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Objectives: Ribavirin concentrations may impact hepatitis C virus (HCV) treatment outcome. We modelled
ribavirin serum and intracellular ribavirin monophosphate (RBV-MP) and ribavirin triphosphate (RBV-TP) pharma-
cokinetics in red blood cells (RBC) using samples collected during the NIAID SPARE trial to explore associations
with treatment outcome and the development of anaemia.

Patients and methods: Individuals infected with HCV genotype 1 (GT1) received 400 mg of sofosbuvir and either
low-dose or weight-based ribavirin as part of the NIAID SPARE trial. Concentrations were modelled using
NONMEM and associated with treatment outcomes using unpaired t-tests or Pearson’s rho correlations.

Results: Average day 14 RBV-MP concentrations were higher in subjects with haemoglobin nadir <10 g/dL rela-
tive to patients with haemoglobin nadir >10 g/dL (6.54 versus 4.48 pmol/10° cells; P=0.02). Additionally, day 14
RBV-MP average concentrations trended towards being higher in subjects that achieved sustained virological
response (SVR) as compared with patients who relapsed (4.97 versus 4.09 pmol/10° cells; P=0.07). Receiver
operating characteristic curves suggested day 14 RBV-MP concentration thresholds of 4.4 pmol/10° cells for
SVR (P=0.06) and 6.1 pmol/lO6 cells for haemoglobin nadir <10 versus >10 g/dL (P=0.02), with sensitivity
and specificity >60%. Dosing simulations showed that 800 mg of ribavirin once daily produced day 14 RBV-MP
concentrations within the 4.4-6.1 pmol/10° cells range.

Conclusions: RBV-MP concentrations in RBC at day 14 were related to anaemia and SVR. A therapeutic range was
identified for RBV-MP in persons with HCV GT1 disease receiving 24 weeks of sofosbuvir plus ribavirin, suggesting a

potential pharmacological basis for individualized ribavirin dosing in IFN-free regimens.
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Introduction

Ribavirin has been a key component of hepatitis C virus (HCV)
infection treatment for decades. Although its exact mechanism
of antiviral activity in vivo is unknown, several hypotheses have
been proposed.’ Ribavirin is administered as a prodrug, which
undergoes successive intracellular phosphorylation to monopho-
sphate (RBV-MP), diphosphate and triphosphate (RBV-TP) anabo-
lites.” Phosphorylated forms of ribavirin have been associated
with antiviral effects observed in vitro. RBV-TP has been shown
to act as a nucleoside analogue, causing chain termination
upon integration by the HCV RNA-dependent RNA polymerase,
as well as a direct RNA mutagen.® RBV-MP has been shown to

inhibit inosine monophosphate dehydrogenase (IMPDH), resulting
in decreased GTP production, leading to suppressed viral replica-
tion.> The phosphorylated anabolites are also thought to cause
haemolytic anaemia, the major dose-limiting toxicity of ribavirin.
Phosphorylated forms of the drug accumulate in red blood cells
(RBC), which lack dephosphorylation enzymes.* Despite in vitro
data suggesting the intracellular phosphorylated forms are asso-
ciated with antiviral response and cellular toxicity,” there are few
data on the intracellular kinetics of RBV-MP and RBV-TP in vivo®
and no data in the context of IFN-free treatment (i.e. treatment
combinations that do not use pegylated IFN).

Several direct-acting antiviral (DAA) agents have recently
received requlatory approval for the treatment of HCV. These
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agents include NS3 protease inhibitors, NS5A inhibitors and
nucleotide and non-nucleoside NS5B polymerase inhibitors.
While several antiviral combinations have shown efficacy without
ribavirin in clinical trials,” ~1° ribavirin remains a critical component
to optimize sustained virological response (SVR) rates in many
treatment regimens. For example, the combination of ribavirin
and the NS5B nucleotide polymerase inhibitor sofosbuvir is the
preferred regimen for the treatment of genotype 2 and 3 dis-
ease.!? Ribavirin is also an essential component with ritonavir-
boosted paritaprevir, ombitasvir and dasabuvir for the treatment
of HCV genotype 14, as well as in patients with cirrhosis or who are
treatment experienced.*?* Defining the intracellular pharma-
cology of ribavirin and determining concentration-effect associa-
tions can inform and improve the use of ribavirin within IFN-free
regimens.

The NIAID SPARE trial investigated the use of sofosbuvir
with either low-dose (600 mg daily) or weight-based (1000 or
1200 mg daily) ribavirin in genotype 1 patients for 24 weeks."?
In an ITT analysis, SVR was achieved in 48% (12/25) and 68%
(17/25) of subjects randomized to either low-dose or weight-
based ribavirin, respectively,'® which suggests that higher ribavirin
exposures may increase the odds of SVR. However, 32% (8/25) of
subjects in the weight-based dosing arm became anaemic
(haemoglobin nadir <10.9 g/dL) and 6 subjects required dose
reductions,” indicating that ribavirin-induced haemolytic anaemia
still occurs in the context of IFN-free therapy. There is a clear need
to define the pharmacokinetic (PK) parameter for ribavirin that best
predicts outcomes. To this end, establishing ribavirin doses and
dosing strategies that result in concentrations that maximize the
likelihood of SVR while minimizing the risk of haemolytic anaemia
is imperative.

The objectives of this work were to: (i) characterize the serum
and intracellular PK of ribavirin; (ii) define concentration-effect
associations for serum and intracellular ribavirin; (iii) identify tar-
get concentration ranges that effectively balance the likelihood of
SVR with the risk of anaemia; and (iv) determine ribavirin dosing
strategies that achieve desired PK exposures in an IFN-free HCV
treatment regimen of sofosbuvir and ribavirin.

Patients and methods

Subjects and study design

Complete study design and subject details have been published previ-
ously.? Briefly, participants provided written informed consent for a
single-centre, randomized, open-label Phase 2 clinical trial at the Clinical
Research Center of the NIH in Bethesda, MD, USA (NCT01441180). The
study protocol conformed to the ethics guidelines of the 1975
Declaration of Helsinki as reflected by NIH/NIAID Institutional Review
Board approval. HCV treatment-naive participants were chronically
infected with HCV genotype 1 and had baseline platelet counts of
>50000 cells/pL and haemoglobin >11 g/dL (women) or 12 g/dL (men).
All fibrosis stages (including compensated cirrhosis) were allowed.

The study was conducted in two phases. The first phase was an
open-label study in which 10 patients were treated with sofosbuvir
(400 mg/day) and weight-based ribavirin (400 mg in the morning and
600 mg in the evening if <75 kg or 600 mg twice a day if >75 kq) for
24 weeks. In the second phase, 50 patients were randomized (n=25 in
each arm) to receive sofosbuvir with either low-dose (600 mg once
daily) or weight-based ribavirin. For each participant, ribavirin, RBV-MP
and RBV-TP were quantified using single serum and RBC samples that

were collected at multiple study visits (average of 6.5 serum and 3.6
RBC samples per patient). This sparse sampling approach using varied
treatment timepoints can be analysed using population PK, as this
approach is powered for model building without the need for intensive
sampling of each individual.

Bioanalytical methods

Ribavirin serum levels were quantified using a validated HPLC-MS/MS
method linear between 0.05 and 10 mg/L. Whole blood was drawn into
PAXgene RNA isolation tubes (Qiagen, Valencia, CA, USA), stored at
—80°C and then diluted 1:50 with 1 mL of 70% methanol solution prior
to extraction. These samples were treated as isolated RBC samples during
data analysis, as a strong correlation was established to concentration
results from purified RBC samples (r>=0.9984; Figure S1, available as
Supplementary data at JAC Online). Samples were separated into RBV-MP
and RBV-TP fractions using a Waters QMA strong anion-exchange solid-phase
extraction (SPE) cartridge, dephosphorylated and then prepared for a vali-
dated HPLC-MS/MS analysis using a Varian BondElut Phenylboronic Acid SPE
cartridge.*® The assay was linear between 0.5 and 200 pmol/sample and
reported concentrations are normalized to a per million cell count (pmol/
106 cells).

The inosine triphosphatase (ITPA) genotype was determined from DNA
extracted from whole blood using the PAXgene Blood DNA Kit (PreAnalytiX,
a Qiagen/BD Company). PCR was performed using TagMan SNP genotyping
assays (Life Technologies, Grand Island, NY, USA) for the ITPA variants
rs7270101 and rs1127354 using a 7500 Real Time PCR System (Applied
Biosystems, Grand Island, NY, USA) as previously described.'>'” IFN-\3
(IFNL3, also known as IL28B) and IFN-\4 (IFNL4) genotypes were deter-
mined as previously described.'*8

Model development

Population PK models were developed to characterize ribavirin PKin serum
and RBC RBV-MP and RBV-TP PK and to explore the clinical factors that
might affect serum and intracellular PK. Non-linear mixed-effects model-
ling (NONMEM version 7.2, New Hanover, MD, USA) was used to construct
the population PK models. First-order conditional estimation and propor-
tional plus additive error were used for all models. Serum concentrations
(n=339) from 52 subjects were modelled using a two-compartment
model (Figure S2A) parameterized on clearance (CL), following previous
descriptions in the literature.®'9~2! The absorption rate (ko) was fixed at
2.0h™%, as insufficient data during the absorption period were available
to fit this parameter reliably.'® Concentrations (n=171) from 47 subjects
were used to develop one-compartment models parameterized on the
elimination rate (ko) (Figure S2B) for intracellular RBV-MP and RBV-TP. In
this model, Ki, represents an aggregate rate of intracellular formation
and volume (V) acts as a scalar; as such, ke was the only intracellular par-
ameter tested for association with covariates. The effect of sex, race,
weight, age, serum creatinine, glomerular filtration rate [GFR; calculated
using the Modification of Diet in Renal Disease (MDRD) equotion],22 fibrosis
stage [histology activity index (HAI) fibrosis 0-4] and ITPA phenotype on
serum ribavirin and RBC RBV-MP and RBV-TP concentrations were first
explored using Pearson’s rho correlations for continuous covariates and
unpaired t-tests for categorical covariates in GraphPad Prism (GraphPad
Software, San Diego, CA, USA) using a cut-off of P<<0.10. Clinical factors
associated with PK were added to the model in a nested fashion and
the significance of the parameter-covariate relationship was assessed
in a variety of ways, including the reduction of model variability, improve-
ment of diagnostic plots and a drop in the objective function value of
>3.84 (P<0.05). Covariates were added in a forward inclusion process
until no significant covariates remained, at which point backward elimin-
ation, also at a significance level of P<0.05, was performed.
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PK/pharmacodynamic (PD) associations

Final population PK models for ribavirin serum, RBV-MP and RBV-TP were
used to determine average concentrations (Cqye) at first dose and on
days 3, 7, 14, 28, 56 and 84 of treatment. Cqye Were calculated using the
equation Caye=Cesx(1— ekt where C.s was determined using
Css=AUC/7 (Wwhere AUC=dosexF/CL and 7 is the dosing interval) and ke
was utilized from the population PK model. These PK parameters were
tested for association with PD outcomes, including treatment outcome
(SVR or relapse), baseline haemoglobin (g/dL), haemoglobin nadir (g/dL),
change in haemoglobin (g/dL) and whether the subject required a dose
reduction for anaemia (yes or no). PK/PD associations were evaluated
using Pearson’s rho correlations (continuous) or unpaired t-tests (dichot-
omous). Logistic regression (SAS version 9.4) was used to evaluate the
associations between clinical covariates and SVR and to control for the
relevant covariates in evaluating the relationship between PK and SVR.
Finally, receiver operating characteristic (ROC) curves were constructed
to determine potential exposure thresholds corresponding to efficacy
and toxicity outcomes.

Dosing simulations

Once threshold concentrations were identified, we sought to determine
ribavirin doses that achieved these exposure targets. The SIM program in
ADAPT V (Biomedical Simulations Resource, Los Angeles, CA, USA) was
used to simulate concentrations expected to result from a variety of riba-
virin dosing schemes, including those used in the SPARE trial (600 mg once
daily, 600 mg twice daily and 400 mg in the morning/600 mg in the even-
ing), 800-1400 mg once daily and a 600 mg in the morning/800 mgin the
evening regimen. Final population PK parameter estimates were utilized
for simulations using the ‘population with output error simulation’ option.
Data were simulated at every hour through 12 weeks of dosing and the
simulated concentration data were plotted in order to visually compare
and contrast the dosing regimens and to determine which doses provided
exposures that balanced SVR and anaemia as determined by thresholds
from the ROC analyses.

Results
Subject demographics

Serum and/or whole blood samples were available for analysis
from 52 subjects enrolled in the SPARE trial. The demographics of
these 52 subjects are described in Table 1. Participants were mostly
black [79% (41/52)], infected with HCV genotype 1a [73% (38/52)]
and had unfavourable IFNL3/IFNL4 genotypes [rs12979860: 83%
CTor TT (43/52) and rs368234815: 85% AG/TT or AG/AG (44/52)].
Most subjects [73% (38/52)] had minimal fibrosis (HAI fibrosis <2)
based on liver histology obtained by biopsy. Twelve patients (23%)
had bridging fibrosis (F3) and two (4%) had cirrhosis (F4) based on
liver histology. Twenty-two subjects (42%) received low-dose riba-
virin, while 30 (58%) received weight-based dosing [21 (70%) on
600 mg twice daily and 9 (30%) on 600 mg/400 mg]. Of those
receiving weight-based dosing, six (20%) had ribavirin dose reduc-
tions as a result of anaemia (10 g/dL, except in those with a history
of coronary artery disease, which had a cut-off of 12 g/dL). Of the
52 subjects included in this analysis, 34 (65%) achieved SVR,
17 (33%) relapsed and 1 dropped out of the study.

Population PK model

Median (range) steady-state ribavirin serum concentrations were
1.95 (0.70-5.26) mg/L and the half-life was 7.1 (1.7-25.8) days.

Table 1. Subject demographics (n=52)

Gender 18 (35%) women
34 (65%) men
Race 41 (79%) African-American

9 (17%) non-African-American
2 (4%) Hispanic

Weight (kg), median (range) 85.6 (45-153.4)
Age (years), median (range) 54 (25-78)
MDRD (mL/min/1.73 m?), 105 (63.1-161)

median (range)

Baseline HCV RNA 18 (35%) <800000 IU/mL

34 (65%) >800000 IU/mL

ITPA activity phenotype 38 (73%)=100%
7 (13%)=60%
5 (10%)=30%
1(2%)=5%

1 (2%)=missing

IFNL3/IL28B (rs12979860) 9 (17%) CC
26 (50%) CT
17 (33%) TT

IFNL4 (rs368234815) 8 (15%) TT/TT
25 (48%) AG/TT

19 (37%) AG/AG

HCV genotype 38 (73%) HCV genotype 1a

14 (27%) HCV genotype 1b

Fibrosis stage

Table 2. Ribavirin serum model parameter estimates

Parameter Base model Final model

CL (L/h) 18.8 (16.8-20.8),37.4%  12.2+7.11 (MDRD/104.7), 35.1%

Vs, (L) 4230 (3280-5180), 66%  women: 2960 (1920-4000)
men: 5130 (4030-6230)
60.3%

Q (L/h) 7.87 (1.01-14.7), 35.4% 6.97 (0.678-13.3), 43.8%

V3 (L) 2900 (1810-3990), 80.2% 2680 (1710-3650), 81.9%

kq (71 2.0 2.0

(fixed)

Data are mean (95% CI), with percentage interindividual variability.

The clinical covariates that significantly explained ribavirin serum
PK were sex on the central compartment volume (V) and esti-
mated GFR on the CL parameter. Male sex was associated with a
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Table 3. Steady-state PK parameter estimates

Low dose®

Weight based®

Serum ribavirin

AUC, (mg-h/L) 37.2 (39%) 33.9 (39%)

Css (mg/L) 1.55 (38%) 2.07 (39%)

t1> (days) 8.60 (59%) 6.84 (64%)
RBV-MP

AUC. (pmol-h/10° cells) 175 (49%) 123 (38%)

Ces (pmol/10° cells) 7.30 (49%) 8.82 (55%)

t1> (days) 13.7 (24%) 12.5 (21%)
RBV-TP

AUC, (pmol-h/10° cells) 2538 (53%) 1823 (46%)

Ces (pmol/lO6 cells) 106 (53%) 130 (60%)

t1/2 (days) 12.3 (64%) 12.7 (43%)

Data are mean (CV).
°AUC, is 0-24 h for the low-dose group (who were dosed every 24 h) and
0-12 h for the weight-based group (who were dosed every 12 h).

73% higher V. (5130 versus 2960 L; P=0.005) while higher GFR was
positively correlated with ribavirin CL, with a 25% increase in GFR
predicting a 10% increase in ribavirin CL (P=0.02). Model param-
eter estimates and calculated PK parameters are shown in
Table 2 and Table 3, respectively. Diagnostic plots support the
appropriateness of the final model (Figure S3).

Median (range) steady-state concentrations were 8.34 (2.05-
20.5) pmol/10° cells for RBV-MP and 122 (33.4-320) pmol/10° cells
for RBV-TP. Median (range) half-lives were 12.8 (7.8-24.0) and
11.3 (4.4-29.5) days for RBV-MP and RBV-TP, respectively. Only
the impact of ITPA phenotype on RBV-TP elimination was found
to be significant, as reduced ITPA functionality corresponded to
a 37% slower ke (i.e. higher RBV-TP concentration) compared
with those with 100% ITPA functionality (P=0.002; Figure S4).
No covariates were retained in the RBV-MP model. Final PK para-
meters for the intracellular model are shown in Table 3. Diagnostic
plots support the RBV-MP and RBV-TP models and are shown in
Figure S5 and Figure S6, respectively.

PK/PD associations

The population mean (%CV) Cqye values used to evaluate PK/PD
relationships are provided in Table S1. Cqye ribavirin serum
(P<0.002 through day 7) and RBV-MP [P<0.05 on days 14
(Figure 1a) through 84], but not RBV-TP (P>0.10), were inversely
correlated with haemoglobin nadir. Mean (SD) day 14 RBV-MP was
higher [6.54 (1.70) pmol/lO6 cells] in those with a haemoglobin
nadir <10 g/dL relative to those with a haemoglobin nadir
>10 g/dL [4.48 (1.49) prnol/lO6 cells; P=0.02]. Change in haemo-
globin over the duration of the study was inversely correlated with
both RBV-MP (P<<0.02 at all studied times) and RBV-TP (P=0.04;
day 3) Cqve. Serum ribavirin on day 14 (P=0.02), but not RBV-MP or
RBV-TP (P> 0.11), exhibited a significant direct correlation with the
need for ribavirin dose reduction. Neither serum nor intracellular
ribavirin were significantly associated with SVR (P> 0.07); however,
mean (SD) day 14 RBV-MP concentrations trended towards being
higher [4.97 (1.66) pmol/lO6 cells] in those that achieved SVR
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Figure 1. Day 14 RBV-MP (g, Were associated with both haemoglobin
nadir (a) and SVR (b). Box and whisker plots show medians, quartiles
and ranges of data.

compared with those that relapsed [4.09 (1.46) pmol/lO6 cells;
P=0.07; Figure 1b]. Besides RBV-MP concentration, baseline HCV
RNA <800000 IU/mL and female sex were also univariately asso-
ciated with SVR. The odds of SVR were 5.9 times greater (P=0.03) in
females, as well as in individuals with baseline HCV RNA
<800000 IU/mL, as compared with males and those with HCV
RNA >800000 IU/mL, respectively. In a multivariable logistic
regression model, after controlling for the effect of baseline HCV
RNA <800000 IU/mL, the trend between day 14 RBV-MP and SVR
reached statistical significance (P=0.01). Sex was not significant in
the multivariable model (P=0.14).

ROC analysis

The associations between SVR and haemoglobin nadir with day
14 RBV-MP (. led us to attempt to identify exposure thresholds
using ROC curves (Figure 2). These ROC curves suggested a
day 14 RBV-MP Cuye threshold of 4.4 pmol/10° cells for SVR and
6.1 pmol/10° cells for a haemoglobin nadir <10 g/dL. The SVR
ROC curve had an AUC of 0.67 (P=0.06) while the curve describing
the haemoglobin nadir had an AUC of 0.82 (P=0.02). The sensitiv-
ities (true positive rate) of the thresholds were 69% and 60% for
SVR and anaemia, respectively, while the specificities (true negative
rate) were 76% and 83%. The negative predictive value of the
RBV-MP threshold for SVR was 59%, suggesting that treatment fail-
ure would be predicted in 59% of individuals with RBV-MP concen-
trations <4.4 pmol/10° cells. This suggests that a day 14 RBV-MP
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nadir <10 g/dL) with day 14 RBV-MP Cqe levels.

Cove target window of between 4.4 and 6.1 pmol/10° cells may
reduce the risk of anaemia while still providing high rates of SVR.
Once controlled for baseline HCV RNA <800000 IU/mL, the SVR
ROC curve AUC increased to 0.81 (P<<0.0001), suggesting that
the likelihood of SVR at this threshold is moderated by baseline
HCV RNA.

Dosing simulations

We next attempted to identify ribavirin dosing regimens that
could generate day 14 concentrations within the target thera-
peutic window of 4.4-6.1 pmol/10° cells. Simulated average
(SD) concentrations resulting from the various regimens are
shown in Figure 3, with lines delineating the identified thresholds.
The results indicate that the 800 mg daily dose provided Cyye at
day 14 within the desired range. Only the simulated Cyye resulting
from the 600 and 800 mg daily doses remained below the estab-
lished threshold for anaemia. However, only 44% of the simulated
subjects at the 600 mg dose reached the SVR threshold of
4.4 pmol/10° cells.

Discussion

This study utilized clinical samples collected during the NIAID
SPARE trial to understand the serum and cellular disposition of
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Figure 3. Population mean (SD) RBV-MP Cye on day 14 resulting from
simulated dosing schemes. Lines are drawn at the threshold levels
determined by ROC analysis to be associated with a high likelihood of
SVR (4.4 pmol/10° cells) and anaemia (6.1 pmol/10° cells). QD, once
daily dosing; BID, twice daily dosing.

ribavirin and to explore and define ribavirin PK/PD associations
and dosing requirements in the context of an IFN-free regimen
consisting of sofosbuvir and either low-dose or weight-based riba-
virin. We demonstrated that ribavirin exhibits a long half-life in
both serum (7.1 days) and RBC (12.8 and 11.3 days for the
RBV-MP and RBV-TP moieties, respectively). Analysis of the rela-
tionship between drug PK and PD suggested day 14 RBC RBV-MP
concentrations were significantly associated with anaemia and
trended towards an association with SVR. Finally, we utilized
these PK/PD relationships to identify a target therapeutic range
of 4.4-6.1 pmol/10° cells and, by simulating dosing regimens,
found that an 800 mg daily dose would provide exposures within
this therapeutic range.

Model estimates of ribavirin serum CL (CL/F=19.3 L/h) for an
individual with median renal function were similar to previously
published reports, which ranged from 9.06 to 25.0 L/h.*921:23:2%
Ribavirin CL was also significantly correlated with renal function,
consistent with prior studies.”> Men were associated with higher
Ve, which could help explain why relapse was more common in
men during SPARE.' Model-estimated serum half-lives and
steady-state concentrations agree well with previous literature on
ribavirin serum PK, which have reported half-lives between 187 and
303 h and steady-state concentrations near 2 mg/L.>%0:21:2426

This is the first description of in vivo RBC RBV-MP and RBV-TP
concentrations in an IFN-free regimen. While no covariates were
significantly associated with RBV-MP PK, we observed a significant
reduction in RBV-TP elimination (and thus increased RBV-TP con-
centrations) in subjects with decreased ITPA functionality, similar
to our previous observations in subjects receiving pegylated IFN,
ribavirin and telaprevir. ITPA is present in RBC and responsible
for the breakdown of inosine triphosphate (ITP), which has been
shown to stand in for GTP in the biosynthesis of ATP.?” Due to
the chemical similarities between ITP, GTP and RBV-TP (a guano-
sine analogue), ITPA may have some affinity for RBV-TP and thus
may contribute to the elimination of RBV-TP. ITPA genotypes have
also been shown to impact ribavirin plasma PK and PD, with lower-
functionality phenotypes resulting in decreased ribavirin plasma

2326



Cellular ribavirin pharmacokinetic and concentration-effect analysis

JAC

concentrations as well as being protective against anaemia.?®??

Our models suggest that both moieties were long-lived in RBC,
similar to both in vitro and in vivo reports of RBC PK.®3° The long
half-lives suggest that ribavirin does not reach intracellular
steady-state concentrations until approximately week 12 on ther-
apy [corresponding to approximately seven half-lives (>99% of
steady-state) for each moiety].

Ribavirin PK was evaluated for relationships with treatment
outcomes, including SVR, anaemia (haemoglobin nadir and
change in haemoglobin) and the need for ribavirin dose reduction.
We found that RBV-MP concentrations at day 14 trended towards
an association with SVR and reached significance when the asso-
ciation was controlled for baseline HCV RNA. Previous reports in
the literature have described several mechanisms by which riba-
virin might exert its antiviral effect in HCV, including the activation
of endogenous clearance mechanisms, RNA mutagenicity and the
potential for RBV-TP to inhibit HCV replication.? Our findings that
the RBV-MP trended towards an association with SVR support
the proposed mechanism via which RBV-MP decreases the pro-
duction of GTP by inhibiting IMPDH.>3!

Average day 14 RBV-MP concentrations were utilized to estab-
lish a threshold concentration anticipated to correlate with a high
likelihood of SVR and a cut-off associated with high risk of
anaemia (haemoglobin nadir <10 g/dL), using ROC curves. Day
14 was found to be the earliest timepoint correlated with haemo-
globin nadir and associated with SVR. Though not a perfect test,
the sensitivity and specificity were >60% for both thresholds and
the area under the ROC curves suggested good predictive power of
>67%, supporting threshold validity. Additionally, these thresh-
olds are likely robust for a variety of patient populations, since
there were no clinical factors associated with modelled RBV-MP
PK. These results suggest that day 14 average RBV-MP concentra-
tions may provide a pharmacological basis behind the efficacy
and toxicity of ribavirin in IFN-free regimens and, as such, could
be used to guide initial dosing strategies in future studies of
IFN-free regimens that contain ribavirin. Additionally, the use of
day 14 concentrations has the potential benefit of being early
enough in therapy to allow dose modification to improve patient
outcomes.

A major question in the IFN-free era is the amount of ribavirin
needed to generate optimal outcomes. While higher ribavirin
doses may increase the likelihood of SVR, ribavirin-induced
anaemia remains a challenge even with IFN-free DAA regimens.
In the HCV Target trial, an ongoing study characterizing DAA use
and outcomes in ‘real world’ populations, anaemia occurred in
18% of the 612 patients on sofosbuvir/ribavirin and 24% of the
183 patients on sofosbuvir/ribavirin plus simeprevir.>?> We used
our RBV-MP thresholds as a target therapeutic range in order to
determine a ribavirin dose capable of generating RBV-MP concen-
trations predictive of a high likelihood of SVR while maintaining
minimal risk of anaemia. Table 4 shows the percentage of patients
at each simulated ribavirin dosing scheme exceeding the 4.4 and
6.1 pmol/10° cell thresholds. The percentage of the population
above the determined threshold for elevated anaemia risk was
37% at the 800 mg dose, but jumped to 75% for the 1000 mg
daily regimen. At the 600 mg daily dose, only 44% of individuals
were above the 4.4 pmol/10° cells SVR threshold, which compares
well with the findings of the SPARE trial (48% SVR at 600 mg daily
in the ITT analysis).'® This percentage increased to 86% at the
800 mg daily dose. These results showed an 800 mg daily dose

Table 4. Percentage of a simulated population (n=1000) with average
day 14 RBV-MP concentrations above the determined thresholds for SVR
(4.4 pmol/10° cells) and anaemia (6.1 pmol/10° cells)

Percentage above Percentage above

Cave (pmol/ SVR threshold anaemia threshold
Dose (mg)  10°cells) (4.4 pmol/10° cells) (6.1 pmol/10° cells)
600 4.27 L4b .4 2.3
800 5.69 85.6 37.0
1000 7.12 96.3 74.8
400/600 7.13 96.7 75.6
1200 8.54 98.8 90.9
600/600 8.55 99.0 91.5
1400 9.96 99.5 96.5
600/800 9.98 99.6 96.9

best achieved exposures within the target therapeutic range.
One small study of 10 genotype 3a subjects found that 800 mg
of ribavirin plus sofosbuvir for 12 weeks achieved a 60% SVR
rate, which compares favourably with the 56% SVR rate observed
in the FISSION trial of 183 genotype 3 patients receiving sofosbu-
vir plus weight-based dosing for 12 weeks.?*** Though these
thresholds need to be confirmed in larger subject populations,
and clinical data are needed to support the success of an 800 mg
daily dose, our findings suggest that 800 mg of ribavirin daily may
warrant evaluation in clinical studies of IFN-free regimens.

Though these results help fill gaps in the knowledge of ribavirin
pharmacology, a few limitations exist. The first limitation is that
post-dose times were not recorded during the study. However,
given the long half-life of ribavirin both in serum and RBC com-
pared with the dosing interval, concentrations are relatively con-
stant within the dosing interval. Additionally, not all study doses
were observed, meaning that PK results might be impacted by
non-adherence. However, this increases the real-world applicabil-
ity of our study, as non-adherence is likely to occur in the clinical
setting. While this analysis yielded a strong estimate for the
anaemia threshold (ROC AUC=0.82), the ROC curve was only
moderately predictive of the concentration threshold for SVR
(ROC AUC=0.67). It is likely that the SVR threshold was limited
by the inverse association between baseline HCV RNA and SVR,
suggesting the need to confirm the utility of this SVR threshold
in a larger patient population. Finally, these thresholds were
established using RBC levels, which is highly relevant for predicting
anaemia, but may or may not be a valid surrogate for efficacy, as
the primary site of antiviral effect is the hepatocyte. However, the
collection of hepatocytes is more invasive. Furthermore, the rela-
tionships found in RBC can be extended to dried blood spot sam-
ples, which primarily consist of RBC and offer several benefits,
including cheaper and easier sample processing, elimination of
biological sample shipping requirements and costs and a minimal
blood requirement, which is advantageous for anaemic patients
or other special populations with blood volume limitations.*>

In summary, treatment outcomes for HCV-infected patients
treated with sofosbuvir and ribavirin appeared to be best asso-
ciated with average day 14 RBV-MP concentrations. These results
led to the determination of day 14 RBV-MP concentration thresh-
olds that were predictive of SVR and anaemia. These thresholds
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provide guidance for clinical studies of ribavirin dosing in the con-
text of IFN-free DAA regimens.
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