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Abstract
Background & Aims: Intravenous silibinin (SIL) is a potent antiviral agent
against hepatitis C virus (HCV) genotype-1. In this proof of concept casestudy we tested: (i) whether interferon-alfa (IFN)-free treatment with SIL
plus ribavirin (RBV) can achieve sustained virological response (SVR); (ii)
whether SIL is safe and feasible for prolonged duration of treatment and (iii)
whether mathematical modelling of early on-treatment HCV kinetics can
guide duration of therapy to achieve SVR. Methods: A 44 year-old female
HCV-(genotype-1)-infected patient who developed severe psychiatric adverse
events to a previous course of pegIFN+RBV, initiated combination treatment
with 1200 mg/day of SIL, 1200 mg/day of RBV and 6000 u/day vitamin D.
Blood samples were collected frequently till week 4, thereafter every
1–12 weeks until the end of therapy. The standard biphasic mathematical
model with time-varying SIL effectiveness was used to predict the duration
of therapy to achieve SVR. Results: Based on modelling the observed viral
kinetics during the first 3 weeks of treatment, SVR was predicted to be
achieved within 34 weeks of therapy. Provided with this information, the
patient agreed to complete 34 weeks of treatment. IFN-free treatment with
SIL+RBV was feasible, safe and achieved SVR (week-33). Conclusions: We
report, for the first time, the use of real-time mathematical modelling of
HCV kinetics to individualize duration of IFN-free therapy and to empower
a patient to participate in shared decision making regarding length of treatment. SIL-based individualized therapy provides a treatment option for
patients who do not respond to or cannot receive other HCV agents and
should be further validated.

The recent approval of direct-acting antiviral agents
(DAAs), the HCV NS3/4A protease inhibitors (boceprevir, telaprevir and simeprevir) and the HCV nucleotide
polymerase inhibitor sofosbuvir represents an important
milestone in achieving higher sustained virological
response (SVR) rates (1). IFN-free DAA therapeutic regimens for HCV are expected in the next few years, but
success will not be measured only by SVR rates but also
by the availability of effective treatment for all individuals infected with HCV (2).
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Legalon SIL (SIL) is a chemically hydrophilized version of silibinin that has high antiviral efficacy against
HCV in patients with compensated liver disease during
SIL alone or in combination with pegIFN (3, 4), and is
well tolerated in the peri-liver transplantation (LT) period (5). While SIL has been extensively studied and even
prevented HCV infection of liver grafts after LT
[reviewed in (6)], IFN-free SIL-based therapy has not
been administered for prolonged time periods
(>4 weeks) to treat chronic HCV.
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Key Points

● IFN-free silibinin (SIL)-based therapy has not
been administered for prolonged time periods
(>4 weeks) to treat chronic HCV.
● We report, for the first time, the use of real-time
mathematical modelling of HCV kinetics to individualize duration of IFN-free therapy with SIL plus ribavirin and to empower a patient to participate in
shared decision making regarding length of treatment.
● Thirty four weeks of IFN-free treatment with
SIL+ribavirin was feasible, safe, and achieved sustained virological response.
● SIL-based individualized therapy may provide a
treatment option for patients who do not respond to
or cannot receive other HCV agents.
Mathematical modelling of viral kinetics has provided valuable insights for the understanding of HCVhost-drug dynamics and pathogenesis. In particular, it
has been proposed that modelling can ultimately determine the duration of treatment needed for SVR (7–9).
In the current case study, we sought to provide a proofof-concept for the safety and feasibility of IFN-free
treatment with SIL+RBV and to assess the utility of
mathematical modelling of early on treatment viral
kinetics to individualize and optimize the duration of
therapy needed for cure.

4, 8, 14 and 33. HCV RNA was measured using the
Abbot RealTime assay with lower level of quantification
and detection of 12 IU/ml.
Mathematical modelling

To explain the biphasic HCV viral decline observed in
our patient under SIL+RBV therapy (Fig. 1), the standard biphasic model, Neumann et al. (13), was used:
dI
¼ ð1  gÞ bT0 V  dI
dt
ð1Þ
dV
¼ ½1  eðtÞ pI  cV
dt
where I represents HCV-infected cells and V, free HCV
in blood. HCV, V, infects target cells, T0, with constant
rate b, generating infected cells, I, which produce new
virions at rate p per infected cell. Infected cells are lost
at a rate d per infected cell and virions are assumed to
be cleared at rate c per virion. SIL+RBV effectiveness in
blocking infection is modelled by a factor (1  g),
where g is defined as the drug effectiveness in blocking
infection. We assume that RBV does not affect viral
production (14), but for SIL we used either a constant
effectiveness (CE), i.e. e(t) = constant as in (13), or a
time-varying effectiveness (VE), e(t), as in (15), where
e(t) = emax(1  expjt), and the change in SIL effectiveness from 0 to the final effectiveness, emax, is
described by a rate constant j.
Parameter estimation

Patient and methods
Patient and therapy

A 44 year-old female HCV-(genotype-1)-infected
patient who developed severe psychiatric adverse events
to a previous course of pegylated-interferon-alpha-2a
plus ribavirin, agreed to initiate a combination treatment with 1200 mg/day of SIL (corresponding to
20 mg/kg/day) and 1200 mg/day of ribavirin. Based on
a growing body of in vitro (10) and in vivo (11, 12) studies about the antiviral activity of vitamin D and its role
in HCV treatment outcomes, 6000 u/day of vitamin D
was given to the patient as a supplemental treatment.
Patient’s fibrosis stage was F1 based on FibrotestTM (Biopredictive comp. Paris, France). The pre-treatment haemoglobin level was 12.8 g/dl. The treatment was
approved by the Institutional Review Board at the
Share’e Zedek Medical Center and the patient provided
verbal consent.
HCV RNA measurements

Blood samples were collected frequently at days 0, 2, 4,
7, 11, 15, 21 and 23, thereafter weekly until week 8 and
then every 2–12 weeks until the end of therapy (Fig. 1).
After treatment cessation, blood was collected at weeks
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We assume the target cell (i.e. hepatocytes) level per ml
was constant, i.e. 1 9 107 cells/ml (described in (14)),
and the initial infected cell level is represented by the
steady state pre-treatment level of I0 = bV0T0/d.
Because of lack of frequent sampling, especially during
the first 2 days after initiation of therapy, the pharmacological delay of SIL, t0, and the effectiveness of SIL in
blocking HCV entry, g were fixed to 0.6 or 0.0 (see
Table 1) h, and 0.6, respectively, as determined in our
previous SIL modelling study (4). We assume that the
addition of RBV does not significantly increase the effect
of SIL in blocking infection, i.e. g = 0.6. Parameter b
was set to 2 9 107 ml/virion/day to allow a low fraction of HCV-infected hepatocytes (~8%), within the
range estimated in (16). The remaining parameters were
estimated by fitting the model with the observed data
using Berkeley Madonna (V.8.3).
Prediction of duration of therapy to achieve SVR

The time to cure, or SVR, was defined as the time to
reach less than one hepatitis C virion and one infected
cell in the extracellular fluid volume (~13.5 L to ~15 L)
(7, 8, 13). To be highly conservative, we chose a threshold of 2 9 105 IU/ml. Note that the prediction of SVR
is based on the assumption that the slower viral decline
Liver International (2015)
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Fig. 1. Model fits with empirical kinetic data and predicted time to cure. (A) Best curve fits of CE (grey line) and VE (black line) models with
observed data; (B) Based on the VE model, which yields a better fit than the CE model, virus is predicted to be eradicated from the circulation
by 175 days (25 weeks) and infected cells by 238 days (34 weeks). Not detectable HCV RNA , i.e. <12 IU/ml (grey filled triangles), measured
during therapy, were arbitrarily set to 0.3 log IU/ml. Estimated viral and host parameters are shown in Table 1.

rate, (or 2nd phase), continues at the same decline rate
throughout SIL treatment.
Case report

HCV rapidly declined in a biphasic manner from
45 000 IU/ml to below assay detection (12 IU/ml) by
day 23 and remained undetectable thereafter (Fig. 1).
The only clinical adverse event was a mild feeling of
warmth during SIL infusion that correlated with the rate
of the infusion. Laboratory adverse events were limited
to mild reversible eosinophilia (max value ~1200 eosinophils), which persisted during the first 5 months of
therapy and a decline in haemoglobin level to 10.8 g/dl
that led to RBV dose reduction to 1000 mg/kg at day 38
post initiation of therapy. Three days before RBV reduction, SIL dose was increased to 1400 mg/day, i.e.
23 mg/kg/day until the end of therapy.
Fitting the constant effectiveness (CE) model to the
data led to an excellent goodness of fit (Fig. 1A, grey
solid line) but with a surprisingly small HCV clearance
rate of c = 1.7/day (Table 1), which was substantially
lower than what has been typically found with IFNbased therapy (6/day) (13). Although the CE model
attributes this slow decline to a low rate of viral clearance from blood, this interpretation is dubious as the
endogenous rate of viral clearance is a constant physiological quantity and, consequently, c should not
depend on the antiviral strategy. To address this concern, we set c = 6/day as in (4), but used the VE
model to explore the possibility of a gradual increase

in SIL antiviral effectiveness over time. The VE model
yielded an excellent fit of the data (Fig. 1A, black solid
line), with maximum SIL effectiveness, emax = 0.998
and change rate in treatment effectiveness j = 1.4/day.
The loss rate of infected cells was estimated d = 0.098/day
(Table 1).
Since the VE model provided a better fit than the CE
model, assuming that c = 6/day, the time to cure was
predicted based on the VE model. The time of viral and
infected cell eradication from total plasma and extracellular fluid was predicted to be achieved between 25 and
34 weeks, respectively (Fig. 1B, when black solid and
dashed lines cross the horizontal cure boundary line).
While the prediction of the time to the last virion in
circulation was somewhat robust, the time to eradication of the last infected cell was more speculative
because of lack of experimental data on the infected cell
level. For a theoretical exercise, if the baseline fraction
of infected cell level was extremely small ~0.01% (i.e.
infection rate constant of b = 2.4 9 1010 ml/virion/
day), which is unlikely but still possible in some cases,
the time to infected cell eradication would be
~25 weeks, i.e. similar to the eradication of the virus
(not shown). Alternatively, if the fraction of infected
cells was about 8% (see Patient and methods), the time
to infected cell eradication would be 34 weeks. As such,
the modelling suggested that while a minimum duration of 25 weeks of therapy might be sufficient to clear
the virus from the blood, an additional 9 weeks of therapy may be needed to eradicate the last productive
HCV-infected cell.

Table 1. Parameter estimation and prediction duration of therapy
Model

t0 (h)

c (1/day)

e or emax

j (1/day)

d (1/day)

Time for <1
virus (wk)

Time for <1
infected cell (wk)

RMS

CE
VE

0.6*
0.0*

1.8
6.0*

0.998
0.998

–
1.4

0.107
0.098

21
25

33
34

0.14
0.09

CE, constant effectiveness model; VE, varying effectiveness model; *, fixed parameters; t0, pharmacological delay of SIL; c, HCV clearance rate from
blood; e, SIL effectiveness (CE model) in blocking HCV production/release; emax, maximum effectiveness (VE model) in blocking HCV production/
release; j, SIL effectiveness increase rate (VE model); d, loss rate of infected cells; RMS, root mean square of the differences between observed data
points and best fit curve (the lower the better).
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Patient shared decision making and treatment outcome

Provided with the modelling predictions, the patient
chose to complete 34 weeks of treatment. Overall, SIL
treatment was well tolerated with 100% adherence and
the patient did not miss a single day of work. Post-treatment, HCV remained undetectable at weeks 4, 8, 14 and
33 (SVR 33).
Discussion

This case study provides three main proof-of-concept
findings: (i) SIL+RBV is safe and feasible for long (i.e.
34 weeks) duration of therapy; (ii) IFN-free treatment
with SIL+RBV can alone achieve SVR and (iii) mathematical modelling, early on treatment, can help individualize and optimize duration of therapy and empower
patients to participate in shared decision making.
The addition of DAAs to pegylated-interferon (IFN)
and ribavirin (RBV) constitutes a new stage in HCV
therapy (1) and preliminary data from a number of
IFN free DAA combinations are quite promising.
However, there are a number of patient groups who
could potentially benefit from SIL-based therapy. The
SVR rates of even the most effective DAA regimens fall
short of 100% for genotype 1 patients and compensated cirrhotic and nonresponder patients could be
considered for novel treatment approaches such as SIL
plus RBV. In addition to having antiviral activity
against genotypes 1 and 4 (3, 15), SIL appears to suppress viral load in patients infected with HCV genotype 3 (5, 17, 18) which suggests that SIL-based
therapy could potentially improve treatment outcomes
in difficult-to-treat patients infected with HCV genotype 3 (19). In contrast, SIL did not prevent graft reinfection in a patient with HCV genotype 2 (20), calling
into question whether it has activity against genotype 2
(21). SIL was also shown to inhibit HCV (genotype
1b) and, to a lesser extent, HIV-1 in a patient coinfected with HCV and HIV-1 (22). Moreover, SIL was
recently shown to be safe and to have potent antiviral
activity in patients with decompensated cirrhosis (5,
15) and in liver transplant recipients (18, 23, 24). In
these special cases, SIL-based therapy could provide an
important alternative therapeutic approach, which
would outweigh the inconvenience of daily IV SIL
administration.
Although the exact mechanism of action of SIL
against HCV is controversial (25), SIL appears to induce
two classes of viral RNA decay profiles, suggesting the
possibility that both direct antiviral [probably by RNA
dependent RNA polymerase inhibition and later steps in
virion release (21)] and blocking infection mechanisms
contribute to the anti-HCV effects of SIL (26). This may
explain, in part, the surprising lack of resistance (e.g.
viral breakthrough) to SIL monotherapy, with durations
of 7–21 days (3–5), in chronic HCV-infected patients.
Recent results (27) with SIL treatment in HCV-infected
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uPA-SCID chimeric mice with humanized livers indicate a 2nd phase decline in serum HCV in the absence
of an adaptive immune response that may rule out the
importance of any adaptive immunomodulatory effect
of SIL (28).
For over 20 years, intravenous SIL has provided a
well tolerated and safe treatment for Amanita phalloides-induced acute liver failure (29). Not surprisingly, in
the setting of chronic HCV infection, SIL was associated
with minimal side effects; only heat sensation and mild
sweating during the first infusion and a transient
increase in bilirubin levels during the first 2 weeks of
infusions (21). A growing experience with SIL therapy
shows that motivated patients with adequate support
can successfully complete a course of daily intravenous
infusions without significant disruption of their daily
activities. In previous studies, short courses of intravenous SIL were found to be feasible and to have high
rates of adherence (21). In the current case report, we
for the first time show that a longer course of SIL (238
consecutive days) was feasible and safe with 100%
adherence and the patient did not miss a single day of
work during therapy.
While the use of mathematical modelling and early
viral kinetics were previously tested during therapy
with pegIFN±RBV±Histamine in order to increase SVR
rates (30), our multidisciplinary approach constitutes a
milestone in the use of mathematical modelling to individualize and optimize duration of IFN-free therapy
with SIL+RBV. Mathematical modelling of HCV infection and treatment has played a valuable role in understanding HCV dynamics, the mechanism of action and
effectiveness of anti-HCV drugs, HCV pathogenesis
and the duration of therapy needed for SVR (4, 8, 13,
31, 32). The recently approved oral DAAs are costly
(33), and it is expected that future all-oral DAA regimens for HCV genotype-1 might be in the range of
$100 000 to $150 000 per treatment course. The total
cost of a course of SIL, which might be considered for
patients without other treatment options, will depend
on the duration of therapy and how SIL is priced in
different countries. The cost will be much reduced in
patients with a faster 2nd phase slope decline. For
example, a patient with a 2-fold higher d than the current case (i.e. d = 0.2/day), would need a projected
100 days of SIL therapy to eradicate the virus and ~40
more days to eradicate the last infected cell. Another
option for future study that could result in cost reduction would be a short course of SIL with oral DAAs in
nonresponders to DAA therapy. The high cost of current and expected treatment for hepatitis C (especially
for genotype 1 and 4) highlights the importance of
ongoing efforts to further utilize modelling viral kinetics for individualized therapy that may prove more
cost-effective (9).
In conclusion, SIL-based individualized therapy, via
mathematical modelling of early HCV kinetics, might
be considered a treatment option for patients who do
Liver International (2015)
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not respond to or cannot be treated with DAA regimens.
Additional studies with recently FDA-approved protease
inhibitors and other emerging DAA compounds, e.g.
sofosbuvir, are required to formally demonstrate the
efficacy of SIL in conjunction with new antivirals.
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