expression of PD-1 has been shown to be directly correlated to functional impairment 

of the HCV specific CD8+ T-cells [110] and blockade of PD-1 can restore the effector function of the 

functionally impaired T-cells. However blocking only one pathway seems not to be sufficient as the level and 

pattern of co-expression of IRs seems to be crucial for the T-cell exhaustion as simultaneous blocking of IRs 

can synergistically improve T cell response and diminish viral load [111]. Another hallmark of T cell exhaustion 

is the lack of CD4+ T cells help during chronic infection. Studies have showed that CD4+ cells initially provide 

important help but have a rapid decline in persistent infection whereas CD8+ cells are the major antiviral 

effector cells and maintained during chronic hepatitis C infection, figure 4 [112, 113].  

 

Figure 4 Virus specific CD8+ T cell responses with success and failure.  

 

(A) CD8+ T cells can inhibit viral replication by cytolytic (perforin) and non-cytolytic (IFN-c) effector mechanisms. Help by CD4+ T cells 

is required. Neutralizing antibodies may block the virus and thus infection of further hepatocytes. (B) Several different mechanisms 

contribute to the failure of adaptive immune responses in HCV infection, such as viral escape, T cell exhaustion, as indicated by the 

expression of inhibitory receptors, lack of CD4+ T cell help or the action of regulatory T cells [99]. 

This figure has been published under the terms of the Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY 

NC ND). No changes has been made to the figure.  
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Functionally impaired HCV specific CD8+ cells are ineffective and unable to secrete antiviral cytokines and it 

is well known that chronic infection causes major changes in the inflammatory cytokine milieu [114]. Specific 

cytokines have been investigated as predictors for achieving SVR12 during interferon treatment and studies 

have found that a pretreatment level of specific cytokines could predict treatment outcome. For example 

low baseline level of IL-10 and high IL-12 have been associated with SVR12 [115, 116]. In addition the 

chemokine CXCL10 which contributes to recruitment of inflammatory cells into the liver parenchyma has 

been associated with treatment outcome during interferon therapy but not with DAA [117-119].  However, 

studies also indicate that several pro-inflammatory cytokines in interaction have an effect on the treatment 

outcome and a certain level of liver inflammation is necessary to achieve SVR12 [120].  Whether soluble 

inflammatory mediators (SIMs) could serve as biomarkers for predicting outcome to treatment with DAA 

have been investigated in a few studies. Hengst et al. showed that distinct pretreatment pattern of SIMs 

distinguished patients with virological relapse compared to patients who achieved SVR12 after interferon 

free treatment [119].  

 

Immune response during DAA therapy 

Increasing evidence have indicated that the immune system could contribute to a DAA mediated HCV 

clearance. Studies have showed that higher baseline expression level of hepatic ISGs is a predictor of SVR12 

after DAA treatment [121] and HCV clearance by DAA therapy causes a downregulation of ISGs with a shift 

in the interferon response [122] and a restoration of a normal natural killer (NK) cell phenotype and function 

[123, 124]. Furthermore, it has been showed that DAA mediated removal of HCV antigen restores the 

function of HCV specific CD8+ T cells including decreased levels of PD-1 expression [125]. Nonetheless, this 

have been disproved by another study that found that the impaired functionality of HCV-specific CD8+ T cells 

is not restored in the majority of patients who achieved SVR12 after DAA therapy [126]. In addition, HCV 

clearance after chronic or acute infection with HCV did not normalize the altered inflammatory milieu [119, 

127, 128]. 

Current knowledge of the role of the immune system during short-term treatment with DAA is limited. 

Romani et al. investigated the expression of certain inhibitory receptors and showed higher levels of PD-

1+ CD8+ HCV specific T lymphocytes co-expressing either Tim-3, CD160, 2B4, KLRG1 or Blimp-1 at baseline 

and by EOT in HCV patients who achieved SVR12 compared with those who relapsed [129].  

Furthermore, pretreatment expression of specific markers (GZMB, PRF1, NKp46), associated with NK-cell and 

cytotoxic T cell function, have been associated with virological relapse after treatment with 4-6 weeks of DAA 

[130].  
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Objectives of this PhD 
 

1) To evaluate the feasibility and efficacy of four weeks treatment with glecaprevir/pibrentasvir and the 

additive effect of ribavirin for chronic hepatitis C in patients with no significant liver fibrosis.    

2) Estimate resistance associated substitutions in treatment failures detected by whole genome viral 

sequencing performed at baseline and at the time of relapse. 

3) Identify predictors for achieving cure after short treatment for chronic hepatitis C 

4) Analyze whether distinct soluble inflammatory mediators differ between patients who achieve SVR12 with 

patients with treatment failure after four weeks treatment 

5) Investigate the cellular characteristics and the expression of 6 inhibitory receptors (PD-1, 2B4, BY55, CTLA-

4, TIM-3 and LAG 3) on 12 distinct T-cells for patients who received four weeks treatment for chronic hepatitis 

C. 
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Designing the 4RIBC study 
 

Hypothesis  

Ribavirin and GLE/PIB given for four weeks, will cure more than 80% of HCV infected patients with favorable 

baseline predictors. The omission of ribavirin or low dose of ribavirin may result in lower cure rates. 

Aim 

To evaluate the feasibility and efficacy of four weeks of GLE/PIB and the additive effect of ribavirin for chronic 

hepatitis C in patients with no significant liver fibrosis.   

Trial design 

We performed an investigator initiated, open label, randomized clinical trial. The study was designed in two 

phases where the aim of phase 1 was to evaluate if treatment without ribavirin for four weeks would be 

feasible. In phase 1 patients randomized to ribavirin received a weight-adjusted doses (15mg/kg) due to the 

proven relation between SVR12 and ribavirin concentration [70, 71]. If the SVR12 rate of the ribavirin free 

arm would be above 80%, the ribavirin free arm would continue into phase 2 and an additional 70 patients 

would be treated. The comparing arm with 90 treated patients would in phase 2 continue with combining 

GLE/PIB with ribavirin but with ribavirin in a reduced dose at 800 mg. Opposite, if the cure rate would be less 

than 80% in the ribavirin free arm, phase 2 would continue to investigate two treatment arms with GLE/PIB 

and ribavirin but in a different dose of ribavirin in the two treatment arms, see figure 5. 

All included patients in phase 1 would be from the department of infectious diseases at Odense University 

Hospital whereas phase 2 would be conducted as a multicenter trial with patient inclusion at 7 centers.  
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Figure 5. The trial design of the 4RIBC study 

 

*Wb indicates 15mg/kg with a maximum of 1400 mg. $fd, flat dose of ribavirin at 800mg. Abbreviations RBV; ribavirin GLE/PIB; 

glecaprevir/pibrentasvir 

 

Study population  

Persons followed for or diagnosed with chronic hepatitis C in an outpatient clinic at a participating center in 

the trial could be considered for inclusion to the study.   

Inclusion criteria 

- Chronic Hepatitis C infection defined as at least 2 positive HCV tests more than 6 

month apart. First test can be anti-HCV, second must be HCV RNA   

- Age 18-49 at screening 

- Liver biopsy with F0 or F1 (Metavir score) within a year of screening or Fibroscan <8 

kPa at screening.  

- All HCV genotypes accepted 

- Compliant as judged by study team 

- Treatment naïve   

- Negative pregnancy test for fertile women 

- Negative test for anti-HIV and HBsAg 
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Exclusion criteria 

- Clinical signs of cirrhosis or cirrhosis suspected by blood tests. (INR >1,3 or platelets 

<130*109/L) 

- Contraindication to treatment with study drugs: 

o Pregnancy  

o Breastfeeding 

o Refusal to use contraceptives 

o Allergy to study drug or components. 

- Hemoglobin <7.0 mmol/l 

- Severe cardiac or pulmonary disease where anemia could be a significant problem 

- Receiving medication with important interactions with study drugs 

- Autoimmune liver disease 

- Renal impairment (eGFR<60ml/min) 

- Unable to understand Danish 

- Any other significant clinical illness deemed to interfere with response to treatment 

Randomization 

Randomization was done after screening and stratified according to genotype 3/non genotype 3.  In phase 1 

all included patients were randomized 1:1 to four weeks GLE/PIB with or without ribavirin. 

Randomization was handled by open patient explorative network (OPEN), an independent research support 

facility at Odense University Hospital and University of Southern Denmark [131]. The stratification and block 

size was set up by a data manager and blinded to the investigators.  

 

Data collection 

All clinical data were recorded in a REDCap database that also served as electronic case report form (e-CRF). 

We collected the following data at baseline:   

- Gender, date of birth, ethnicity, weight, height, abdominal extent, alcohol intake (intake per week 

and number of year above recommended), drug use and injection (yes, no, unknown) and use of 

drug within the last year.  

- Presence of comorbidity, medication used. 

Study procedure is outlined in supplemental 1 and 2. 
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Laboratory tests 

HCV RNA viral load were measured at each study visit and determined by the COBAS HCV assay (Roche 

Diagnostics GmbH, Mannheim, German) run at the cobas 6800 system (Roche Molecular System) at the 

department of clinical immunology at Odense University Hospital. The lower limit of the assay was 15 IU/ml 

and all patients with measurable virus after post treatment week 12 were categorized with treatment 

relapse. The HCV genome sequence was performed by the research unit “the Copenhagen Hepatitis C 

Program” at Hvidovre Hospital. Sequencing was done for all patients included in phase 1, at baseline and at 

time of virological relapse in those with treatment failure. The HCV genome was determined from virus 

recovered from plasma samples where the RNA was extracted from an in-house developed Trizol protocol 

[132]. RNA sequencing libraries were prepared with the NEBNext Ultra II directional RNA library kit [133] and 

sequenced on an Illumina NextSeq platform. De novo assembly, a method for constructing genomes from 

large number of DNA fragments without the use of a reference genome where used to analyze data. The 

consensus sequence was subsequently mapped [85, 132]. Resistance analysis was performed using HCV-

GLUE offline software with a 5% threshold sensitivity to identify RAS of the HCV NS3, NS5A and NS5B regions 

of the genome [134]. 

 

Blood tests for further investigations 

Blood samples regarding cellular markers were taken by start of treatment and until post treatment week 24 

for all randomized patients in phase 1. These samples were delivered on the date of sampling to the 

department of immunology at Odense University Hospital.  Peripheral blood mononuclear cells (PBMCs) 

were isolated from whole blood and stored at -196 °C until flow cytometric analysis (study IV).  

In addition an extra sample were taken for all included patients at each study visit in phase 1. These samples 

were used for full viral genome sequencing (study I) and for soluble inflammatory mediators (Study III). For 

analysis of the IFNL3 gene we genotyped SNP at position rs12979860.  

 

Sampling size 

Phase 1 – pilot phase:  

The first phase of the study was defined as an exploratory study and was not designed to evaluate statistical 

hypothesis. However a risk calculation was made which meant that if 20 patients were treated with an 

observed cure rate of 80% this would have the power of 90% to determine that minimum 58% would achieve 

SVR12.  Descriptive statistics was reported as proportion for categorical variables with 95% confidence 

intervals (CI) and medians with interquartile ranges (IQR) for continuous variables.   
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Statistical analysis  

Interim analyze 

The first interim analysis was planned after the first 20 patients in phase 1 had reached post treatment week 

12. Second interim analysis were planned after 40 participants in phase 1 had been evaluated for SVR12 or 4 

month after inclusion of the first patient. 

 

Safety 

Safety was evaluated at each visit and was monitored by vital parameters, weight and abdominal 

circumferences, hemoglobin, liver and kidney counts and performed at each study visit. Serum human 

chorionic gonadotrophin (HCG) were measured at each study visit until 24 weeks after end of treatment in 

all women who participated in the study. 

At each study visit the investigator and a study nurse asked carefully about adverse events and these were 

reported until 12 weeks after treatment. Adverse events after 12 weeks post treatment were not registered. 

Until post treatment week 12 all participants were asked to key symptoms as headache, fatigue, nausea, 

dyspnea, rash, pruritus and diarrhea.  Spontaneously reported adverse events was categorized into body 

systems using the Medical Dictionary for Regulatory Activities (MeDRA) classification of the World Health 

Organization (WHO) terminology. Anemia was only reported as an adverse event if hemoglobin < 6 mmol/l 

was observed. All adverse events were graduated in intensity to mild, moderate, severe or life-threating by 

discretion of the investigator.  

 

Administration of study drugs  

Drugs were dosed in weekly dosing boxes with 2 weeks interval. Ribavirin was dosed as 15mg/kg b.i.d with 

an upper limit of 1400mg. Adherence to study drugs was obtained through patient interview by investigator 

and project nurse as well as by counting returned medication. 

 

Ethics 

All patients participating in this study were given oral and written informed consent and could withdraw their 

consent at any time. When the 4RIBC study was designed in 2017-2018 none of the study participants were 

eligible for standard of care treatment for chronic Hepatitis C due to the treatment restrictions (F2 or LSM > 

10kPa in Denmark until November 1, 2018). 

The study was approved by the Danish Health and Medicines Authorities EudraCT no: 2017-005179-21, The 

Regional Committees on Health Research Ethics for Southern Denmark ID S-20180013 and the Danish Data 



43 
 

Protection agency (j. no 18/21965) and monitored by the Good Clinical Practice Institute at the University of 

Southern Denmark in compliance with the Good Clinical Practice Guidelines and the Declaration of Helsinki.  

The study adheres to the CONSERT guidelines for randomized clinical trials.   

 

Retreatment 

Retreatment was not according to protocol but in standard of care. Retreatment were offered to all patients 

with treatment relapse and were treated with 12 weeks of sofosbuvir/velpatasvir (SOF/VEL) or 

sofosbuvir/velpatasvir/voxilaprevir (SOF/VEL/VOX) according to the presence of RAS. 
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 Study I – Results of phase 1 of the 4RIBC study 
 

Patients 

From May 2018 to August 2018, 33 patients were screened and included in the study of whom 32 patients 

were randomized to treatment and analyzed for final outcome (SVR12), see figure 6. In total, 15 patients 

were allocated to treatment with GLE/PIB + ribavirin and 17 patients were treated with GLE/PIB. Overall, 

baseline demographic characteristics appeared well balanced between the 2 interventions groups and are 

shown in table 2. Participants were predominantly male with current or prior drug abuse and the median 

duration of infection for the two groups were more than 20 years. Baseline viral load were notably higher in 

the group without ribavirin whereas Interferon lambda 3 (IFNL3) genotype CC was evenly distributed 

between the two groups. The most common genotype were 1 and 3 with an equal percentage of genotype 

3 in each treatment arm. One patient with genotype 1 could not be subtyped by normal procedure [135].   
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Figure 6, Flow diagram of patient inclusion for phase 1 of the 4 RIBC study 
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Table 2. Baseline demographic and clinical characteristics of study patients. 

Study population, n (%) Glecaprevir/Pibrentasvir 

(n=17) 

Glecaprevir/Pibrentasvir + Ribavirin 

(n=15) 

Age (years) median (range) 41 (33-48) 43 (28-49) 

Male  14 (82.4) 9 (60.0) 

BMI, median (IQR) 27 (24 – 31) 27 (24-29) 

Current or past alcohol overuse 10 (58.8) 8 (53.3) 

Current or past intravenous drug use 12 (70.6) 12 (80.0) 

Injection within the last year 2 (11.8) 3 (20.0) 

HCV Genotype 1/2/3/4 8/2/7/0 6/2/6/1 

HCV RNA (log10 IU/ml)  median (IQR)  6.8 (6.5- 7.0) 6,0 (5.6-6.6) 

IL28b  genotype CC/non CC 5 (29.4) / 12 (70.6) 4 (26.7) / 11 (73.3) 

LSM in kPa, median (range) 5.3 (3.1-7.8) 5.4 (4.3 -7.8) 

Opiate Substitution Therapy  5 (29.4) 4 (26.7) 

Year since infected, median (IQR) 21 (15-26) 23 (19-27) 

Abbreviations: Interquartile range (IQR), Body Mass Index (BMI), Hepatitis C (HCV), Liver stiffness 

measurement (LSM) [136]. 

 

Treatment outcome 

In total, 59% (10/17) (95% CI 0.33-0.82) achieved SVR12 in the GLE/PIB treatment arm compared to 73% 

(11/15) (95% CI 0.45-0.92) for the patients who received GLE/ PIB + ribavirin, see figure 7.  All patients who 

obtained SVR12 also achieved SVR48. One patient was lost to follow up between post-treatment week 12 

and 48. In total 11 patients experienced virological relapse of whom six patients had virological relapse 

between post-treatment week 4 and 12. All patients with treatment failure were characterized as virological 

relapse based on full genome sequencing and patient interview.  

Compliance to study drugs was high and is described in details together with side effects in the result section 

of study 2.  
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Figure 7:  Proportion and number of patients who achieved SVR12 in each treatment arm.   

 

Abbreviation: SVR12; sustained virological response at week 12.  

 

Resistance associated substitutions  at baseline 

In total 34.3% (11/32) patients had detectable RAS at baseline whereas 5 patients were treated with ribavirin.  

Baseline RAS were detected for 23% (5/21) of the patients who achieved SVR12 and 54.5% (6/11) of the 

patients who experienced virological relapse (p= 0.123).  Distributed on the two treatment arms 40% (2/5) 

of the patients who received ribavirin and had baseline RAS experienced virological relapse whereas it was 

66% (4/6) for those who didn’t receive ribavirin.  The 5 patients with SVR12 had one baseline RAS. Patients 

with virological relapse and baseline RAS 83% (5/6) had a least one mutation in NS5A with 3 patients having 

2 or more mutations in NS5A. A total of 3 patients had only mutations in NS3P. The two patients with SVR12 
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had only one mutation whereas the patient who experienced virological relapse had 3 mutations in NS3P, 

see table 3.  

 

 

Table 3, All patients with baseline resistance associated substitutions 

Patient Treatment  Genotype HCV RNA 

x 10*3 

IU/ml 

NS5A NS3P Treatment 

response  

Patient 1  GLE/PIB + 

RBV 

1a 731  Q80K SVR12 

Patient 2  GLE/PIB 3a 4650  A166S 

(59%) 

SVR12 

Patient 3  GLE/PIB+RBV 1a 6190 M28V  SVR12 

Patient 4  GLE/PIB+RBV 4d 176 58S  SVR12 

Patient 5  GLE/PIB 3a 9410 30K  SVR12 

Patient 6  GLE/PIB 1* 32400 28M,30Q,31M 56F, 170I 

V71I (6%) 

Non SVR12 

 

Patient 7  GLE/PIB 2b 7350 30K  Non SVR12 

Patient 8  GLE/PIB+RBV 1b 2960  Y56F, 170I 

V71I (15%) 

Non SVR12 

Patient 9  GLE/PIB 1a 2860 M28T (0.6%) 

R81K (9%) 

 Non SVR12 

Patient 10 GLE/PIB+RBV 3a 5000 30S  Non SVR12 

Patient 11  GLE/PIB 3b 11300 30K,31M  Non SVR12 

       

 

Treatment-related resistance associated substitutions and retreatment  

Treatment development of RAS were only detected for those who had baseline RAS and were detected in 

45% (5/11) of those with virological relapse. Except for one patient who had baseline RAS who was also 

treated with ribavirin the virus acquired additional RAS during treatment, see table 4. This was acquired in 



49 
 

60% (3/5) of the patients in NS5A and for 3 patients in NS3P. One patient developed RAS in both NS3P and 

NS5A. In total 10/11 patients with virological relapse have been retreated and all have achieved SVR12.   All 

patients were retreated with sofosbuvir containing regimens for 12 weeks. Based on the results of the full 

genome sequencing two patients were treated with SOF/VEL/VOX; patient 6 with an undescribed subtype of 

genotype 1 [135] and patient 11 with genotype 3b and double baseline NS5A RAS (30K, 31M) at baseline.   

 

Table 4: Treatment-related resistance associated substitutions. Significant changes marked in blue. If not 

specified the detection rate was 100%.  

Patient Treatment  Genotype HCV 
RNA x 
10*3 
IU/ml 

Baseline 

NS5A 

 

NS3P 

Relapse 

NS5A                

 

NS3P 

Retreatment 

Patient 6 GLE/PIB 1* 32400 28M,30Q,31M 56F, 
170I 
V71I 
(6%) 

 56F, 170I 
V71I 
(100%) 

SOF/VEL/VOX 

Patient 7  GLE/PIB 2b 7350 30K  L28F (54%), 
30K, 31M 
(23%) 

 SOF/VEL 

Patient 8  GLE/PIB+
RBV 

1b 2960  Y56F 
170I 
V71I 
(15%) 

 Y56F, 
170I 
V71I 
(80%) 

SOF/VEL 

Patient 9  GLE/PIB 1a 2860 M28T (0.6%) 
R81K (8%) 

 M28T (14%) 
R81K (61%) 

 SOF/VEL 

Patient 10   GLE/PIB+ 
RBV 

3a 5000 30S      

Patient 11  GLE/PIB 3b 11300 30K,31M  30K,31M,93H 80R,168L SOF/VEL/VOX 

*Could not be subtyped by normal procedures [135].  
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Adjustment of the research design.  
 

Governing board meeting December 2018. 

In the governing board participated Professor Court Petersen, the sponsor Professor Peer Brehm Christensen, 

Anne Øvrehus, the coordinating investigator Lone Wulff Madsen, a member from the GCP unit, a member 

from the board of directors at Odense University Hospital, Professor Jan Gerstoft and associate professor 

Alex Lund Laursen. The governing board held a meeting in December 2018 as specified in the protocol and 

discussed the results from phase 1 and the future aspects for the study.  

Based on the results from phase 1 the governing board recommended the following changes to the study: 

  

- Design and intervention 

GLE/PIB for eight weeks randomized to four weeks GLE/PIB + ribavirin in the 1:2 ratio.  

Ribavirin dosing was changed from two times daily to once daily 

- Inclusion criteria  

Intravenous (IV) drug use within the last year including heroin assisted treatment 

- Treatment place  

Inclusion was extended to also involve inclusion at drug centers. 

Justification and scientific cons iderations 

The Governing board advised that due to the low SVR12 rates observed in both arms in phase 1 it would be 

better to compare standard of care (GLE/PIB for eight weeks) to an experimental treatment than comparing 

two experimental arms. The standard of care had an overall cure rate of 98% for treated persons without 

cirrhosis [137] and therefore it was chosen to randomize GLE/PIB + ribavirin for four weeks and GLE/PIB for 

eight weeks in the 2:1 ratio. Ribavirin was change to be dosed once daily instead of twice daily because of 

risk of low compliance. Studies had not showed any differences regarding if ribavirin was dosed once or twice 

daily in relation to safety profile and therapeutic concentration [138, 139]. 

Furthermore it was assessed that only for patients, where compliance is a problem, would four weeks of 

treatment be a significant improvement.  Therefore the inclusion was restricted to patients with resent or 

ongoing injecting drug use and it would be in the patient’s benefits if the project could take place at the drug 

centers. In a previously study GLE/PIB was found well tolerated and efficacious in people with recent or active 

drug use and showed a SVR12 at 93% in recent injectors including more difficult to treat patients [140]. A 

meta-analysis showed a SVR12 of 90% for DAA treatment in recent injectors [141]. A statistically lower SVR12 

rate has been showed in recent injectors compared with non-injectors. This has not been driven by patients 
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with virological failure, but by patients who prematurely discontinued or were lost to follow up [140]. In the 

4WIDUC trial LDV/SOF + ribavirin showed a 92% cure rate for recent injectors [56]. To minimize the patient 

risk of exposure to an inefficient regime and interim analysis was planned after 10 patients had experienced 

virological relapse in depended the number of included patients. Figure 8 shows research design after the 

adjustments.  

 

 

Figure 8. Adjustments to the research design for the 4 RIBC study.  

 

Abbreviations RBV; ribavirin GLE/PIB; glecaprevir/pibrentasvir, *Wb indicates 15mg/kg with a maximum of 1400 mg. $fd, flat dose of 

ribavirin at 800mg.  

 

Data collection 

Primarily, the patients were seen eight times doing the study period as in phase 1. An amendment changed 

this so that patients only had to be physical present at the first three visits (screening, start and week 2). 

Subsequent visits could be replaced by telephone consultation. Blood samples at screening and post 

treatment week 12 and 48 were compulsory. Blood test at post treatment week 12 and 48 could be replaced 

by dried blood spot. Blood samples during treatment were only required if the patient reported moderate or 
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severe side effects. Because of slow recruitment to the study an amendment in January 2020 changed the 

inclusion criteria about recent intravenous drug use to also include patients who were treated with opioid 

agonist therapy (OAT).  

Demographical-, clinical-, laboratory and outcome data from phase 1 was used in the analysis for predictors 

for achieving cure after four weeks treatment.  

 

Laboratory methods 

HCV RNA in plasma was either performed by the quantitative COBAS HCV assay or by Aptima HCV Quant Dx 

assay. Lower limit quantification limit were 15 IU/ml and 10 IU/ml respectively. DBS were obtained on 

Whatman 903 protein cards and could dry for 1 to 3 days before they were eluted and tested for anti-HCV. 

Samples there were positive for HCV antibodies were tested for HCV RNA by nucleic acid amplification using 

the cobas MPX assay [142].  

HCV genome sequencing were done at the time of relapse and at baseline and performed by Sanger 

sequencing.  

 

Statistical analysis 

Primary and other secondary efficacy parameters were analyzed using the intention to treat population (ITT) 

defined as all patients who received at least one dose of study drug. The modified intention to treat 

population (mITT) included all patients were SVR12 status was available. Sample size was calculated from a 

SVR12 rate of 91% in both arms with a power of 90% and an alpha of 0.05. This resulted in that 130 patients 

needed to be randomized to GLE/PIB + ribavirin for four weeks and 65 patients to GLE/PIB for eight weeks 

with a confidence interval at 95%.  To test significance between groups we used Fischer exact test to compare 

categorical variables between groups and for continuously data we used t test for normally distributed data 

and Wilcoxon Mann-Whitney test for non-normally distributed data. A p-value below < 0.05 were considered 

significant. Logistic regression were used to find odds ratio (OR) and 95% confidence intervals (CI).   
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Study II– Results of phase 2 of the 4RIBC study 
 

Patients  

From March 2019 to February 2020, 28 patients were screened and included in the study. A total of 21 

patients were included in the intention to treat population and in both treatment arms one patient was lost 

to follow up. The mITT group therefore consisted of 19 patients of whom 12 patients received GLE/PIB + 

ribavirin for 4 weeks and 7 patients were treated with GLE/PIB for 8 weeks, see figure 9.  Patients were 

followed according to protocol until August 2021 and included through 2 of the 7 participating centers in the 

study. Due to a very low inclusion rate because of the COVID-19 pandemic, it was decided to stop inclusion 

prematurely in September 2020. 

Included patients in the intention to treat population were mainly men with current or former intravenous 

drug use and most patients were on OAT. The few women included and IFNL3 genotype CC were by chance 

randomized to the standard treatment. Overall baseline demographic characteristics appeared well balanced 

between the 2 treatment arms and are shown in table 5.  
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Figure 9, Flow diagram of patient inclusion for phase 2 of the 4 RIBC study 
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Table 5. Baseline Characteristic from phase 2 of the 4RIBC study for the intention-to-treat population.  

Study population, n  8 weeks 

Glecaprevir/Pibrentasvir 

(n=8) 

4 weeks  

Glecaprevir/Pibrentasvir + Ribavirin 

(n=13) 

Age (years) median (IQR) 36 (33.5-43.5) 42 (39-45) 

Male, (%)  4 (50.0) 12 (92.3) 

BMI, median (IQR) 23.0 (20.1-31.2) 

(n=7) 

23.8 (21.8-25.9)  

(n=11) 

Current or past alcohol overuse 5 (62.5) 8 (61.5) 

Current or past intravenous drug use 8 (100) 13 (100) 

HCV Genotype  

1a 

2 

3 

 

2 

1 

5 

 

6 

1 

6 

HCV RNA (log10 IU/ml)  median (IQR)  6.0 (4.4-6.9) 6.3 (6.0-6.6) 

IFNL3 genotype  

CC 

Non CC 

missing 

 

5 

3 

 

3 

9 

1 

LSM in kPa, median (range) 6.8 (4.1-7.7) 6.6 (4.1-7.5) 

Opioid agonist therapy  

Methadone 

Buprenorphine 

Heroin (legal) 

Other 

7 (87.5) 

6 (75.0) 

0 (0.0) 

5 (62.5) 

1 (12.5) 

11 (84.6) 

9 (69.2) 

2 (15.4) 

3 (23.1) 

0 (0.0) 

Year since infected, median (range) 20.5 (1 -28) 21.5 (10-32) 

(n=12) 

Abbreviations: Interquartile range (IQR), Body Mass Index (BMI), Hepatitis C virus (HCV), Liver stiffness 

measurement (LSM), kilopascal (kPa), Interferon Lambda 3 (IFNL3) [143] 
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Treatment outcome 

In the mITT group a total of 58.3 % (7/12) (95% CI 0.28-0.85) achieved SVR12 in the GLE/PIB + ribavirin 

treatment arm compared to 100% (7/7) (95% CI 0.59-1) for those who were treated with GLE/PIB for eight 

weeks. Sanger sequencing could not elucidate whether the virological relapses were reinfections or 

treatment failures for the 5 patients with virological relapse. One patient stated no risk behavior for HCV 

infection and reported high compliance during treatment and was therefore classified as certain treatment 

failure. Of the remaining 4 patients with virological relapse three of them had baseline viral load above log10 

7.00 IU/mL and the last patient could not account for compliance during treatment.  All 5 patients have been 

retreated with 12 weeks SOF/VEL and all achieved SVR12. By including the data from phase 1 the total SVR12 

was 66.7% (18/27) (95% CI 0.46-0.83) for patients who were treated with GLE/PIB + ribavirin for four weeks, 

see figure 10. 

Figure 10, SVR12 outcome for all treatment arms in the 4RIBC 

 

The SVR12 outcome for the 2 treatment arms of the phase 1 and 2 of the 4RIBC study. The last column represent SVR12 for four 

weeks GLE/PIB with ribavirin for both phase 1 and phase 2 [143].   

Compliance for phase 1+2 of the 4 RIBC study 

A high adherence to study drugs were observed for included patients in phase 1 where the overall compliance 

for all study participants were 99.8%. The only three confirmed missed doses were registered in the ribavirin 

treatment arm. In phase 2 the overall compliance for all included patients were lower with an observed 
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adherence at 83.5% with the lowest adherence in the eight week treatment arm at 85.7%. Figure 11 shows 

the adherence to study drugs for each treatment arm for both phases. The compliance were notably higher 

in the first phase of the study for patients treated for four weeks. This was observed despite ribavirin was 

given twice daily in the first phase as opposed to once daily dosing of ribavirin in phase 2. In addition two 

patients who were treated with ribavirin in phase 2 could not account for their adherence to study drugs. In 

phase 2 three patients had their treatment extended for three–seven days based on reported missed doses 

whereas no patients in phase 1 had treatment extended. One patient in the eight-week arm stopped 

treatment after about five weeks due to poor compliance and was later lost to follow up.  

 

Figure 11, compliance for each treatment arm for both phases of the 4RIBC study based on confirmed missed 

doses.  

 

 

Safety for phase 1+2 

Overall 48 patients (90.6%) experienced at least one adverse event. However, the treatment were 

predominantly well tolerated and adverse advents were mild and transient.  The most commonly reported 

adverse event were fatigue which were more intensively reported for the patients who were treated with 

ribavirin. Table 3 in supplemental shows continuously reported adverse events. According to spontaneously 

adverse events symptoms within gastrointestinal disorders were most frequently. 
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After 14 days of treatment with ribavirin one patient showed symptoms consistent with hemolytic anemia 

and a blood test revealed a decrease in hemoglobin from 9.1 mmol/L to 6.3 mmol/L. The patient was 

subsequently reduced in ribavirin dose from 1400 to 600 mg. In addition, there was one patient in the eight-

week treatment arm who had to discontinue treatment after about 22 days due to pronounced 

gastrointestinal side effects. Both patients obtained SVR12.  

In general the decrease in hemoglobin level for patients treated with ribavirin was transient and four weeks 

after treatment the mean hemoglobin level were at the same level as at treatment start. Figure 12 shows the 

mean value of hemoglobin for all patients treated for four weeks. Hemoglobin values from the eight week 

treatment arm are omitted due to low number of values.   

Severe adverse events were observed only in phase 2 and none were related to study drugs but to 

intravenous drug use including one death due to drug overdose. 

 

 

Figure 12, Mean hemoglobin level from treatment start week 0 to SVR12 (week 16) for all patients in the 

4RIBC study who received 4 weeks treatment.   

 

Abbreviations: rbv; ribavirin. GLE/PIB, n= 17, GLE/PIB + rbv n= (week 0 = 28, week2 = 24, week4=21, week8=21, week16 =25)   
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Predictors to achieve cure after 4 week treatment.  

Including the data from phase 1 a total of 27 patients in the mITT group were treated with GLE/PIB + ribavirin. 

Comparison with baseline characteristics for the group who achieved SVR12 to those who experienced 

virological relapse revealed that low baseline viral (p= 0.0045) and genotype 3 (p=0.042) were significant 

predictors for achieving cure. Table 6 shows the baseline characteristics in relation to the SVR12 status.  

Baseline viral load were lower for genotype 3 (mean log10 5.9 IU/mL) than for non genotype 3 (mean log10 

6.4 IU/mL), however this correlation was not found significant (p=0.1673). Logistic regression was performed 

which showed an OR of 28 (95% CI 2.65–295.72, p = 0.006) for baseline viral load < 2,000,000 IU/mL and an 

OR of 10 (95% CI 1.03–97.50, p = 0.048) for genotype 3 in favor of achieving SVR12. Virological relapse was 

not observed for patients with a baseline viral load < 1,000,000 IU/ml. For patients with a baseline viral load 

< 2,000,000 IU/ml 93.3% (14/15) of the patients achieved SVR12.  No other significant predictors were found.  

In a sub analysis including all patients receiving four weeks treatment baseline viral load (p=0.0192) and 

genotype 3 (p=0.005) were still found to be predictors in favor of achieving SVR12. The cure rate with baseline 

viral load below 1,000,000 and 2,000,000 IU/ml were 93.8% and 88.2 respectively. Figure 13 shows the SVR12 

rate according to baseline viral load.   

 

Table 6. Baseline characteristics in relation to SVR status for all patients in the mITT group for both phases 

of the 4RIBC study who received 4 weeks treatment with GLE/PIB + ribavirin. 

 SVR (18) Non SVR (9) P-value 

Age, Median (IQR) 43 (39-46) 42 (40-44) 0.8195 

Sex (Male/female) 13/5  7/2 1.000 

Genotype 3/non3 10/8 1/8 0.042* 

IFNL3 CC/non CC 5/13 1/7 

N=8 

0.628 

Weight in kilograms (IQR) 79.5 (72-89.5) 73 (69.2-82) 0.2365 

OAT (IQR) 9 (50.0) 5 (55.6) 1.00 

BMI, median (IQR) 26.4 (23.4-27.1) 

(n=17) 

24.9 (21.8-26.7) 

(n=8) 

0.4147 

Viral load (log10 IU/ml) at treatment initiation, 

median (IQR) 

5.8 (5.3-6.3) 6.7 (6.4-7.2) 

 

 

0.0045* 

 

Current or past injection use (%) 16 (88.9) 8 (88.9) 1.000 
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Current or past alcohol use (%) 10 (55.6) 6 (66.7) 0.692 

Years since infection, median (IQR) 21 (15-27) 

(n=17) 

23 (21-28) 0.1309 

ALT (IU/L) at baseline median (IQR) 74.5 (44-112) 49 (44-60) 0.1107 

Positive HCV RNA week 2 yes /no (%) 6/10 (37.5) 

(n=16) 

2/5 (28.6) 

(n=7) 

1.000 

Abbreviations: Interquartile range (IQR), Body Mass Index (BMI), opioid agonist therapy (OAT), sustained 

virological response (SVR), alanine aminotransferase (ALT)* p-value below 0.05 [143] 

 

Figure 13. SVR12 according to baseline viral load divided in the two four week’s treatment arms and for all 

patients receiving four weeks treatment. 
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Study III 
 

Objective study III 

To estimate if distinct soluble inflammatory mediators (SIMs) differ between patients who achieved SVR12 

compared with patients who experienced virological relapse after four weeks treatment for chronic hepatitis 

C.  

 

Methods study III 

All patients from phase 1 was included in this study and blood samples utilized in this study were taken at 

baseline and by EOT.  

The Proximity Extension Assay (PEA) technology was performed by the company Olink Proteomics AB.   The 

PEA technology is based on a dual recognition immunoassay were a pair of labelled antibodies with a unique 

DNA oligonucleotide, simultaneously bind to a target protein. The DNA tags can then hybridize when pairs 

are correctly matched. This serves as a template for a DNA polymerase-dependent extension step and creates 

a new polymerase chain reaction target sequence which is unique for the specific antigen. This target 

sequence is quantitatively proportional to the initial concentration of the target protein. The newly created 

sequence is amplified by polymerase chain reaction (PCR) and the DNA can then be quantified by qPCR, see 

figure 14. In this study a pre-defined panel measuring 92 inflammation-related proteins in plasma samples 

were used [144].  

 

Figure 14: Main steps in proximity extension assay tecnology  

 

A) Antibody pairs, labelled with DNA oligonucleotides, bind target antigen in solution B) Oligonucleotides that are 

brought into proximity hybridize and are extended by a DNA polymerase. C) This newly created piece of DNA barcode 

is amplified by PCR ready for readout by NGS or qPCR [144].  
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Statistical analysis  

For normal distributed data we used t-test for quantitative comparisons. A Principal Component Analysis 

(PCA) were performed to measure any difference of the strength of all included markers between the two 

groups at baseline or by EOT and repetitive t testing was used in PCA to compare groups.  

For analysis, p values were set to 0.05 and a Q value of 0.2. Correction for multiple t testing was performed 

using the false discovery rate approach using the Benjamin Hochberg method.  

 

Results study III 

Distinct pattern of soluble inflammatory mediators distinguishes patients with SVR from 

those with viral relapse 

In table 7 baseline characteristics of the study population is showed according to their SVR12 status.  Two 

patients who were treated with ribavirin had missing samples by EOT and therefore a total of 32 samples 

were analyzed at baseline and 30 samples were analyzed by EOT. Overall 70 markers passed internal quality 

control and had an expression above limit of detection. The list of all included markers and the p-values 

between SVR vs non SVR group are showed in supplemental 4. PCA analysis showed a distinct clustering 

between the two groups at end of treatment but not before treatment initiation, see figure 15. Overall, the 

expression of markers were higher in the SVR group than the non SVR group with exception of MMP-10.  In 

total 8 markers showed significant difference between the two groups MMP-10, CCL20, CXCL11, FGF-23, TNF, 

MCP-2, IL-18R1 and CXCL10 of which two of them (MMP-10 and CCL20) showed significant difference 

between the two groups at baseline  and seven of them by EOT (CCL20, CXCL11, FGF-23, TNF, MCP-2, IL-18R1 

and CXCL10) , see figure 16. The majority of markers declined during treatment and only a few markers 

(AIXN1, MMP-1, FGF-21 and CXCL5) were upregulated by EOT.  A total of 34 markers changed significant in 

expression from baseline to EOT of which this was related to 8 markers for the SVR group, 11 in the non SVR 

group and for 15 markers there were a significant difference during treatment for both groups, see 

supplemental 5.  
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Table 7 

Baseline demographic and clinical characteristics of study patients according to SVR12.  

 

Study population, n (%) SVR12 

(n=21) 

Virological relapse 

(n=11) 

GLE/PIB + ribavirin 11 4 

GLE/PIB 10 7 

Age (years) median (range) 43 (28-49) 40 (34-48) 

Male  14 (66.7) 9 (81.8) 

BMI, median (IQR) 27.1 (25.9-33.2) 25.3 (21.7-27.5) 

Past alcohol overuse 

Current alcohol overuse 

11 (52.4) 

1 (4.8) 

7 (63.6) 

0 (0) 

Current or past intravenous drug use 15 (71.4) 9 (81.8) 

HCV Genotype 1a/1b/2/3a/3b/4 7/0/2/11/0/1 4/2/2/1/1/0* 

Baseline HCV RNA (log10 IU/ml)  

median (IQR)  

6.47 (5.76-6.84) 6.60 (6.22-7.00) 

Baseline ALT, median (IQR) 53 (41-70) 56 (42-107) 

IFNL 3 genotype CC/non CC 8/13 1/10 

LSM in kPa, median (IQR) 5.6 (4.6-7.0) 4.7 (4.5-5.3) 

Year since infected, median (IQR) 22 (10-27) 21 (18-26) 

Abbreviations: Interquartile range (IQR), Body Mass Index (BMI), Hepatitis C (HCV), alanine aminotransferase 

(ALT), Liver stiffness measurement (LSM)[145].*One patient with genotype 1 had a novel subgenotype [135] 
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Figure 15 Principal component analysis (PCA) at baseline and by end of treatment  

 

 

Soluble inflammatory milieu differs between patients with a sustained viral response (SVR) to those with viral relapse 

at the end of treatment (EOT). Principal component analysis (PCA) showed a distinct clustering of patients with SVR 

upon DAA treatment and patients with viral relapse. [145]. 
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Figure 16, SIM’s with significant difference between SVR and non SVR patients. 

 

Abbreviations: BL; Baseline, EOT; End of treatment, SVR; sustained virological response. *p < 0.05, **p < 0.01, 

***p < 0.001 [145] 

The Influence of ribavirin at soluble inflammatory mediators  

To investigate if the EOT analysis were influenced by ribavirin a PCA was done. Supplemental 6 shows the 

PCA for the two groups regarding on treatment with and without ribavirin. According to the expression of 

SIMs there were no difference between the two groups at end of treatment. Three markers showed 

significant difference between the two treatments arms (CCL28, IL-10B and IL12-B) but these were present 

both at baseline and by EOT.  The marker OSM had significant difference at EOT but not at baseline.    

The correlation between ALT and SIMs.  

We investigated the correlation between ALT and various SIMs by EOT. The heat map revealed, figure 17, a 

negative correlation between ALT levels and SIMs for the group with treatment failure.  
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Figure 17, Heatmap illustrating the correlation of ALT with measured SIM for the 2 groups.  

 

  

Heatmap illustrating the correlation of ALT with measured SIM for patients who achieved cure and patients with 

treatment failure. Correlation strength is indicated by color intensity. Negative correlation are in blue color and positive 

in red. * p< 0.05 [145]. 
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Study IV 
 

Objectives study IV 

The objective of this exploratory study was to characterize immune subsets with focus at 6 inhibitory 

receptors (PD-1, BY55, 2B4, CTLA-4, Tim-3 and LAG3). The inhibitory receptors at 12 different T lymphocytes 

subtypes were measured in patients who achieved SVR12 or treatment failure after four weeks treatment 

with GLE/PIB with or without ribavirin.   

Methods study IV 
 

Laboratory investigations  

All patients from phase 1 of the 4RIBC study were included in this study and blood samples utilized in this 

study were taken at baseline and by EOT. Flow cytometry analysis were performed as described in published 

manuscript IV [146]. In short, concentration adjusted PBMCs were stained with fluorochrome-conjugated 

monoclonal antibodies. In separate tubes additional anti-PD1 PE (MiH4), anti-2B4 PE (2-69), anti-CTLA-4 PE 

(BNI3), anti-TIM-3 PE (7D3) from BD Biosciences or anti-LAG-3 PE (7H2C65) from BioLegend were added. All 

antibodies were titrated before use. CD4+ and CD8+ were divided in following T-cell subsets [147] naïve T cells 

(Tn), stem cell-like memory T cells (Tscm), central memory T cells (Tcm), effector T cells (Te) and effector 

memory T cells (Tem). The subsets were identified as follows: CD45RO-CCR7+CD95- Tn, CD45RO-CCR7+CD95+ 

Tscm, CD45RO+CCR7+ Tcm, CD45RO-CCR7- Te, and CD45RO+CCR7- Tem. 

The T cell subsets were examined for the expression of the following inhibitory receptors: PD1 (CD279), 2B4 

(CD244), BY55 (CD160), CTLA-4 (CD152), TIM-3 (CD366), and LAG-3 (CD223). 

 

Statistics 

The aim for this study was exploratory where descriptive statistics were reported for continuous variables as 

medians with interquartile ranges (IQR) and no adjustment for multiple testing was performed. To test for 

significance between groups we used t-test for normally distributed data and Wilcoxon Mann-Whitney test 

for non-normally distributed data. A p- value < 0.05 was considered statistically significant. Spearman’s rank 

correlation was used to describe the correlation between two variables.  
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Results study IV 
 

Frequency of inhibitory receptors at baseline 

In total 3 different patients from the ribavirin group had missing samples, one at baseline and two by EOT, 

thus a total of 31 samples were analyzed at baseline and 30 at EOT. The baseline characteristics for the cohort 

according to their SVR12 status is provided in table 4 under the results section for study III.  

In general we found that patients who experienced virological relapse had an overall higher frequency of 

inhibitory receptors than patients who achieved SVR12.  In total, 6 IRs were measured on 12 different T 

lymphocyte subtypes and for 83.3% of investigated T-cell subtypes, the measured median level of the distinct 

cell type expressing IRs were expressed at lower frequency for SVR12 patients than patients with treatment 

failure. This difference in frequency of the overall expression of inhibitory receptors were found significant 

(p<0.001). The difference in the expression of inhibitory receptors were most pronounced for BY55, Tim3, 

PD-1 and CTLA-4. The most statistically significant difference observed between the two groups was for stem 

cell memory T-cells CD4+PD1+ (p = 0.007) with the lowest frequency for the SVR12 patients (Figure 1). The 

estimated median frequency of the inhibitory receptors PD-1, BY55, 2B4, CTLA-4 or Tim-3 at CD8+ were lower 

for all SVR12 patients than patients with treatment failure, see figure 12.  There was no significant difference 

for any markers between the SVR12 patients and the patients who experienced virological relapse by EOT. 

For both groups the tendency were decreasing frequency of inhibitory receptors after treatment.  Frequency 

of effector memory CD8+ T-cells decreased during treatment for the group who achieved SVR12 whereas an 

increase during treatment was observed for the group who experienced virological relapse (p=0.005).  
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Figure 11 Expression of the inhibitory receptor PD1 on CD4+ lymphocytes at baseline from patients with 

virological relapse (non SVR) and patients who achieved cure (SVR).   

 

 

Abbreviations: sustained virological response (SVR); naïve T cells (Tn); T  stem cell memory (Tscm); T central 

memory cell  (Tcm); terminal effector T-cells (Te); T effector memory cell (Tem).  

Significant values marked with * 
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Figure 12, Expression of the inhibitory receptors PD-1, BY55, 2B4, CTLA-4, Tim-3 and LAG3 on CD8+ T cells 

at baseline from patients who achieved cure and patients with treatment failure.  

 

 

 

Abbreviations: sustained virological response (SVR); naïve T cells (Tn); T  stem cell memory (Tscm); T central 

memory cell  (Tcm); terminal effector T-cells (Te); T effector memory cell (Tem).  

Significant values marked with *. 

Correlation between inhibitory receptors and baseline viral load.   

We investigated if there were any correlation between baseline viral load and the expression of the different 

inhibitory receptors for the SVR12 group and patients with treatment failure. Overall we found that higher 

viral load were correlated with higher expression of the inhibitory receptors for the non SVR12 group. This 

was most pronounced for the correlation between the expression of PD-1 and baseline viral load and was 
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found significant for PD-1 expression at CD4+ and CD8+ effector memory cells (spearman’s rho = 0.673, p = 

0.033 and rho = 0.794, p=0.006, respectively). In addition, high expression of PD-1 at CD8+ cells had a 

significant correlation with high viral load (rho = 0.697, p=0.025) for the group with virological relapse (Figure 

3A+B).   

 

Figure 13, Viral load and the expression of PD-1 at baseline for the different subset of T-cells divided for 

patients who achieved SVR12 and virological relapse.  

A) CD4+ PD-1+ and HCV RNA 

B) CD8+ PD-1+ and HCV RNA 

 

A)
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B) 
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Discussion 

The 4RIBC trial showed that the majority of patients with favorable baseline characteristics can be treated 

with shorter treatment duration, but an overall cure rate of 67% after four weeks treatment with 

glecaprevir/pibrentasvir + ribavirin is disappointing in the DAA era. However the 4RIBC study shows a 

potential to reduce treatment duration for a certain group of patients with hepatitis C. The challenge is to 

find the target population for four weeks treatment using simple and available predictors.  The 

immunological analysis from study 3 and 4 shows that distinct immunological factors - SIMs and the 

expression of IRs can distinguish SVR12 patients from patients who experienced virological relapse after four 

weeks therapy.   

 

Factors affecting the duration of treatment.  

Baseline viral load 

Analysis for predictors for achieving cure after short treatment showed that baseline viral load as an 

important factor. We observed a SVR12 rate of 93% (14/15) after four weeks treatment with GLE/PIB + 

ribavirin among patients with a baseline HCV RNA < 2,000,000 IU/mL.  Viral load has in several other studies 

showed to be an important factor in reducing the treatment duration [52, 54, 79, 148, 149]. The 4RIBC study 

is developed from the high SVR12 at 93% from the 4WIDUC where viral load was part of the inclusion criteria. 

The reason why viral load was not included in this study design is that we wanted a simple and replicable 

design that easily could be transferred to clinical practice and especially in resource limited areas where 

preclinical baseline variables can be difficult to obtain. An interim analysis after phase 1 of the 4RIBC study 

could not estimate that baseline viral load was a predictor of achieving SVR12 (study I) and therefore was 

this not adjusted in phase 2. However increasing evidence shows that viral load needs to be taken into 

account if treatment duration has to be shorten.  In settings with high “out of pocket” costs for patients – 

reducing treatment could increase access. Baseline viral load has been correlated with time to initial viral 

suppression and it would therefore be obvious to conclude that rapid viral decline would be a predictor 

during DAA treatment. Rapid viral response was a strong predictor to achieve SVR12 during interferon 

treatment and was used to determine the treatment duration [150, 151]. The same clear association has not 

been showed during DAA treatment and SVR12 has been achieved despite measurable virus both by EOT and 

even after treatment cessation [152]. However studies have also showed RVR as a predictor for SVR12 [153]. 

It has been suggested that viral kinetics could be used in special populations to individualize treatment for 

shorter or more effective treatment, which have been showed for patients with cirrhosis and genotype 3 

patients [154, 155]. Determination of rapid viral decline could therefore also be important when treatment 
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is short. This was showed in the response guided study by Lau et al. [58] and studies of viral kinetics have 

pointed out that the viral load at baseline, day 7 and 14 during treatment can predict treatment duration 

[156].  Therefore response guide therapy has also been studied as a possibility to reduce the treatment 

duration without compromising the SVR12 rate. A pilot study showed that treatment duration could be 

shorten in about 40% of the patients with consistently high SVR12 [157]. Nonetheless the discussion about 

viral kinetics as predictor for treatment duration is unequivocal and other studies have pointed out that even 

though viral decline was slow, a SVR12 at 95% could be achieved after 6 weeks therapy with SOF+LDV based 

regimens [158]. 

In the discussion about fast viral decline the choice of drug has been mentioned as an important factor. As 

previously described, PIs induce a faster decline during the second phase of the model of viral kinetics during 

DAA treatment. Therefore GLE/PIB was chosen as the DAA in this study instead of SOF/VEL which also was 

considered. However, another trial investigating the combination of a NS5B, NS5A and PI (SOF/VEL/VOX) 

found a SVR12 rate of only 27% after 4 weeks treatment [55].   

The observation from the association between the polymorphism of the IFNL3/4 genes and treatment 

outcome during interferon and ribavirin treatment consisted of rapid viral decline with certain genotypes of 

the IFNL3/IFNL4 genes. The IFNL3 genotype CC and IFNL4 genotype TT/TT have been associated with 

improved increased rates of RVR with a positive predictive value for SVR12 [102, 159], see figure 21.  If the 

same association is found for DAA treatment and IFNL3/4 genotypes is not clear, but as the favorable 

genotypes also have been found to be predictors during DAA treatment it could indicate the same association 

[160]. Paradoxically, higher baseline viral load has also been associated with the C allele and it could be likely 

that the polymorphism of IFNL3 has a role in the regulation of hepatic ISG expression with impact for viral 

load and treatment response [161, 162].  Hispanics and African-Americans have a much lower frequency of 

the C-allele and this was correlated with a much lower SVR12 during interferon and ribavirin treatment [161]. 

A study found that Hispanic and African-American were less likely to achieve SVR12 than white during DAA 

therapy but interestingly this association was only present with a treatment duration for 8 weeks but not for 

12 weeks [163].  A plausible reason for this could be the difference between the IFNL3 genotype and ethnicity 

and thus indicate that IFNL3 genotype is most important during shorter DAA treatment [164].  During 

interferon and ribavirin treatment viral kinetics were slower for African Americans with the IFNL3 genotype 

CC which suggested the influence of yet unidentified gene variants to the treatment outcome [159]. In 

addition the expression of PD-1 have also been showed to be expressed to varying degrees depending on the 

ethnicity which is discussed further below. Therefore ethnicity could be an important factor in decisions-

making about shorter DAA treatment. 
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In our study we could not find IFNL3 genotype CC as a significant predictor for achieving SVR12. Two patients 

with genotype CC experienced virological relapse of whom one patient had double baseline RAS (30K, 31M) 

and another had a baseline viral load at 16400*103 IU/ml.  

Figure 21, Median decrease in HCV RNA for different IFN-lambda genotypes during interferon and ribavirin 

therapy. 

 

Median decrease in HCV RNA (log10 IU/ml) in African-American participants in Virahep-C study during the first 28 days of treatment 

with pegIFN-α/RBV P=0.015 for comparison of mean differences in HCV RNA levels at day 28 for each of the three genotype groups 

for ss469415590 with the respective group for rs12979860 [102]. 

Adapted by permission from [Springer/Nature] [Nature Genetics], (Nature Genetics, Ludmila Prokunina-Olsson et al, [2013] 

https://www.nature.com/articles/ng.2521 

 

The role of the immune system 

There has been several theories of how it is possible to measure HCV RNA after treatment cessation and still 

achieving SVR12. One hypothesis is the production of non-infectious virus.  It has been showed that certain 

mutations in the NS5A or NS3 gene can produce high proportions of non-infectious virus [158, 165] and this 

could suggest that modification of the NS5A or NS3 protein, induced by the drug, could leads to production 

of non-infectious virus [158]. Another theory is that this could be an example of the immune systems role in 

determining the outcome of DAA treatment. One patient in phase 1 had a negative viral load at EOT after 

https://www.nature.com/articles/ng.2521
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four weeks of therapy with GLE/PIB but at post treatment week four the viral load was measurable with HCV 

RNA at 0.037 x 103 IU/ml. This patient achieved SVR12 and this could be an example of an immune driven 

elimination after rebound of virus after cessation of too short therapy. On the other hand, one patient with 

a low baseline viral load at 618 x 103 IU/ml did not achieve SVR12 and maybe this demonstrates that this 

patient had a more exhausted immune phenotype. Study IV showed that effector memory CD8+ T-cells 

decreased during treatment for the group who achieved SVR12 whereas we observed an increase during 

treatment for the group who experienced virological relapse (p=0.005). Whether the above mentioned 

examples demonstrates a lack of immune activation for the patients with treatment failure is speculative, 

but study III and IV showed that distinct immunological phenotypes separated those who achieved SVR12 

from those who experienced virological relapse.  At baseline study IV showed an overall lower expression of 

IRs at baseline for patients who achieved SVR12 compared to patients with treatment failure. This indicates 

that the T-cells of patients with SVR12 have a less exhausted phenotype at baseline compared to the relapse 

group, correlating with better treatment outcome (study IV).  A previously study have showed that persistent 

HCV infection influence the expression of IRs by antigen specific CD8+ T cells of virus unrelated to HCV e.g. 

CMV and EBV specific CD8+ T cells [166]. Furthermore, persistent HCV infection was also found to impact the 

phenotype of total CD8+ T cells with a high expression of PD-1, TIM-3 and 2B4 by the total CD8+ T cell 

population compared to healthy controls [166]. Our findings are contrary to another four week trial 

investigating IRs during short hepatitis C treatment. Romani et al found higher frequencies of HCV specific 

CD8+ T lymphocytes co- expressing PD-1 with other IRs in patients who achieved SVR12 compared to non 

SVR12 patients [129]. Several factors limit the comparability between the two studies as we investigated the 

total population of T-lymphocytes and did not study HCV specific T-lymphocytes and secondly we did not 

investigate the co-expression of IRs. In study IV we did not find any significant difference between the 

expressions of IRs between the two groups by EOT. Nonetheless these results much be interpreted with 

caution that the results by EOT could be confounded by ribavirin. In study III we did see significant changes 

in the expression of SIMs during treatment but except for OSM the difference were also present at baseline 

and we can therefore not explain the results from study III by the exposure of ribavirin. Study III showed a 

different immune profile between the two groups by EOT which could indicate that the different cellular 

phenotypes between the SVR and non SVR patients at baseline exhibit a different SIM response after 

treatment.  A higher level of distinct SIMs at EOT were found in patients with SVR compared to non SVR 

patients (study III) . This supports the theory that a certain immune activation is needed to control residual 

viremia if DAA is short. However it is in contrast to the findings of another study which found higher levels of 

SIMs associated with treatment failure. The characteristics of the study participants are different from the 

two studies with more advanced liver disease, higher age and different treatment regimen (SOF + ribavirin) 
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in the study by Hengst et al. [119]. A general activation of inflammatory immunity is probably needed to 

achieve SVR12 and this is also in line with the observation of the negative correlation for the non SVR group 

between ALT and the level of the different SIMs. Study III confirmed the importance of CXCL10 during chronic 

inflammation. The level of CXCL10 declined during treatment which is in accordance with the study by Hengst 

et al. which also found that CXCL10 was associated with viral relapse with an increase after rebound of the 

virus [127]. In our study we did not measure SIMs after EOT and can therefore not estimate if CXCL10 was 

associated with virological relapse. The majority of markers declined in the majority of the patients from 

baseline to EOT which also have been demonstrated in other studies during interferon free treatment [118, 

119].  

Genotype and Regional differences  

Contrary to expectations, this study did not find that genotype 3 was a predictor of virological relapse and 

surprisingly we found that patients with genotype 3 had an OR of 10 in favor to achieve SVR12. Genotype 3 

has an overall lower response rate to DAA treatment and therefore genotype 3 patients have been omitted 

in most ultra-short treatment trials. Until now it has only been the 4WIDUC and 4RIBC trials there have 

included genotype 3 patients with a treatment duration of four weeks or less.  Due to the very few patients 

included in our study these results should be interpreted with caution. A reason why genotype 3 was found 

as a predictor in our study can be caused by lower baseline viral load for genotype 3 patients than non 

genotype 3 patients (mean log10 5.9 IU/mL versus mean log10 6.4 IU/mL, p=0.1673). However, these results 

suggest that genotype 3 patients also can be cured by short treatment and should not necessarily be excluded 

from future ultra-short treatment trials especially if viral load is taken into account. Another aspect of 

genotype and short treatment duration is the correlation between lower SVR12 rate and unusual sub-

genotypes. Patients infected in the Sub-Saharan region are more often infected with unusual HCV genotypes 

1 and 4 subtypes with impaired SVR12 rate [167, 168]. A study from Rwanda found that subtype 4r were 

found in 16% of the patients and was associated with lower SVR12 rates after treatment with 12 weeks 

SOF/LDV compared to other genotype 4 subtypes (SVR12= 56% vs 93%, respectively) [169].  During phase 1 

one patient from West Africa plausibly infected at origin was included in the trial and experienced treatment 

failure after four weeks therapy with GLE/PIB. Full genome sequencing showed a novel subtype of HCV 

genotype 1 and multiple RASs were detected in the NS3 and NS5A before treatment initiation (NS3, 56F and 

170I; NS5A, 24K, 28M, 30Q, 31M, and 37L)  [135].   A recent study showed that at least 80% of patients with 

mainly African origin infected with unusual genotypes 1 who failed DAA therapy had at least 2 NS5A RASs, 

including RASs known to be pre-existent in these subtypes [170].  This is another clear example of that a 

standard short duration with “one pill fits all” strategy may not fit all regions. Opposite could regions with 

favorable characteristics be more obvious in relation to shorter treatment regime.  In Central and East Asia 
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many patients are infected with the easier-to-treat genotype 1b and further the prevalence of the 

polymorphism at the rs12979860 C-allele frequency is high especially for East Asians [13, 161]. Only one 

patient with East Asian origin was included in this study and achieved SVR12 and we speculate if four weeks 

regimens would have higher SVR in this population.  

The above mention is example of that the distribution of RAS can differ by geographical region. The results 

from phase 1 of the 4RIBC study suggested that baseline RAS could be a negative predictor to achieve SVR12 

after short treatment (study I) and therefore could this also be a factor to consider in relation to short 

treatment duration. It was not possible in our small study to identify specific RAS associated with cure or 

failure but all patients with 2 or more RASs in NS5A or NS3 at baseline experienced treatment failure. For 

European infected with genotype 1b the NS5A RAS Y93H is detected in 15% in comparison with 9.3% in the 

United States [91] and furthermore, the NS3 RAS Q80K has a prevalence in North-Americans of 34% for 

patients infected with genotype 1 whereas this was found to be around 7.5% in Europeans genotype 1 

patients [171]. Therefore, the geographical region varies in different important factors in relation to 

treatment choice, duration and outcome which involve both the HCV viral genotype and subtype and the 

prevalence of specific RAS in the specific area but also genetic factors.  

 

Compliance 

The rationale for changing the study population from phase 1 to phase 2 was that four weeks of treatment 

would have most impact in populations where compliance is a major issue. The patient groups in the two 

phases differed substantially. Patients from phase 1 were included from the outpatient clinic affiliated to the 

hospital where they had been in routine control for years whereas patients from phase 2 were included 

mainly from outreach clinics at drug treatment centers. Phase 1 patients were seen regularly 8 times during 

the 48 week enrollment period. Patients from phase 2 were as minimum seen at screening, at treatment 

start and 2 weeks after treatment initiation. In the following period it was more doubtful whether the patient 

showed up for control visits. Adherence to study drugs in phase 1 was 99.8 with only 3 confirmed missed 

doses whereas the overall compliance in phase 2 in the four week treatment arm was 97.3%. In addition two 

patients could not account for adherence to the study drug. Furthermore, we observed that the compliance 

rate was much lower in the eight-week arm than in the four-week treatment arm even though the SVR12 

rate in the eight-week arm was 100% in the mITT population. This emphasizes that ultra-short treatment 

might be less forgiving than 8–12- week treatment courses, as a few missed doses may impede the patient’s 

chance of cure [49]. Several studies have showed decreased adherence during treatment of 8-12 weeks 

without any impact of the SVR12 rate [50, 172]. An argument for shortening duration of treatment have been 

that this could improve the overall adherence. Most evidence suggest that this is correct and also showed in 
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this study, but the question is whether this is sufficient to compensate for the lower efficacy or shorter 

treatment. Another approach could be to reach vulnerable patients with normal low adherence at a point 

were adherence is good. This could be during incarceration, as directly observed therapy (DOT) at drug 

treatment centers and during hospitalization including to psychiatric wards where treatment duration also 

could be an important factor.  In these situations, patients could be treated for chronic hepatitis C with DOT 

and a short treatment could be crucial.  A recent study in India had investigated the impact of a field based 

DOT approach for four weeks therapy with sofosbuvir/daclatasvir (SOF/DAC) + interferon compared to 12 

weeks of SOF/DAC with standard of care dispensation (4 monthly doses). In the ITT population the SVR12 in 

the four week treatment arm was 52% (26/50) compared to 34% (17/50) for patients treated for 12 weeks.  

Surprisingly, the SVR12 for patients treated with 12 weeks (SOF/DAC) and DOT approach only had a SVR12 

rate at 60% (30/50) [173].     

 

Development of RAS 

Development of RAS during short treatment and the associated risk of diminished effective retreatment is a 

major concern during short treatment regimens. Treatment-emerging substitutions during short treatment 

do happen but probably in a lower frequency than reported after treatment duration of 8-12 weeks.  In phase 

1 development of RAS in NS5A and NS3 were detected in 27% (3/11) and one patient 9.1% (1/11) developed 

RAS in both NS3 and NS5A. Treatment-emerging substitutions in a pooled analysis for both treatment 

experienced and treatment naïve patients failing GLE/PIB RASs were detected in NS3 (50%) and NS5A (82%) 

including combined NS3 plus NS5A RASs [93].  Another study of real life data showed a much lower frequency 

of treatment emerging substitutions for patients failing GLE/PIB. Lower adherence to treatment in real life 

data than in clinical trials were one of the explanation for this observation [174]. Only one patient with 

treatment failure developed a NS3 mutation at residue 168, which is a known resistance position for GLE, 

while all other NS3P resistance substitutions must be considered minor and possibly not contributing much 

to resistance and treatment failure [175]. A reason for the observed lower proportion of treatment emerging 

–substitutions in our study may be due to that the original patient virus, whit higher fitness, was not 

completely eradicated under short duration treatment and thus rebound without emerging RAS after end of 

treatment [81, 91]. Furthermore, the distribution of the quasispecies is important in the first phase of virus 

decline, as the decrease of variants with reduced susceptibility or partial resistance is slower and exhibit a 

longer first phase.  If treatment duration is not sufficient for complete eradication, the variants will rebound 

again after DAA withdrawal [81, 94]. This is in accordance with the findings in study I where baseline NS5A 

RAS were detected in 45% (5/11) of the patients with virological relapse compared to 14% (3/21) among SVR 

patients. Furthermore, development of RAS during therapy only happened for patients with baseline RAS. 
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This suggest that baseline NS5A RAS could be a concern for short-term treatment.  Three patients had a 

baseline NS5A 30K variant which have been associated with lower SVR12 for treatment with GLE/PIB and 2 

patients in our study experienced treatment failure [32].  One of those patients, a genotype 3b patient, had 

double baseline NS5A RAS (30K, 31M) and developed Y93H which have showed significantly reduced activity 

to GLE/PIB [38].  

The approach of testing for baseline RAS is different between the American and European treatment 

guidelines, but there is a consensus that all HCV patients can be treated and cured without baseline RAS 

testing – but not by all DAA regimes - and if treatment has to be scaled up testing for baseline RAS is not 

realistic [61, 62].  

 

 

Retreatment and ethical considerations  

The 4RIBC study confirmed that emerging RAS does not influence retreatment after ultra-short treatment. A 

total of 16 patient’s experienced virological relapse of whom 15 have been retreated and all achieved SVR12 

(study I+II) Contact is established and retreatment is planned with the last patient who has not yet been 

retreated.  

The strategy for retreatment in this study was not according to protocol and patients were treated by 

standard of care.  The reason why retreatment was not according to protocol is because the study had to 

finance all study drug and this would be financially impossible.  We were quite convinced that the fibrosis 

restrictions would be removed in the nearest future and patients with treatment relapse could be offered 

treatment. Nonetheless, a study like this had some ethical considerations. Due to the fibrosis restrictions 

none of the study participants in phase 1 were eligible for standard of care treatment, at the time of study 

inclusion, and due to the study criteria, no one suffered from severe liver disease. Furthermore, based on 

previous retreatment studies after short treatment the likelihood of cure after retreatment was high.  

Outreach clinics and well-developed registers in Denmark make it possible to maintain close contact with 

patients, even in a study population that may have unstable living conditions. No patients from phase 1 

waited more than one month before they could be offered retreatment and all elements of retreatment was 

free off cost. In phase 2 we could guarantee retreatment and still inform about good retreatment results, but 

it is very likely that many declined to participate in the trial due to the results of phase 1.  

There is no doubt that if the 4RIBC trial was designed today retreatment should be a part of the protocol. 

Considerations about retreatment was based on that retreatment after ultrashort treatment is a different 

issue than retreatment after 8-12 weeks DAA and therefore we did not follow standard guidelines according 

to retreatment. A study with active enrolment is currently investigating four weeks therapy with GLE/PIB + 
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SOF followed by immediate retreatment of virological relapse with GLE/PIB for 12 weeks [176].  We had 

uncertainties of using GLE/PIB for an eight week regimen would be sufficient for patients who had failed 4 

weeks of the same drugs and extension to 12 weeks treatment with GLE/PIB was not an option in standard 

of care.   In addition, a SOF based regimen of 12 weeks was desirable after failure to a NS5A/NS3 regime and 

therefore SOF/VEL was chosen as retreatment. However, the combination of (SOF/VEL/VOX) was used for 

two patients with double or triple baseline NS5A RASs.  

Another aspect where these results are important is in relation to treatment to patients who are in risk of 

stopping treatment prematurely. If elimination is to be achieved, it is necessary to extend treatment to all 

vulnerable groups which probably will enhance the risk of discontinuing the treatment and reduce 

compliance. With the knowledge that emerging RAS does not hinder successful retreatment the barrier for 

the clinicians to starting treatment for these patients will hopefully be reduced.  

 

Ribavirin a future part of the treatment for chronic hepatitis C 

The hypothesis of this study was that by adding ribavirin to DAA the treatment duration could be reduced.  

Patients receiving ribavirin had numerically higher SVR12 (67%) than four weeks treatment without ribavirin 

59% (p= 0.749), but our results are disappointing in the DAA era.  The question is whether ribavirin is still a 

good option for reducing the duration of treatment for easy to treat patients. After the 4RIBC study was 

designed the results of a larger study using variable ultra-short DAA therapy (4-7 weeks) with or without 

ribavirin have been published. Patients were primarily treated with paritaprevir/ombitasvir/dasabuvir a drug 

no longer used in many countries. Patients treated with the variable duration of DAA (4-7 weeks) had a SVR12 

at 52% with ribavirin and 44% without ribavirin (p=0.38) [74]. These results and the 4RIBC study shows a 

small increase in SVR12 with ribavirin but the results are disappointing, non-significant and thereby not 

sufficient for recommending ribavirin for short treatment. In our study patients receiving ribavirin had more 

pronounced side effects and one patient in phase 2 developed hemolytic anemia after only two weeks of 

therapy with ribavirin. A study have also showed that ribavirin leads to reduced quality of life during therapy 

whereas patients receiving ribavirin free treatment had an increase in quality of life during treatment [177].  

In addition, after the withdrawn of the treatment with ombitasvir,-paritaprevir-ritonavir and dasabuvir with 

or without ribavirin in Denmark the prices of ribavirin had risen and the supply of the drug has been unstable. 

It is now only possible with 200 mg tablets with enhance the pill burden markedly. One argument for the use 

of ribavirin in short treatment could be the effect of ribavirin to reduce resistance emergency in those failing 

treatment [74]. However as showed in our study and by others development of RAS after short treatment do 

not impede retreatment and there are currently not many convincing arguments that ribavirin should have 

a future place to shorten the treatment duration to less than eight weeks.  
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Immune modulated therapy for chronic hepatitis  

The findings in study 3 and 4 could indicate whether an immune-stimulant, less toxic than interferon could 

be considered for short treatment. The functionally impaired function of the HCV specific CD8+ cells is 

dominated by an upregulation of inhibitory receptors and the level of the expression of the IR PD-1 has been 

showed to be directly correlated to functional impairment of CD8+ cells [110]. In study 4 we found a positive 

correlation between baseline viral load and high expression of PD-1 on total CD8+ cells and on effector 

memory T-cells CD8+ and CD4+. This indicated that increasing amount of antigen is associated with higher 

expression of PD-1 and thereby increasing impairment of the CD8+ cells. Interestingly we only found this 

correlation for patients failing four week treatment. High expression of PD-1 has previously been correlated 

to advanced liver fibrosis [178]  and furthermore high pretreatment expression of PD-1 has been found to be 

negatively associated with SVR12 for African Americans but not for Caucasians [179]. Both factors associated 

with lower treatment response to interferon and ribavirin [75].  

PD-1 blocking therapy is already an established treatment in cancer therapy but the role of PD-1 blocking 

therapy in chronic infection is less defined [180]. One study showed that anti-PD-1 monoclonal antibody can 

reduce HCV RNA and that a previously null responder of interferon therapy achieved SVR12 after PD-1 

blocking treatment [181]. The expression of IRs in chronic hepatitis C is however complex and characterized 

by an individualized hierarchy and therefore blocking therapy of IRs has showed a diverse and individualized 

T-cell response regardless of the type and number of blocking IRs [182].  

Following the introduction of DAA, research into immune modulated treatment for chronic hepatitis C is no 

longer a priority and it is not very realistic that this could become a future candidate in the combination with 

DAA as the toxicity and efficacy needs to be at the same level as DAA. Instead immune modulated therapy is 

now the focus for a potential treatment for hepatitis B including PD-1 blocking therapy [183].   

 

Generalizability of the studies 

The most important limitation of all the studies included in this PhD is the small sample size which affect the 

generalizability of the studies. In phase 1 of the 4RIBC study we aimed to include 40 patients but because of 

financial issues we only included 32 patients. The reduced number of patients only changed the CI from (95% 

CI 0.56-0.94) to (95% CI 0.54-0.96). However a clinical design in two phase have challenges.  The reason why 

the study was designed in this way is because four weeks with GLE/PIB had never been studied. We were 

therefore concerned about including too many patients especially because retreatment was not part of the 

protocol. The challenge was the transition to phase 2 with a questionable outcome for 15 patients and the 

decision therefore had to be made based on the experiences of 4WIDUC and 4RIBC where both studies had 

included 32 patients. Our hope was that phase 2 would give us the opportunity with greater statistical 
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certainty to calculate who could be the target population for shorter treatment duration. Nonetheless the 

inclusion to the study was first hampered by the inclusion criteria of recent drug use and later the COVID-19 

pandemic. A report had showed that by checking the US National Library of Medicine's website 

ClinicalTrials.gov in the period from March 1 to April 26, 2020 a total of 1052 clinical trials were suspended, 

out of which at least 905 reported the reason for the suspension as the COVID-19 pandemic [184]. If inclusion 

to phase 2 had been greater and faster we would have had the opportunity to adjust the inclusion criteria 

for viral load. According to the studies for immunological factors the small sample size also have some 

limitations. In both studies there was not statistical power to test for confounding by clinical factors and it is 

reasonable to think that several clinical factors have implications for the immune system.  In study IV we 

investigated the total T-cell population and not the co-expression of IRs on HCV specific T-cells. However, if 

immunological markers should be useful in clinical decision-making for treatment duration, their 

measurement should be rapid and relatively easily performed. 

 

Perspectives 

With the development of pangenotypic DAA one of the goal with the treatment for chronic hepatitis C was 

to develop an “one-pill-fit-all” regimen [185]. WHO now recommend pangenotypic DAA with no need for 

staging of liver disease or pretreatment genotyping, which have limited the need for complex procedures 

and specialized laboratory services [42]. Simplified treatment strategies is necessary to upscale treatment 

and achieve the elimination goals [186] which is especially important in low and middle income countries 

where 75% of the estimated people in need of hepatitis C therapy live [42, 187].  

The treatment strategy for chronic Hepatitis C has moved from a personalized treatment strategy in the 

interferon era where treatment were individualized according to IFNL3 genotype, RVR and genotype to a 

stratified medicine approach were patients have been separated into subgroups according to liver fibrosis 

stage and genotype [188]. This strategy is still used in many high income countries were especially the need 

for fibroses staging is considered important.  If treatment for chronic hepatitis C is going to be shorten to less 

than 8 week it is obviously that it cannot follow the strategy of “one pill fits all”. The question is whatever 

the target population can be found with easily achieved pretreatment parameters. The 4RIBC suggested that 

baseline viral load was important if treatment should be shorten to less than 8 weeks. New advances with 

DBS and GeneXpert® entails that it is now possible to estimate viral load by a simple finger stick test [48, 189] 

and therefore viral load can still by simple methods be implemented in short duration treatment programs 

as long as the price is reasonable.  Another possibility could be to find a predictive marker for short treatment.  

Our studies showed an immunological phenotype which distinguish SVR12 and non SVR12 patients but the 
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picture is complex and a single readily available inexpensive marker was not identified. Therefore it may be 

more realistic with several elements that maybe could work in an overall “SVR” scoring system and guide the 

clinicians for the treatment duration. Examples of this could be baseline viral load, liver stiffness 

measurement and compliance assessment that could be easily obtained in high income countries. Other 

factors could be IFNL3 genotype and HCV genotype, which will limit the population of possible candidates in 

some areas of the world.  Another more theoretical factor, which in first place requires more research, could 

be a cutoff level combining PD-1 expression and baseline viral load.  

In some areas studies have showed promising results in shortened treatment duration. This involve recent 

HCV infection [190]  including HCV negative recipients during kidney-, heart- and lung transplantation from 

HCV infected donor organs [191, 192]. This is a good example of stratified medicine were the treatment 

duration is decided according to a subgroup factor. Another group where short duration could have an impact 

is treatment for reinfection.  Reported rates of reinfection after successful HCV treatment among high risk 

patients as PWID and MSM is around 1-8% [61]. Studies in PWID’s have showed that previous clearance of 

HCV alter the outcome of secondary infection including lower duration and magnitude of viremia and a higher 

likelihood of spontaneously clearance [193]. Furthermore is reinfection associated with a rapid emergence 

of memory virus-specific CD4+ and CD8+ T cell responses and cross-reactive neutralizing antibodies [194, 195]. 

The current Danish HCV guidelines suggest retreatment with 1.line regime if treatment failure cannot be 

documented [in press] and today EASL recommend 8 week therapy with SOF/VEL or GLE/PIB for recent 

infection until the right treatment duration have been estimated [61, 196]. A alter immune response after 

continuously exposure for HCV could be an argument for that PWID is easier to treat. Future research in the 

immunological response after reinfection and the impact in relation to treatment duration would be 

interesting.   

Why not just treat all for 8-12 weeks? In the effort to treat the currently 57 million people with hepatitis C 

infection there are still many challenges especially in low and middle income countries. Price is still an issue 

and many countries have not registered generic DAA for country-level approval and some middle-income 

countries have restricted access to cheap regimens [197]. Broad access to DAA therapy highly depends on 

drug prices and special discount and licensing agreement for the use of generic drug is essential [198].  

Furthermore barriers to initiate treatment to PWID still persist [199] and even though side effects during DAA 

treatment are significantly reduced it is still important to reduce medication consumption for the individual 

patient and avoid overtreatment. It has been estimated that without additional interventions, almost 12 

million people will die from preventable deaths [200]. Minimizing resources and optimizing treatment so that 

more people can be cured is extremely important if we are going to reach the WHO goals of HCV elimination 

by 2030.  
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Supplemental 1 
Study procedures for the 4RIBC study  

Assessments and 
procedures 

 

Screening 

Week 

-12-0 

Start Day 14 

(+/- 3 day) 

Day 28 
(EOT) 

(+/- 2day) 

Week 4 

Post treatment 

(-1 /+14 days) 

Week 12 

Post treatment 

(-1 /+14 days) 

Week 24 

Post treatment 

(-1 /+14 days) 

Week 48 

Post treatment 

(-1 /+14 days) 

Informed Consent x        

Medical history x        

Review of medication x x x x x x     

Physical 

Examination a) 

x (x) (x) (x) (x) (x) (x) (x) 

Adverse events  x x x x x   

Fibro Scanb) xa        

Height  x        

Weight(c) x x x x x x x x 

ECG b) x        

Vital signs d) x x x x x x x x  

Questionnaires e x   x x x x x 

Compliance interview and 
pill count 

  x x     

a) Full examination as defined in the e-CRF at screening – afterwards only if symptoms present or as follow-up of existing findings 

b) ECG and/or FibroScan less than 3 month old available in the subjects electronic or paper record accepted. 

c) Includes abdominal circumference 

d) Blood pressure, pulse, respiratory rate,   

e) SF-36, the Fatigue severity scale (FSS) and the insomnia severity index(ISI) 
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Supplemental 2 
Blood samples during the 4RIBC study 

Tests 
 

Screening 
Week  
12-0 

Start Day 14f Day 28f 
(EOT) 

Week 4 
Post 
treatment 

Week 12 
Post 
treatment 

Week 24 
Post 
treatment 

Week 48 
Post 
treatment 

HCV-RNA x x x x x x x x 

HCV genotype x        (x) if detectable (x) if detectable (x) if detectable 

Anti HAV IgM, 
HbsAg, antiHbc, 
Anti HIVa a 

x        

IL 28b genotype b x        

Haematology c x x x x x x x x 

Renal functiond x x x x x x x x 

Liver function e x x x x x x x x 

Immunoglobulins x        

Vitamin D status x        

Pregnancy testg  x x  x x x x  

Autoimmune 
screeningh 

x        

Thyroid functioni x        

Backup/archivej x (10ml) x(10)ml x(10ml) x(15ml)l x(10ml) x(10ml) x(10ml) x(10ml) 

Cell archivek  x(10)ml x(10)ml x(10)ml x(10)ml x(10)ml x(10)ml  
Approximate volume 
in milliliter blood 
Max total 400 ml 

55-70  
 

45 55 60 45 50 50 35 

 

a) Only if new risk behavior, or not documented within five years 
b) Only if not documented in medical record 
c) Hemoglobin, total white count, neutrophils, eosinophils, basophils lymfocytes, platelets, 

reticulocytes 
d) Natrium, potassium, creatinin, , estimated GFR, 
e) ALT, AST, bilirubin, GGT, BASP, KFTT 
f) Blood samples must be taken before the morning dose if patient receive Moderiba 
g) All females – serum hCG 

h) ANA, ASMA, AMA, IgM Reumafactor, 
only if not documented within 5 years  

i) TSH(workup) 
j) Archive sample will be separated and stored locally at -80◦ 
k) Only for participants in phase 1 

 
l) at EOT special glass for RBV

 



Supplemental 3  
Adverse events for patients from both phases of the 4RIBC stud y. Study I+ II  

Adverse event n (%) GLE/PIB        

(Phase 1)  

(n=17) 

GLE/PIB + RBV          

(Phase 1)  

(n=15) 

GLE+PIB + RBV 

(phase 2)                 

(n=13) 

8 week GLE/PIB 

(phase 2)       

(n=8) 

Any adverse event  15 (88.2) 15 (100) 10 (76.9) 8 (100) 

Discontinuation or 

dose adjustment 

due to adverse 

event 

0 (0) 0 (0) 1 (7.7) 1 (12.5) 

Number of SAE 

Related to study 

drug 

0 (0) 0 (0) 3 (23.1) 

0 (0) 

1 (12.5) 

0 (0) 

Continuously 

reported adverse 

events 

    

Fatigue 

   Mild 

   Moderate 

13 (76.5) 

12 (92.3) 

1 (7.7) 

10 (66.7) 

8 (80.0) 

2 (20) 

8 (61.5) 

5 (62.5) 

3 (37.5) 

5 (62.5) 

5 (100)  

Headache 

  Mild 

  Moderate 

11 (64.7) 

10 (90.9) 

1 (9.1) 

5 (33.3) 

5 (100) 

0 (0) 

5 (38.5) 

5 (100) 

5 (62.5) 

5 (100) 

Rash 3 (17.7) 2 (13.3) 3 (23.1) 1 (12.5) 

Nausea 

Mild 

Moderate 

7 (41.1) 

7 (100) 

3 (17.6) 

3 (100) 

2 (15.4) 

1 (50.0) 

1 (50.0) 

3 (37.5) 

2 (66.7) 

1 (33.3) 

Diarrhea 4 (23.5) 4 (26.7) 1 (7.7) 5 (62.5) 

Pruritus 

Mild 

Moderate 

4 (23.5) 2 (13.3) 3 (23.1) 

2 (66.7) 

1 (33.3) 

1 (12.5) 

0 (0.0) 

1 (100) 
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Supplemental 4 
List of markers. Study III.  

List of marker that were measured using proximity extension assay. SVR vs non SVR group at baseline and 

by end of treatment.  

Baseline                         End of treatment 

      

 

SVR vs Non-
SVR   

SVR vs Non -
SVR Significance 

Proteins p values Significance Proteins p values  
IL8 0,6967 ns IL8 0,6498 ns 

VEGFA 0,6638 ns VEGFA 0,532 ns 

CD8A 0,7177 ns CD8A 0,3644 ns 

GDNF 0,1483 ns GDNF 0,8273 ns 

CDCP1 0,8709 ns CDCP1 0,7178 ns 

CD244 0,4608 ns CD244 0,4817 ns 

IL7 0,5545 ns IL7 0,0924 ns 

OPG 0,8053 ns OPG 0,3106 ns 
LAP TGF-beta-
1 0,6328 ns 

LAP TGF-beta-
1 0,1554 ns 

uPA 0,208 ns uPA 0,933 ns 

IL6 0,6598 ns IL6 0,0957 ns 

MCP-1 0,813 ns MCP-1 0,1802 ns 

CXCL11 0,5664 ns CXCL11 0,0357 * 

AXIN1 0,4612 ns AXIN1 0,3242 ns 

TRAIL 0,6486 ns TRAIL 0,2473 ns 

CXCL9 0,8579 ns CXCL9 0,2557 ns 

CST5 0,7131 ns CST5 0,3942 ns 

OSM 0,3808 ns OSM 0,6532 ns 

CXCL1 0,996 ns CXCL1 0,4266 ns 

CCL4 0,3716 ns CCL4 0,0868 ns 

CD6 0,5801 ns CD6 0,6091 ns 

SCF 0,7067 ns SCF 0,7451 ns 

IL18 0,9635 ns IL18 0,3591 ns 

TGF-alpha 0,8111 ns TGF-alpha 0,2695 ns 

MCP-4 0,332 ns MCP-4 0,7734 ns 

CCL11 0,5463 ns CCL11 0,9585 ns 

TNFSF14 0,3826 ns TNFSF14 0,8386 ns 

FGF-23 0,2106 ns FGF-23 0,0133 * 

MMP-1 0,5688 ns MMP-1 0,565 ns 

LIF-R 0,5487 ns LIF-R 0,2921 ns 

FGF-21 0,568 ns FGF-21 0,151 ns 

CCL19 0,2538 ns CCL19 0,1476 ns 

IL-15RA 0,8237 ns IL-15RA 0,1257 ns 

IL-10RB 0,9737 ns IL-10RB 0,361 ns 
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IL-18R1 0,1923 ns IL-18R1 0,0038 ** 

PD-L1 0,8366 ns PD-L1 0,3263 ns 

CXCL5 0,7707 ns CXCL5 0,1911 ns 

TRANCE 0,6169 ns TRANCE 0,278 ns 

HGF 0,2139 ns HGF 0,175 ns 

IL-12B 0,2706 ns IL-12B 0,2458 ns 

MMP-10 0,009 ** MMP-10 0,065 ns 

IL10 0,6747 ns IL10 0,3286 ns 

TNF 0,5602 ns TNF 0,014 * 

CCL23 0,4126 ns CCL23 0,8952 ns 

CD5 0,453 ns CD5 0,1657 ns 

CCL3 0,8762 ns CCL3 0,0657 ns 

Flt3L 0,0981 ns Flt3L 0,8305 ns 

CXCL6 0,3558 ns CXCL6 0,9588 ns 

CXCL10 0,9026 ns CXCL10 0,0443 * 

4E-BP1 0,8969 ns 4E-BP1 0,2019 ns 

SIRT2 0,584 ns SIRT2 0,6022 ns 

CCL28 0,6709 ns CCL28 0,4266 ns 

DNER 0,3612 ns DNER 0,9204 ns 

EN-RAGE 0,9905 ns EN-RAGE 0,4507 ns 

CD40 0,5082 ns CD40 0,0539 ns 

IFN-gamma 0,7968 ns IFN-gamma 0,0578 ns 

FGF-19 0,5074 ns FGF-19 0,9305 ns 

MCP-2 0,1284 ns MCP-2 0,0007 *** 

CASP-8 0,6362 ns CASP-8 0,7779 ns 

CCL25 0,7737 ns CCL25 0,6554 ns 

CX3CL1 0,727 ns CX3CL1 0,2451 ns 

TNFRSF9 0,9293 ns TNFRSF9 0,2003 ns 

NT-3 0,1358 ns NT-3 0,1102 ns 

TWEAK 0,265 ns TWEAK 0,7687 ns 

CCL20 0,034 * CCL20 0,0351 * 

ST1A1 0,7042 ns ST1A1 0,4116 ns 

STAMBP 0,7973 ns STAMBP 0,6466 ns 

ADA 0,3638 ns ADA 0,2197 ns 

TNFB 0,8741 ns TNFB 0,1466 ns 

CSF-1 0,675 ns CSF-1 0,6911 ns 

Abbreviations: SVR, Sustained virologic response. *p < 0.05, **p < 0.01, ***p < 0.001 
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Supplemental 5 
Markers with significant difference between baseline and end of treatment. Study III.  

 

*p < 0.05, **p < 0.01, ***p < 0.001  
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Supplemental 6 
The impact of ribavirin. Study III  

Principal component analysis (PCA) by end of treatment of all included soluble immune mediators for 

patients treated with and without ribavirin.  

 

 

  

GP  

GP + RBV  
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Supplemental 7 
Median values for the different cell types at baseline. Study IV  

% of parent 

population 

Parent population SVR (21) 

Median (IQR)  

Non SVR (10) 

Median (IQR) 

P-values 

CD4+ Lymphocytes 54.36 (47.43 -59.00) 55.54 (45.88 -59.16) 0.6728 

CD8+ Lymphocytes 13.83 (11.34-16.4) 14.51 (12.72-18.08) 0.3525 

CD4+Tcm CD4+ 18.34 (9.04-25.38) 15.10 (12.20 - 21.03) 0.8877 

CD4+Te CD4+ 9.61 (6.63-15.13) 7.46 (5.98-21.15) 0.4725 

CD4+Tem CD4+ 19.98 (14.74-25.14) 16.49 (13.12-20.38) 0.2265 

CD4+Tn-like CD4+ 46.76 ( 34.54-52.39) 55.77 (50.49-61.25) 0.1139 

CD4+Tscm CD4+CD45RO-CD197+ 9.74 (6.33-13.48) 12.82 (9.38-17.33) 0.2125 

CD4+Tn CD4+CD45RO-CD197+ 90.30 (86.11-93.32) 87.24 (82.40-90.35) 0.2367 

CD8+Tn-like CD8+ 23.39 (16.03-28.85) 19.32 (18.53-33.10) 0.5541 

CD8+Tcm CD8+ 3.88 (2.97-4.99) 3.64 (2.09-8.96) 0.8658 

CD8+Te CD8+ 40.16 (33.77-49.06) 49.27 (30.63-54.00) 0.7998 

CD8+Tem CD8+ 30.92 (21.67-34.99) 23.80 ( 17.34-29.46)  0.1305 

CD8+Tscm CD8+CD45RO-CD197+ 8.49 (2.46-15.92) 6.09 (4.59-11.75) 0.8327 

CD8+Tn CD8+CD45RO-CD197+ 91.54 ( 84.21-97.55) 93.93 (88.28-95.27) 0.8658 

PD1 (CD279)     

CD4+ CD4+ 5.62 (4.42-12.21) 6.17 (4.88-11.47) 0.7037 

CD4+Tn CD4+ 3.64 (1.89-5.66) 3.35 (2.9-4.24) 0.9663 

CD4+Tscm CD4+ 5.37 ( 3.8- 7.88) 9.08  (7.45-12.09) 0.0074* 

CD4+Tcm CD4+ 12.02 (9.38-14.75) 13.85 (11.39-15.55) 0.2990 

CD4+Te CD4+CD45RO-CD197+ 14.45 (9.85-18.12) 15.26 (11.21-23.4 )  0.4341 

CD4+Tem CD4+CD45RO-CD197+ 18.43 (14.95-22.64) 19.56 (17.03-22.29) 0.4469 

CD8+ CD8+ 9.66 (7.87-11.58) 10.58 (7.55-19.62) 0.6881 

CD8+Tn CD8+ 3.06 (2.5-6.32) 4.23 (3.05-6.63) 0.8075 

CD8+Tscm CD8+ 9.47 (6.25-16.95) 14.51 (9.68-25) 0.2447 

CD8+Tcm CD8+ 13.59 (8.97-19.68) 17.66 (8.89-25.19) 0.2641 

CD8+TeCD279 CD8+CD45RO-CD197+ 9.93 (5.38-12.59) 14.33 (6.01-15.81) 0.2000 

CD8+TemCD279 CD8+CD45RO-CD197+ 21.16 (16.84-31.44) 28.53 (23.27-34.36) 0.2908 

BY55 (CD160)      
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CD4+ CD4+ 14.43 ( 9.96-17.36) 16.47 ( 12.67-22.77)  0.2549 

CD4+Tn CD4+ 16.72 (13.56-19.72)   23.94 (17.63-26.57) 0.0501  

CD4+Tscm CD4+ 15.1 (11.57-21.3) 19.56 (16.22-27.09) 0.0861 

CD4+Tcm CD4+ 19.02 (13.05-24.19) 23.97 (17.58-29.06) 0.2203   

CD4+Te CD4+CD45RO-CD197+ 20.26 (16.96-29.14) 26.04 (19.13-30) 0.4966 

CD4+Tem CD4+CD45RO-CD197+ 17.85 (14.69-24.29) 21.41 (18.03-25.2) 0.3345     

CD8+ CD8+ 33.72 (25.97-42.54) 35.04 (31.61-52.35) 0.2169 

CD8+Tn CD8+ 20 (12.97-23.39) 25.48 (15.57-29.61) 0.1294 

CD8+Tscm CD8+ 25 (21.31-33.33) 37.75 (27.45-39.58) 0.0866 

CD8+Tcm CD8+ 27.27 (21.9-34.74) 33.33 (29.73-42.45) 0.0416* 

CD8+Te CD8+CD45RO-CD197+ 47.14 (42.62-54.83) 53.82 (42.39-75.34) 0.2539 

CD8+Tem CD8+CD45RO-CD197+ 35.06 (28.04-39.6) 42.11 (36.32-50.05) 0.0771 

2B4 (CD244)     

CD4+ CD4+ 1.97 (1.04-2.93) 1.5 (.45-2.52) 0.3116 

CD4+Tn CD4+ 2.42 (1.61-3.38) 

(n=20) 

2.21 (1.3-2.47) 0.3909 

CD4+Tscm CD4+ 2.08 (1.48-2.74) 1.58 (1.22-2.36) 0.3787 

CD4+Tcm 

 

CD4+ 3.09 (2.14-6.4) 

(n=20) 

3.31 (1.8-3.83) 0.4545 

CD4+Te  CD4+CD45RO-CD197+ 5.6 (2.52-9.19) 

(n=20) 

2.71 (1.88- 8.93) 0.4815 

CD4+Tem CD4+CD45RO-CD197+ 3.83 (2.45-5.79) 

(n=20) 

2.13 (1.63-3.35) 0.0366* 

CD8+ CD8+ 25.09 (19.24-32.17) 

(n=20) 

30.32 (23.18-42.38) 0.3662 

CD8+Tn CD8+ 2.84 (1.81-5.68) 

(n=20) 

3.68 (1.64-4.89) 0.8259 

CD8+Tscm 

 

CD8+ 11.66 ( 3.87-17.71) 

(n=20) 

12.87 (3.33-17.24)    0.9649 

CD8+Tcm CD8+ 10.04 (7.62-11.72) 

(n=20) 

12.92 (5.12-17.74) 0.5235 

CD8+Te CD8+CD45RO-CD197+ 50.87 (38.77-62.97) 

(n=20) 

61.76 (51.69-71.7) 0.0543 
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CD8+Tem CD8+CD45RO-CD197+ 25.67 (18.28-33.3) 

(n=20) 

35.16 (19.54-48.07)  0.1571 

CTLA-4 (CD152)      

CD4+ CD4+ 2.72 (1.23-4.13) 2.93  (2.04-4.48) 0.7484 

CD4+Tn CD4+ 3.85 (2.46-5.56) 4.87  (3.61-7.2) 0.2204 

CD4+Tscm CD4+ 3.34 (1.78-5.34) 4.66 (2.84- 8.08) 0.1624 

CD4+Tcm CD4+ 5.71 (3.2-7.51) 5.01 (4.8-7.85) 0.6073 

CD4+Te CD4+CD45RO-CD197+ 6.02 (2.6-11.92) 6.11 (2.78-9.63) 0.8327 

CD4+Tem CD4+CD45RO-CD197+ 4.14 (2.93-6.23) 4.92 (2.72-6.72) 0.5262 

CD8+ CD8+ 3.27 (1.43-3.94) 4.18 (1.57-5.83)  0.2719 

CD8+Tn CD8+ 3.68 (2.32-5.45) 6.26 (1.83-9.08) 0.3525 

CD8+Tscm CD8+ 7.61 (0-12) 10.44 (5.36-11.43) 0.2678 

CD8+Tcm CD8+ 7.52 (5.71-8.94) 8.90 (3.45-14.97) 0.6121 

CD8+Te CD8+CD45RO-CD197+ 3.92 (1.63-8.68) 7.04 (5.48-8.33) 0.1902 

CD8+Tem 

 

CD8+CD45RO-CD197+ 4.15 (2.79-6.55) 6.74 (2.89-8.2) 0.3311 

Tim-3 (CD366)     

CD4+ CD4+ 18.96 (14.36-25.03) 20.94 ( 17.05-30.07) 0.2203 

CD4+Tn CD4+ 32.45 (22.85-44.62) 45.93 (30-49.87) 0.3105 

CD4+Tscm CD4+ 15.6 (10.66-18.4) 17.96 (14.97-25.13) 0.1995 

CD4+Tcm CD4+ 13.27 (9.08-18.91) 14.89 (8.91-20.29) 0.7468 

CD4+Te CD4+CD45RO-CD197+ 19.25 (14.83-21.65) 23.21 (18.29-33.33) 0.2902 

CD4+Tem CD4+CD45RO-CD197+ 11.43 (7.11-14.12) 13.64 (11.12-18) 0.1083 

CD8+  CD8+ 35.65 (24.7-37.79) 38.06 (25.05-50.34) 0.4978 

CD8+Tn CD8+ 36.53 (29.02-47.42)   44.46 (35.75-54.4) 0.1938 

CD8+Tscm CD8+ 30.83 (20.61-40.88) 

(n=20) 

35.05 (23.61-45)   0.4658 

CD8+Tcm CD8+ 23.26 (13.89-26.13) 26.44 (18.65-33.33) 0.3242 

CD8+Te CD8+CD45RO-CD197+ 55.49 (40.49-66.01) 60.74 (36.51-79.02) 0.7565 

CD8+Tem CD8+CD45RO-CD197+ 9.12 (6.11-15.12) 13.58 (11.11 -21.69) 0.2719 

LAG3 (CD223)     

CD4+CD223 CD4+ 1.5 (.77-2.15) 1.50 (.92-3.45) 0.7037 

CD4+TnCD223 CD4+ 2.63 (1.22-4.13) 3.51 (2.35-4.32) 0.3980 
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Abbreviations: sustained virological response (SVR); naïve T cells (Tn);  T  stem cell memory (Tscm); T 

central memory cell  (Tcm); terminal effector T-cells (Te); T effector memory cell (Tem); Programmed cell 

death protein 1 (PD-1); cytotoxic T-lymphocyte-associated protein 4 (CTLA-4);  T cell immunoglobulin and 

mucin domain-3 (Tim-3); Lymphocyte-activation gene 3 (LAG3). *p<0.05  

 

 

 

  

CD4TscmCD223 CD4+ 2.12 (.81-3.4) 2.35 (1.48-5.4) 0.4219 

CD4+TcmCD223 CD4+ 4 (1.92-5.57) 3.35 (2.34-4.6) 0.7353 

CD4+TeCD223 CD4+CD45RO-CD197+ 4.18 (2.99-6.29) 4.10 (1.53-8.39) 0.9663 

CD4+TemCD223 CD4+CD45RO-CD197+ 2.61 (1.36-4.67) 2.71 (1.36-4.23) 0.9159 

CD8+CD223  CD8+ 2.29 (1.44-4.14) 3.44 (1.74-3.97) 0.6572 

CD8+TnCD223 CD8+ 2.95 (2-4.4) 3.43 (2.14-4.07) 0.5827 

CD8+TscmCD223 

 

CD8+ 3.33 (1.69-8.7) 3.45 (.97-10.53) 

(n=9) 

1.0000 

CD8+TcmCD223 CD8+ 5.81 (3.9-8.82) 4.66 (2.27-8.53) 0.5682 

CD8+TeCD223 CD8+CD45RO-CD197+ 3.84 (2.53-5.28) 5.21 (3.48-9.51) 0.1831 

CD8+TemCD223 CD8+CD45RO-CD197+ 3.2 (2.17-4.88) 3.16 (2.31-5.76) 0.6121 
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