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Abstract

Sofosbuvir is a drug, which has been found useful in HCV (Hepatis C Virus) therapy. It replaced
the previously used interferon, the applied of which has shown many side effects or lack of
response to treatment. The usage of sofosbuvir with ribavirin shortens the time of treatment and
minimizes the number of side effects. It is taken as a single dose of 400 mg for 12 or 24 weeks.
The only place of activation of this prodrug is hepatocytes, where its active metabolite is formed

(GS-461203). It should not be used together with P-glycoprotein inductors that can reduce the
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efficiency of its action and with amiodarone, because application of both of them together slows
down the heart rate. Numerous tests have demonstrated the effectiveness of sofosbuvir in the
treatment of patients who have relapsed disease after liver transplantation. A high percentage
of sustained virologic response obtained in all phases of clinical trials has proven the efficacy
of sofosbuvir in combination with ribavirin or another HCV drug in the therapy of hepatitis C

infection.
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Introduction

HCV (Hepatitis C Virus) is currently one of the main causes of chronic hepatitis in the world.
It is estimated that around 160 million people are infected with this virus, most of which have
not been diagnosed [1]. Sofosbuvir, known under a trade name Sovaldi® is a drug used to treat
chronic hepatitis C [2]. It was developed in 2007 and approved for general sale in the United
States in 2013 [3]. The American Association for the Study of Liver Diseases and the Infectious
Diseases Society of America in 2016 recommended the use of sofosbuvir in combination with
other drugs as a first-line therapy for the treatment of six genotypes of HCV (1, 2, 3, 4, 5, 6)
and in some cases of second-line therapy [4]. Previously, hepatitis C was treated with interferon
and ribavirin, which guaranteed less than 70% chance of cure (with sofosbuvir efficacy of 30-
97% depending on virus genotype) and resulted in long-term therapy (6-12 months, sofosbuvir
12-24 weeks) with numerous side effects (more common than with sofosbuvir) such as nausea,

diarrhoea, severe rash, anaemia, depression and fatigue [5, 6, 7, 8, 9].

Mechanism of action

Sofosbuvir is the NS5B inhibitor for HCV polymerase [10] necessary for virus replication. As
a prodrug, it undergoes intracellular metabolism in hepatocytes forming a pharmacologically
active analogue of uridine triphosphate GS-461203 (B-d-2'-deoxy-2'-a-fluoro-2’-p-C-
methyluridine triphosphate), which is not present in plasma [9, 11]. The first stage of activation
is the hydrolysis of the carboxylic ester, for which catepsin A (CatA) and to a lesser extent,
carboxyl esterase (CES1) are responsible [12]. Hepatocytes are the only places where enzymes
necessary to activate a prodrug are found [13]. Then, by eliminating phenol, the metabolite PSI-

352707 is produced, from which the amino acid group is removed by a process catalyzed by
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the nucleotide binding protein of histidine triad 1 (Hintl). The effect of Hintl results in PSI-
7411, a form of 5'-monophosphate, which can be phosphorylated to diphosphate (PSI1-7410) by
the kinase UMP-CMP and the active metabolite triphosphate (PSI-7409) by the nucleotide
derivative of diphosphate [12, 13]. The active metabolite acts as a RNA HCV chain inhibitor
via NS5B polymerase [14]. Sofosbuvir and its metabolites are not inhibitors of human
isoenzymes UGT1A1 or CYP1A2, CYP3A4, CYP2C19, CYP2C9, CYP2D6, CYP2B6 and
CYP2C8 [9, 14].

Characteristics

The drug is taken orally for 12 or 24 weeks, once a day at a dose of 400 mg [9]. The highest
concentration is observed 0. 5-2 hours after administration, regardless of whether it is applied
to a healthy or sick person and the dose received [9, 15]. The maximum level of the main
metabolite sofosbuvir, GS-331007, [15] which is an inactive nucleoside formed in parallel
pathways to form the active metabolite GS-461203 [9, 16] is found in plasma after 2-4 hours
[15]. After a single dose of 400 mg of the drug, GS-331007 represented more than 90% of all
metabolites formed [17]. Its half-life is 27 hours and that of sofosbuvir is 0. 4 hours [16].

The binding of sofosbuvir to plasma proteins in individuals, both healthy and with end-stage
renal failure in ex vivo studies, was approximately 82-85%, while the metabolite GS-331007
was significantly lower [15].

The drug is excreted in 80% in urine, 14% in faeces and 2. 5% in exhaled air (using a single
oral dose of 400 mg). The urine contains primarily GS-331007 (78%), and sofosbuvir is 3.5%
[9, 15].

Interactions and side effects

Sofosbuvir as a substrate for P-glycoprotein [9], which mission is to transport medication from
the intestinal epithelium back to its light [18], should not be used in combination with drugs
which are strong and moderate inductors of this transporter in the intestine. The first group
includes, among others, rifampicin, rifabutin, phenobarbital, phenytoin, carbamazepine and St.
John's wort, while the second group includes, inter alia, modafinil and oxcarbazepine. All these
drugs can reduce the therapeutic effect of sofosbuvir by lowering its concentration in plasma
[9].

In patients treated with vitamin K antagonists, continuous monitoring of the international
normalized ratio (INR) is recommended due to the possibility of changing liver function during

sofosbuvir’s therapy [9].
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Sofosbuvir, should not be used in combination with daclatasvir, ledipasvir or simeprevir with
amiodarone, because it contributes to a slow heart rate, which was reported by the American
Food and Drug Administration (FDA) in 2015 [16, 19].

A study by Kirby et al. showed that it is not necessary to adjust the doses of antiretroviral and
sofosbuvir with their simultaneous use. With the application of tenofovir DF (TDF),
emtricitabine (FTC) or efavirenz (EFV) the maximum concentration of sofosbuvir and its
metabolite GS-331007 is reduced by 19% and 23% respectively, while with the application of
rilpivirine (RPV) the concentration of sofosbuvir increases by 21%. Similarly, when used in the
treatment of darunavir (DRV) or ritonavir (RTV), which inhibits the action of P-glycoprotein,
the absorption of sofosbuvir increases [20, 21].

In the case of oral contraceptives, there is no need to correct the doses, either of sofosbuvir,
ethinyl estradiol or norgestimate, when sofosbuvir is used concomitantly with one of these
drugs, as sofosbuvir does not reduce the effectiveness of hormone therapy [9, 15].

The most common side effects are nausea, dizziness and headaches, shivers, fatigue, rash, back
pain, irritability, anaemia and difficulties in falling asleep [16]. There is no data on symptoms
occurring in the case of a sofosbuvir overdose. The maximum dose received by patients was
1200 mg and no adverse reactions other than those occurring at the standard dose of 400 mg or

in placebo were observed [9].

Pregnancy and breast-feeding

It has not been established yet whether the drug is able to overcome the placenta barrier in the
human body. Studies in rabbits and rats have shown that the metabolites of sofosbuvir are not
only able to pass through the placenta, but also to enter the milk of these animals during
lactation. It has not been proven, however, that taking this medicine causes death or inhibits the
growth of embryos and foetuses [22]. The FDA (Food and Drug Administration) has
systematized sofosbuvir when it was administered alone or in combination with ledipasvir to
category B [22, 23] (studies on animals did not reveal any risk to the fetus, but appropriate
studies were not performed in pregnant women [24]). However, in combination with ribavirin,
it has been classified as X category [15] (taking this medicine causes significant disturbances
in the development of the fetus in humans and animals [24]). Sofosbuvir therapy with ribavirin
cannot be started until a negative pregnancy test has been performed. In addition, during and
for 6 months after treatment, it is recommended to use two effective methods of contraception

and to perform a pregnancy test once a month [25]. It has not been proven that sofosbuvir (alone
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or in combination with ribavirin) is able to pass into breast milk, so it is not recommended to

take it alone or together with ribavirin during breastfeeding [16, 22].

Sofosbuvir and transplants

Recurrent hepatitis C is a common complication after liver transplantation. A study by Forns et
al. in 2014 showed that the use of sofosbuvir and ribavirin is effective in treatment of hepatitis
C after grafting. This also applies to patients with decompensated cirrhosis and fibrosing
cholestatic hepatitis (FCH) after graft. Sofosbuvir at a dose of 400 mg daily and ribavirin
(depending on the clinical situation of the patient) were taken by patients for 24 weeks. A
sustained virological response (SVR) occurred in 59% of subjects 12 weeks after the end of
therapy (54 out of 92 analyzed) [26].

The first patient who did not use interferon for cure of HCV after transplantation was a 54-year-
old man with cholestatic HCV (genotype 1b) and ascites, whose case was described in 2013.
He was treated with sofosbuvir (400 mg daily) and daclatasvir (60 mg daily) for 24 weeks. Just
after 4 weeks of medication, the levels of HCV RNA in the patient's serum were unnoticeable
and the ascites receded. A sustained virological response occurred in a man 9 months after the
end of treatment. The taken sofosbuvir and daclatasvir did not decrease the concentration of
tacrolimus in the blood, obtained to prevent the rejection of the transplant, and its dose did not
have to be modified either [27, 28]. In the study conducted by Sulkowski et al. in 2014 (phase
Il of clinical trials) the efficacy of both drugs in patients with genotype 1, 2 and 3 HCV was
analyzed. For each genotype 44 patients were assigned and orally treated with 400 mg of
sofosbuvir per day and 60 mg of daclatasvir per day (in some patients ribavirin was additionally
used) for 24 weeks. In addition, 123 new patients with genotype 1 HCV were later admitted to
the study with the same dosage regimen, the only change being different therapy duration (12
or 24 weeks). For all genotypes tested, maintenance of virological response was observed after
treatment with sofosbuvir and daclatasvir, also in patients with previous resistance to treatment
with boceprevir or telaprevir [29]. The ALLY-1 study from 2014 (stage 111 of clinical trials), in
which patients with genotypes 1, 2, 3, 4, 6 HCV took part, confirmed the efficacy of sofosbuvir
(400mg/day), daclatasvir (60mg/day) and ribavirin (600mg/day) in treating hepatitis C after
graft of this organ [30].

Tests using sofosbuvir and ledipasvir also confirmed the effectiveness of therapy of chronic C
hepatitis, which occurred in patients after transplantation. In the Kwok et al study, patients were
treated with sofosbuvir (400mg / day) and ledipasvir (90mg / day) with ribavirin (400 or 1200
mg / day) or without, for a period of 8, 12 or 24 weeks. In 96% of subjects, regardless of HCV

632



genotype and duration of treatment, no virus was found after 12 weeks from the end of cure
[31]. From January to August 2014, researchers from 34 centers in Europe, Australia, Canada
and New Zealand tested the efficacy of sofosbuvir (400 mg per day), ledipasvir (90 mg per day)
and ribavirin (600-1200 mg per day) for 12 or 24 weeks in patients with advanced cirrhosis
after transplantation and without previous liver graft with genotype 1 or 4 HCV. In the subjects,
the applied medication gave a high percentage of patients with sustained virological response
after 12 weeks from the end of the examination, regardless of whether they had previously
undergone surgery or not [32]. A multicenter, open-label study by Levitsky et al. also
demonstrated the efficacy of perioperative care in patients with HCV genotype 1 who would
receive liver from a non-HCV infected donor. The subjects obtained on the day of admission to
the hospital ledipasvir (90mg) and sofosbuvir (400mg) and were treated with the same schedule
for 4 weeks after the surgery. The results, despite the shorter treatment time than the standard
(4 weeks instead of 12-24), were very satisfactory - 88% maintained the virological response.
This confirmed the thesis put forward by the researchers that ledipasvir and sofosbuvir
administered prevent recurrence of viral hepatitis in patients after the transplantation procedure
[33].

Lawitz et al. conducted a study on patients with HCV genotype 1 from November 2011 to
January 2014 at 23 centers in the United States (Phase Il of the study), which were administered,
after the grafting of the liver, sofosbuvir (400 mg per day) and simeprevir (150 mg per day) for
12 weeks (with or without ribavirin) or for 24 weeks (with or without ribavirin). In 92% of the
subjects after 12 weeks there were a sustained virological response, which documented the
effectiveness and safety of the use of sofosbuvir and simeprevir in the post-transplant cure of
HCV [34].

Prevention of HCV recurrence after graft, through administration of sofosbuvir and ribavirin
before operation, was analyzed by Curry et al. in 13 centers in the United States, New Zealand
and Spain. Patients waiting for a grafting with HCV (without distinction between genotype)
and cirrhosis received sofosbuvir in the standard dose and 1000 mg or 1200 mg ribavirin
(depending on the patient's weight) before surgery for 48 weeks. Twelve weeks after a surgery,
70% of those who had an organ transplant had a virological response, 23% had a relapse and
7% died (3 people - 2 due to primary rejection and 1 due to hepatic artery thrombosis). This
study showed that sofosbuvir in combination with ribavirin, administered before the procedure,

give satisfactory results in preventing recurrent HCV after transplantation [35].
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Clinical trials

Phase | clinical trial conducted in 2011-2012 in the United States and Puerto Rico, where
sofosbuvir (PSI-7977) and PSI-352938 were used, checked whether the effectiveness of
treatment of hepatitis C patients is the same as in patients infected with HCV without abnormal
liver function. These tests were to show whether it is possible to include people with hepatic
impairment and cirrhosis in the future. The patients (24) were divided into 6 groups: two groups
included patients with class A according to the Child-Pugh score (5-6 points), one of them
received 300 mg PSI-352938 per day and the other 400 mg of sofosbuvir for 7 days, two more
groups with 7-9 points in Child-Pugh score (class B) obtained the same dose of medication for
a week, as well as the last two groups assigned to class C of Child-Pugh score (10-15 points).
However, the results of these studies have not been published [36].

Osinusi et al. in the open, randomized, | and Il phase clinical trials checked the efficacy of
sofosbuvir and ribavirin in HCV treatment. In phase I, 10 subjects with early or moderate
degrees of Knodell histology activity index (HAI) (0-1) received sofosbuvir 400 mg and
ribavirin in a dose dependent on the patient's weight for 24 weeks. The second phase was
divided into two parts, in the first 25 patients obtained for 24 weeks sofosbuvir (400 mg) and
ribavirin (1000 mg in people weighing less than 75 kg and 1200 mg in patients weighing more
than 75 kg), and 25 subjects took sofosbuvir in a dose 400 mg and ribavirin in the lower dose
(600 mg) for 24 weeks (second part of the study). In the second phase, patients were included
regardless of the degree of liver fibrosis. The lack of viruses in the body was found in 90% of
patients from the first group of 10 patients, 68% from the second group and 48% from the last
group [37, 38].

From January 2010 to August 2011, Rodriguez-Torres M et al. analyzed the efficacy of
sofosbuvir with peginterferon and ribavirin in the initial stage of phase Il of clinical trial.
Patients (64 individuals) with HCV genotype 1, who had not been treated before, were
randomly assigned to 4 groups. They received orally, apart from peginterferon and ribavirin,
sofosbuvir at a dose of 100 mg (first group), at a dose of 200 mg (second group), 300 mg (third
group), and the last one obtained a placebo. The treatment lasted 28 days, and after it, for the
next 44 weeks they took peginterferon and ribavirin. Patients who took sofosbuvir had a greater
reduction of HCV RNA and a faster virological response than those receiving placebo. The
sustained virological response after 24 weeks from the end of therapy was equal to 56%, 83%,
80% and 43%, for 100 mg, 200 mg, 400 mg of sofosbuvir and placebo, respectively. In addition,

due to the higher number of people with relapse of the disease at a dose of 100 mg than 200 and
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400 mg, it was decided that in phase Ilb further analysis will be subjected to sofosbuvir in doses
of 200 and 400 mg [39].

In the second phase of clinical trials, PROTON, Lawitz E et al. study evaluated the efficacy of
sofosbuvir therapy in previously untreated patients with HCV genotypes 1, 2 and 3. The two-
cohort, double-blind study involved 147 subjects (122 in cohort A and 25 in cohort B). Cohort
A included patients with HCV genotype 1, who were divided into 3 groups (2: 2: 1 ratio) - for
12 weeks they took peginterferon together with sofosbuvir (180 pg per week) and ribavirin
(1000 or 1200 mg per day) ) - the first group received 200 mg of sofosbuvir, the second 400
mg, while the third one took placebo. Then for the next 12 or 36 weeks they assumed
peginterferon and ribavirin. In cohort B, all patients obtained 400 mg of sofosbuvir,
peginterferon and ribavirin for over a period of 12 weeks. Twelve weeks after the end of
treatment, HCV RNA was undetectable at a dose of 200 mg sofosbuvir in 90% of subjects, in
91% of those taking 400 mg of sofosbuvir, in 58% of placebo and 92% of cohort B (400 mg
sofosbuvir) [40].

Kowdley et al. in an open, randomized ATOMIC study (phase 11) from 2011-2012 analyzed
316 patients from 42 centers in the USA and Puerto Rico with diagnosed HCV (genotype 1, 4,
5 and 6). Patients with genotype 1 were divided into three cohorts: cohort A took 400mg of
sofosbuvir and peginterferon with ribavirin for 12 weeks, cohort B received the same for 24
weeks (all other patients with other HCV genotypes, who took part in the tests were also
included in cohort B). The last group (cohort C) obtained the same dose of sofosbuvir,
peginterferon and ribavirin for 12 weeks, and for the next 12 weeks they got either sofosbuvir
alone or in combination with ribavirin. The gained results did not show any difference in
sustained virological response after 24 weeks from the end of the study in all cohorts. This
indicated the lack of additional benefits from the prolongation of the duration of sofosbuvir
therapy, which should be confirmed in the third phase of the study [41].

Gane et al. in the ELECTRON study, which was divided into 5 parts, was aimed to analyze the
necessity of administering interferon in combination therapy with sofosbuvir. Forty HCV-
infected with genotypes 2 or 3, who had not been treated before were divided into 4 groups (1:
1:1: 1). All patients in 4 groups were given 400 mg sofosbuvir and ribavirin once daily for 12
weeks. Additionally, patients from 3 groups received peginterferon alfa-2a for 4, 8 or 12 weeks.
In two additional groups also comprised of patients with genotype 2 or 3 and without prior
treatment, either alone sofosbuvir was used in 12-week therapy, or for 8 weeks sofosbuvir with
ribavirin and peginterferon alfa-2a (10 people). In patients with HCV genotype 1, sofosbuvir

and ribavirin (12 weeks) were used - 25 patients in this group had not been treated before and
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10 had not responded to previous cures. In 100% of the subjects from the first 4 groups after 24
weeks HCV was not detected, regardless of the duration of therapy and whether peginterferon
was used or not. The results of two additional groups (genotypes 2 and 3), who received
sofosbuvir with ribavirin and interferon, were the same as in the previous described studies
(100% sustained viral response after 24 weeks), whereas in the case of sofosbuvir therapy no
viruses were found in 60 % of patients. Sicks with HCV genotype 1 had a sustained virological
response of 84% in previously untreated and 10% in those with a history of failure in treatment.
The study proved that sofosbuvir with ribavirin used for 12 weeks is effective in patients with
genotype 1, 2 or 3 HCV who had not been treated before [42]. In the subsequent stages of the
ELECTRON study, Gane et al. evaluated the effectiveness of cure of patients with HCV
genotype 1 with sofosbuvir and ledipasvir or GS5669 - non-nucleoside inhibitor of NS5B. In
the therapy took part 113 people, who had not been cured before or did not respond to previous
medication. In 34 patients (25 previously untreated and 9 without effective treatment)
sofosbuvir (400 mg daily), ledipasvir (90 mg per day) and ribavirin were used for 12 weeks.
Therapy of 35 patients (25 without prior medication and 10 with unsuccessful cure) was also
continued for 12 weeks. They got sofosbuvir, ribavirin and GS-9669 (500 mg daily). People
with cirrhosis were randomly assigned to 2 groups - 9 people obtained sofosbuvir, ledipasvir
and ribavirin, 10 were treated with ledipasvir and sofosbuvir. Sofosbuvir, ledipasvir and
ribavirin also received 25 patients in 6 weeks of therapy who had not previously been cured
with HCV. The results of sustained viral response after 12 weeks have shown that sofosbuvir
together with another antiviral drug is effective in the medication of HCV with genotype 1 in
patients previously untreated or without the success of previous therapies [43].

The LONESTAR study (Phase Il) by Lawitz et al. tested the effectiveness of hepatitis C
treatment without or with ribavirin at fixed doses of sofosbuvir and ledipasvir. The try consisted
of 100 people with HCV genotype 1, who had not been treated before, or in whom therapy with
other HCV inhibitors did not provide the results, were administered sofosbuvir in the standard
dose and ledipasvir (90 mg / day) without or with ribavirin. In cohort A, there were 60 patients
previously untreated with no cirrhosis, divided into 3 groups: the first one received for 8 weeks
sofosbuvir and ledipasvir, the second for the same time received additional ribavirin, while the
third one sofosbuvir and ledipasvir for 12 weeks. In cohort B, there were patients with or
without cirrhosis who had been previously cured with failure. They were assigned to two
groups, one of them for 12 weeks was treated with sofosbuvir and ledipasvir (group 4), while
the other group obtained ribavirin (group 5) under the same scheme. The results showed that

established doses for sofosbuvir and ledipasvir (with or without ribavirin) are able to cure HCV
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patients with genotype 1 with almost 100% efficacy (regardless of the duration of therapy, with
ribavirin it was always 100% tested with sustained virological response after 12 weeks from
the end of treatment and 95% in the absence of ribavirin). Previous failures of medication and
cirrhosis of the liver did not affect the success of the cure. Therefore, further clinical trials are
necessary to develop the best duration of therapy and the necessity of ribavirin [44].

In all phase 111 studies, the dose of sofosbuvir received by patients was 400 mg daily, while the
dose of ribavirin depended on the patient's weight [45]. Lawitz et al. conducted two studies in
patients who had not previously been treated for HCV. In the first group of 327 patients with
HCV genotype 1, 4, 5 and 6 (of which 98% had genotype 1 or 4), sofosbuvir, peginterferon
alfa-2a and ribavirin (NEUTRINO study) were administered for 12 weeks. After 12 weeks, no
viruses were found in 90% of ills. In the second trial, 499 patients with genotype 2 or 3 HCV
got for 12 weeks sofosbuvir plus ribavirin or ribavirin with peginterferon alfa-2a for 24 weeks
(FISSION). The sustained virological response after 12 weeks of treatment was in both groups
at the same level (67%), however the difference was noticeable depending on the HCV
genotype (for genotype 3 SVR12 was 56%, while for genotype 2 SVR12 was equal to 97%)
and whether the patients suffered from cirrhosis or not (47% to 72%) [8].

Jacobson et al. confirmed the efficacy presented in Phase Il of the therapy with sofosbuvir in
patients with HCV 2 or 3 genotype who were unable to use peginterferon (POSITRON), or had
not been responded to treatment with prior use (FUSION). Two randomized trials were
performed at POSITRON, the first of which included patients who could not use peginterferon
in the therapy, so for 12 weeks, 207 of them got sofosbuvir and ribavirin, and 71 sofosbuvir
with placebo. FUSION included individuals who had not previously responded to peginterferon
cure - 103 obtained sofosbuvir and ribavirin for 12 weeks, while 98 patients underwent, with
the same scheme, 16 weeks of medication. In the POSITRON study, the sustained virological
response in subjects who received sofosbuvir with ribavirin was 78% compared to 0% in
placebo-treated people. In patients previously cured with peginterferon, the response rate was
at the level of 50% for a 12-week treatment and 73% for a 16-week medication. This confirmed
that the therapy with sofosbuvir and ribavirin for 12 or 16 weeks is effective in these patients
[46].

Summary
Many clinical trials have proven that HCV therapy with sofosbuvir is effective. The shortening
of the treatment time in comparison with the previously used interferon is its advantage. Also,

a small number of side effects, which occur less frequently than in comparison with interferon
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and a small number of drugs with which it interacts is an undoubted benefit. The tests carried
out show that sofosbuvir is a good remedy for the cure of recurrent hepatitis C after
transplantation.
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