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Abstract
First-generation HCV protease inhibitors represent a milestone in antiviral therapy for

chronic hepatitis C infection (CHC), but substantially increased rates of viral clearance are

offset by increased rates of infection and infection-associated deaths, especially of patients

with advanced liver disease. We aimed to assess whether first generation protease inhibi-

tors interfere with neutrophil function. We included 108 consecutive, retrospective CHC

patients and 44 consecutive, prospective CHC patients who were treated with peginterferon

and ribavirin with or without protease inhibitors according to the guidelines in the period of

November 2012 to June 2015. 33 healthy volunteers served as controls. Infection data

were evaluated in all patients. Neutrophil phagocytosis, oxidative burst, elastase and

diamine oxidase levels during 12 weeks of triple (n = 23) or dual therapy (n = 21) were stud-

ied in the prospective part. In the retro- and prospective cohorts patients experiencing clini-

cally relevant infections were significantly more frequent during protease inhibitor therapy

(31% and 26%) than during therapy with peginterferon and ribavirin (13% and 0%). Neutro-

phil phagocytosis decreased to 40% of baseline with addition of protease inhibitors to P/R

but recovered 6 months after end of treatment. Protease inhibitors also seemed to reduce

serum elastase levels but did not impact on gut permeability. Impaired neutrophil function

during triple therapy with first generation HCV protease inhibitors may explain the high

infection rate associated to these treatments and be of relevance for treatment success and

patient survival.
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Introduction
Chronic hepatitis C infection (CHC) is a major health problem that affects more than 185 mil-
lion persons worldwide and can lead to liver related mortality via liver cirrhosis or hepatocellu-
lar carcinoma [1]. Antiviral therapy has evolved during the past 25 years from interferon as
standard treatment, over the combination with ribavirin and pegylated interferon (P/R) to the
addition of protease inhibitors to P/R and finally to interferon-free regimens. [2, 3]. Between
2012 and 2014 the standard therapy for CHC genotype 1 patients without cirrhosis consisted
of ribavirin and pegylated interferon (P/R) in combination with boceprevir (BOC) or telaprevir
(TPV), which are direct acting antivirals and represent the first generation of protease inhibi-
tors [4, 5].

Triple therapy for CHC has been reported to be associated with a quantitative and qualita-
tive increase in treatment-related (serious) adverse events compared to the former standard
therapy without protease inhibitors. Reports have accumulated of serious infectious complica-
tions during triple therapy with considerable morbidity and mortality, especially in patients
with acquired immune deficiencies like liver cirrhosis.[6–9] The mechanisms of this increased
susceptibility to infections remain unclear, but BOC and TPV are known to inhibit neutrophil
elastase activity in vitro [10–12].

Accordingly, this study aimed to analyse infections that developed in our CHC outpatients
during therapy and to prospectively characterize neutrophil function in patients undergoing
CHC triple therapy in comparison to dual therapy with peginterferon and ribavirin to elucidate
possible mechanisms of protease inhibitor associated infections.

Patients and Methods
The study consisted of two parts: first, in a retrospective phase (NCT02545400), we evaluated
and compared the incidence and severity of infections in patients treated for CHC between Jan-
uary 2011 and June 2013 with P/R, with or without BOC or TPV. Patients’ charts were
reviewed and clinically relevant infections were recorded. A clinically relevant infection is
given if either clinical, radiological, and/or laboratory evidence is found and anti-infective med-
ication (topical, oral or intravenously) and/or hospitalization is necessary. Severity of clinically
relevant infections was graded according to the CTCAE criteria (Version 4.03, June 14, 2010).
Grade 2 infections require local or minimal intervention; oral or local therapy (e.g., antibiotic,
antifungal, antiviral); are limiting age-appropriate instrumental activities of daily life; Grade 3
infections require intravenous antibiotic, antifungal, or antiviral therapy and/or radiologic or
surgical interventions; are severe or medically significant but not immediately life-threatening;
require hospitalization or prolongation of hospitalization; disabling; limiting self-care activities
of daily life; Grade 4 infections have life-threatening consequences where urgent intervention
is indicated; and Grade 5 represents a fatal outcome. Grade 1 infections (localized infections
requiring local therapy only) were not considered as clinically relevant. The semicolon indi-
cates “or” within the grade. In addition, we analyzed the week of therapy in which infections
occurred (week of infection), if patients were hospitalized unplanned for more than 24 hours
(hospitalization), and if hepatitis C therapy was discontinued (discontinuation).

In the second, prospective phase (NCT02545335), consecutive patients undergoing therapy
for CHC were included. Inclusion criteria were a planned antiviral therapy with P/R with or
without BOC or TPV. Patients with immunosuppressive medication, liver cirrhosis, active
infection at baseline or treatment with antibiotics within the preceding two weeks were
excluded. Patients were treated according to the guidelines that were in place at the time of the
study (EASL clinical practice guidelines 2013 and Expert Opinion on Boceprevir- and Telapre-
vir-Based Triple Therapies of Chronic Hepatitis C 2012). All medications were prescribed
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according to the package insert in both study parts; in brief, all patients started therapy with P/
R and telaprevir was added upon baseline (TPV group), whereas boceprevir was introduced
after a four-week long lead-in period with P/R (BOC group). Patients receiving BOC or TPV
therapies were never switched to the other regimen. All genotype 1 patients were considered
for triple therapy. Treatment-naïve genotype 1 patients with baseline features predicting a high
likelihood of rapid virological response and sustained virological response (no fibrosis, low
viral load, favourable IL28B genotype) and Genotype 2–3 patients were treated with dual ther-
apy [13, 14].

Both studies are observational; they were registered at clinicaltrials.gov after recruitment
has started, since it was not mandatory to register the studies beforehand. Patients received
medical treatment according to the approval regulations of the respective drugs and gave writ-
ten informed consent before study entry. The study conformed to the Declaration of Helsinki.
All procedures involving human subjects were approved by the Institutional Review Board of
the Medical University of Graz (25–006 ex 12/13 and 25–556 ex 12/13).

Both parts of the study were conducted at the Liver Outpatient Clinics, Department of Inter-
nal Medicine, Medical University of Graz, Austria.

Blood samples were taken at baseline (base) and after 4 (4w) and 12 (12w) weeks of therapy
and six months after end of therapy (follow up) to assess sustained virological response (SVR).
Clinical and biochemical data were recorded.

For comparison 33 age and sex matched healthy controls were included. These subjects
had no evidence of liver disease or any other acute or chronic disease and did not take any
medication.

Neutrophil function
The Phagoburst1 kit (Glycotope, Heidelberg, Germany) was used as directed by the manufac-
turer to determine the percentage of neutrophils that produced reactive oxidants with or with-
out stimulation by flow cytometric analysis. A forward-side scatter gate was set on neutrophils
and 10,000 neutrophils have been recorded. Data are presented as percentage of bursting neu-
trophils (FITC positive). An intra-assay precision for percentage of oxidizing cells is given with
0.1% CV by the supplier.

The Phagotest1 (Glycotope, Heidelberg, Germany) was used as directed by the manufac-
turer to measure phagocytosis by flow cytometric analysis using FITC-labelled opsonized E.
coli bacteria. A forward-side scatter gate was set on neutrophils and 10,000 neutrophils have
been recorded. Percentage of neutrophils that showed no phagocytic activity was recorded
(inactive neutrophils). The phagocytic capacity was calculated by weighing the geometric mean
of fluorescence intensity (GMFI) with the percentage of low and high phagocytizing neutro-
phils. To overcome batch variations all values are presented as n-fold change of healthy con-
trols determined by the corresponding batch of bacteria. An intra-assay precision for
percentage of phagocytizing cells and GMFI is given with 0.2% CV and 1.5% CV by the
supplier.

Flow cytometric analysis was done with an LSRII cytometer in combination with FACS
Diva 6.2 software (BD Bioscience, Heidelberg, Germany). Quality control was carried out daily
by using CS&T beads.

PMN elastase
PMN elastase protein levels in heparinized plasma samples were quantified with a ready-to-use
solid-phase sandwich ELISA (eBioscience, Vienna, Austria) according to the manufacturer’s
instructions. Determinations were done in duplicates and values with a coefficient of variation
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of<20% were considered trustworthy. PMN elastase protein levels determined were referred
to neutrophil count and are given as ng elastase per million neutrophils for analysis.

Diamine oxidase
A ready-to-use solid-phase sandwich ELISA (Immundiagnostik AG, Bensheim, Germany) was
used as directed by the manufacturer to detect diamine oxidase (DAO) in serum samples.
Determinations were done in duplicates and values with CV<20% were considered
trustworthy.

Endotoxin
Serum levels of endotoxin were assessed using HEK-Blue™ LPS Detection Kit (Invivogen, San
Diego, USA) with adapted protocol. In brief, cells were cultured in 24-well plates (5x104cells/
well). After 24 hours medium was discarded and replaced with samples/endotoxin standards
and detection medium. Cells are incubated for 21 hours at 37°C and colour intensity is mea-
sured at a wave length of 650nm. Only optical density exceeding endogenous alkaline phospha-
tase activity was considered positive.

Statistics
Data were analyzed with SPSS 21. Between group differences of categorical variables were
assessed by Fisher’s exact test or McNemar test, for unpaired and paired data, respectively. To
compare more than two groups pairwise multiple testing with Bonferroni correction was
applied. Between group differences of continuous variables were assessed by non-parametric
methods: the Mann-Whitney/Wilcoxon signed rank tests and Kruskal-Wallis/Friedman tests
for unpaired/paired data to compare two or more groups, respectively. Multiple tests were cor-
rected using Bonferroni correction. Data are given as median (Q1; Q3) unless otherwise stated.
All tests were performed at a 5% significance level.

Results

Retrospective incidence and type of infections during hepatitis C therapy
Study groups were comparable with respect to age, gender and pre-treatment status. Patients
undergoing P/R treatment (n = 47) had significantly fewer infections than those with BOC or
TPV therapy (n = 61). In total, six patients (13%) developed clinically significant infections
during P/R and 19 patients (31%) during BOC or TPV therapy (p = 0.045), amounting to 7 vs.
23 infections, respectively. Infections developing during P/R treatment led less often to hospi-
talization (2% and 8% respectively, p = 0.027) or treatment discontinuation (0% and 10%
respectively, p = 0.044) than did triple therapy. There were no significant differences in number
of infections or severity estimated by CTCAE score between BOC and TPV treated patients;
however, with TPV, infections occurred earlier in the treatment course than with BOC. The
median weeks of occurrence were 9 and 17, respectively. There were no treatment-related
deaths. Details are given in Table 1 (see S1 Table for details on infectious events).

Prospective patient characteristics and standard laboratory parameters
Fifty-three patients have been screened for the study between November 2012 and March
2014, whereof 5 patients refused to take part and 3 patients did not meet the inclusion criteria.
45 patients receiving either dual- or triple therapy were included into the study. One patient in
the P/R group has been lost to follow-up. Forty-four patients were included into the analysis
(see Fig 1). Follow-up ended in March 2015. The three study groups were comparable with
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respect to age and gender. All patients in the TPV (n = 11) and BOC (n = 12) group had geno-
type 1 infections. In the P/R (n = 21) group the majority of the patients were infected by either
genotype 1 (43%) or 3 (38%). In the P/R group significantly more patients (91%) were treat-
ment naïve than in the TPV group (46%; p = 0.005) but there were no differences in pre-treat-
ment status with respect to HCV genotypes. None of the patients in the P/R group developed
infections, while 18% in the TPV group and 33% in the BOC group developed clinically rele-
vant infections. In the TPV group 10 (91%), in the BOC group 10 (83%) and in the P/R group
17 (81%) patients did have sustained virological response (SVR) at the end of follow up (see
Table 2 for further information).

Alanine aminotransferase (ALT) levels were significantly higher at baseline in all patient
groups than in controls, decreased during therapy and reached normal levels at follow-up.
Neutrophil counts were slightly lower in patient groups than controls at baseline and decreased
equally in all patient groups during therapy. At follow up neutrophil counts reached baseline
levels. Haemoglobin levels were within the normal range in patient groups at baseline and simi-
lar to control levels. As expected, haemoglobin levels dropped within all patient groups over
time but reached baseline levels at follow up. Bilirubin levels were similar to controls at baseline
in all groups and did not rise above normal during the study. For baseline details see Table 2,
and S1 Table for further information on infectious events.

Neutrophil function deteriorates during triple therapy
Phagocytic capacity decreased dramatically during triple therapy with TPV and BOC. In the
TPV group the decrease in phagocytic capacity was already evident after 4 weeks: it dropped to
70% of the control value and further decreased to 40% by the end of therapy (p = 0.003

Table 1. Patient and infection characteristics for 108 retrospectively analysed patients during hepatitis C therapy.

TPV BOC P/R

n (m/f) 26 (12/14) 35 (19/16) 47 (31/16)

median age (Q1; Q3) 56 (53; 63) 49 (43; 55) 46 (37; 54)

therapy naïve 12 (46%) 18 (51%) 32 (68%)

Treatment duration in weeks median (Q1; Q3) 24 (18;25) 28 (21;47) 24 (23;47)

Clinically relevant infections 7 16 7

Patients with clinically relevant infections 7 (27%) 12 (34%)2 6 (13%)

discontinuation 4 (15%)2 2 (6%) 0 (0%)

hospitalization 3 (12%)2 2 (6%) 1 (2%)

week of infection (median) 9 17 13

CTCAE (2/3/4) 3/4/0 7/8/1 5/1/0

SVR 13 (50%) 16 (46%) 28 (60%)

Fibrosis stage§ (no-mild/significant-severe/cirrhosis/no result) 4/12/6/42 13/11/7/4 20/8/3/16

ALT (U/l) 62 (45;133) 56 (47;99) 80 (38;126)

neutrophil count (x106/ml) 3.7 (2.7;4.3) 3.2 (2.5;3.9) 3.5 (3.0;4.7)

platelet count (x106/ml) 176 (145;255) 228 (151;245) 217 (197;260)

Albumin (g/dl) 4.2 (3.1;4.5) 4.3 (4.1;4.7) 4.6 (4.4;4.8)

haemoglobin (g/dl) 14.5 (14.1; 15.5) 14.6 (13.6; 15.7) 15.2 (13.7; 16.0)

bilirubin (mg/dl) 0.5 (0.3; 0.6) 0.4 (0.3; 0.5) 0.4 (0.2; 0.5)

2p<0.05 vs P/R; P/R: Dual therapy with peginterferon/ribavirin; TPV: triple therapy with P/R and telaprevir, BOC: triple therapy with P/R and boceprevir
§ no-mild fibrosis: Metavir 0–1 or Fibroscan1 <7.0 kPa; significant-severe fibrosis: Metavir 2–3 or Fibroscan1 7.0–12.5 kPa; cirrhosis: Metavir 4 or

Fibroscan1 >12.5 kPa; no result: fibrosis was not assessed or the result from Fibroscan 1 was not valid

doi:10.1371/journal.pone.0150299.t001
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compared to baseline). In the BOC group the phagocytic capacity was maintained at approxi-
mately 90% of controls after the first four weeks (lead-in phase) and dropped to 40% at week
12 (p = 0.027 compared to baseline). The P/R group showed no statistically significant decline
in phagocytic capacity during therapy (Fig 2A). However, at baseline phagocytic capacity was
only 77% of control values (p = 0.021). At follow up phagocytic capacity increased significantly
compared to week 12 (TPV: p = 0.006; BOC: p = 0.005; P/R: p = 0.005) and reached almost

Fig 1. Flow diagram of the study progress.

doi:10.1371/journal.pone.0150299.g001
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normal levels in all patient groups (see Fig 2A). HCV genotypes and SVR at follow up did not
impact on phagocytic capacity, however the number of patients without SVR is small (n = 7).

In all patient groups, there were more inactive neutrophils at baseline than in controls. This
was most prominent in the BOC group (3.6-fold higher than in controls, p = 0.010) and less
pronounced in the TPV (1.6-fold) and P/R (1.8-fold) groups. Triple therapy slightly increased
the inactive neutrophil count, which was most evident in the BOC group by the end of therapy.
However, statistical significance could not be reached and similar patterns could be found in
the P/R group. In all patient groups inactive neutrophil counts dropped to levels observed in
healthy controls at follow up (Fig 2B). After 12 weeks of therapy, patients infected with geno-
type 1 had significantly higher levels of inactive neutrophils than those infected with other
genotypes (5.4-fold and 2.4-fold of controls, respectively; p = 0.015).

Resting burst increased during therapy significantly in the TPV group (p = 0.008). Priming
was similar to controls at baseline in the TPV group but was absent after 4 weeks of therapy
(p = 0.002). In the BOC group similar, less pronounced, alterations were detected for resting
burst and priming. The P/R group had minimally decreased resting burst at baseline compared
to controls, which returned to normal during therapy and dropped to baseline levels at follow
up. Priming was low but stable throughout the study in the P/R group.

Table 2. Baseline characteristics of 44 patients and 33 controls in the prospective study. Data are presented as median (Q1; Q3) unless otherwise
stated.

TPV BOC P/R Healthy Controls

n (m/f) 11 (7/4) 12 (7/5) 21 (15/6) 33 (15/18)

age 52 (41; 61) 48 (45; 56) 38 (29; 46) 46 (31; 54)

therapy naïve 5 (46%)1 8 (67%) 19 (91%) -

GT (1/2/3/4) 11/0/0/0 12/0/0/0 9/1/8/3 -

clinically relevant infections 3 4 0

patients with clinically relevant infections 2 (18%)2 4 (33%)1 0 (0%) -

CTCAE (2/3/4) 3/0/0 2/2/0 0/0/0 -

SVR 10 (91%) 10 (83%) 17 (81%) -

Fibrosis stage § (no-mild/significant-severe/cirrhosis/no result) 9/2/0/0 10/2/0/0 19/2/0/0 -

ALT (U/l) 48 (40; 68) ** 66 (44; 79) ** 63 (30; 141) *** 21 (17; 32)

neutrophil count (x106/ml) 3.1 (2.4; 4.0) 3.3 (2.3; 3.8) 3.5 (2.9; 5.4) 4.2 (3.2; 5.0)

platelet count (x106/ml) 262 (211; 299) 193 (153; 239) * 220 (193; 246) 256 (214; 309)

Albumin (g/dl) 4.5 (4.5; 5.2) 4.4 (4.2; 4.8) 4.5 (4.4; 4.8) 4.7 (4.5; 5.0)

haemoglobin (g/dl) 15.4 (13.8; 16.7) 15.2 (14.1; 15.5) 15.2 (14.2; 15.9) 14.3 (13.7; 15.1)

bilirubin (mg/dl) 1.1 (0.7; 1.2) ** 0.8 (0.8; 0.9) 0.6 (0.4; 0.8) 0.5 (0.4; 0.6)

DAO (U/ml) 8.5 (8.0; 19.5) 10.3 (6.6; 14.3) 16.0 (11.8; 34.5) 15.8 (11.5; 19.9)

Endotoxin (EU/ml) 0.0 (0.0; 0.8) 0.0 (0.0; 0.0) 0.0 (0.0; 2.3) 0.0 (0.0; 0.8)

1p<0.01 vs P/R
2p<0.05 vs P/R

*p<0.05 vs Controls

**p<0.01 vs Controls

***p<0.001 vs Controls

GT: Genotype; P/R: Dual therapy with peginterferon/ribavirin; TPV: triple therapy with P/R and telaprevir, BOC: triple therapy with P/R and boceprevir;;

SVR: sustained virological response; ALT: alanine aminotransferase; DAO: Diaminoxidase
§ no-mild fibrosis: Metavir 0–1 or Fibroscan1 <7.0 kPa; significant-severe fibrosis: Metavir 2–3 or Fibroscan1 7.0–12.5 kPa; cirrhosis: Metavir 4 or

Fibroscan1 >12.5 kPa; no result: fibrosis was not assessed or the result from Fibroscan 1 was not valid.

doi:10.1371/journal.pone.0150299.t002
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E.coli stimulation caused oxidative burst in 93% to 100% of neutrophils in all groups at all
time-points. Genotype and SVR at follow up did not impact on any of the burst parameters of
neutrophils, however the number of patients without SVR is small (n = 7).

Neutrophil count did not correlate with either phagocytosis capacity or the number of inac-
tive neutrophils or the bursting capacity of neutrophils. The number of patients developing
infection during therapy was too small to conduct meaningful statistical analysis concerning
neutrophil function. However, patients that developed an infection experienced a steeper
decrease in phagocytic capacity over the course of the treatment than patients without infection
(76% vs. 45% decrease, respectively). We did not find any trends towards altered neutrophil
function in patients with fibrosis compared to those without fibrosis, but again the number of
patients with higher grades of fibrosis is too small to allow any conclusions.

Triple therapy hinders the increase in elastase levels but does not
influence gut permeability
Median PMN elastase levels (per 106 neutrophils) were similar to controls in all patient groups
at baseline (Ctrl: 19.9 ng/106; TPV: 14.5 ng/106; BOC: 16.2 ng/106; P/R: 21.1 ng/106). PMN
elastase levels approximately doubled in the P/R group after 12 weeks of therapy when com-
pared to baseline (39.5 ng/106 neutrophils, p = 0.025) but not in the triple therapy groups (see
Fig 2C).

Fig 2. Characteristics of neutrophils in patient groups and healthy controls. Phagocytic capacity of neutrophils (a), proportion of inactive neutrophils (b)
and PMN elastase levels per 106neutrophils (c) of patients and controls. Ctrl: healthy controls; TPV: telaprevir group; BOC: boceprevir Group; P/R: Dual
therapy with peginterferon/ribavirin; B: baseline; 4w: 4 weeks of therapy; 12w: 12 weeks of therapy; F: follow up a: p = 0.021 vs Ctrl; b: p = 0.010 vs Ctrl.

doi:10.1371/journal.pone.0150299.g002
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DAO levels showed no differences between patients and controls at baseline levels. Addi-
tionally, DAO levels did not increase during therapy and stayed unchanged at follow up.
Serum levels of endotoxin did not differ between patients and controls or between patient
groups at baseline. Furthermore, no significant changes in endotoxin levels could be observed
during therapy (data not shown).

Discussion
This study shows that first generation protease inhibitors for hepatitis C therapy (BOC and
TPV) markedly impair neutrophil phagocytic capacity when administered to non-cirrhotic
patients in addition to P/R. This neutrophil dysfunction might be a reason for the higher risk
of infection in triple therapy.

The first part of this study confirmed increased rates of clinically significant infections dur-
ing TPV or BOC treatment for CHC compared to dual therapy with P/R, as previously
reported [6–9, 15–18]. Further, only patients undergoing protease inhibitor therapy discontin-
ued treatment due to infectious complications. Hospitalizations for treatment of infections
were more frequent in those patients, especially those receiving TPV. The earlier occurrence of
infections in the TPV group than in BOC patients goes along with and may be attributable to
the lead-in phase for BOC.

In the four phase III studies leading to approval of BOC and TPV in 2011, life threatening
infections such as sepsis, bacteraemia or pneumonia were almost exclusively reported in the
protease inhibitor arms of the studies, although the absolute numbers were low and no infec-
tion-associated deaths were reported [4, 5, 19, 20]. However, the patients were highly selected
and there were only small numbers of patients with cirrhosis, a condition known to be associ-
ated with a higher risk for infections. The problem of relevant infectious complications was
observed during field use of the triple therapy regimens in non-selected populations and when
applied to cirrhotics on a larger scale, although preclinical information was available on anti-
protease activity in human tissue [6, 7, 11]. In the retrospective part of our study patients
treated with TPV had more severe fibrosis than patients in the P/R group, a selection bias
caused by treatment guidelines. However, this does not impact on our results, since the major-
ity of infections under triple therapy originated in the BOC group with comparable severity of
liver disease than the P/R group.

Patients with cirrhosis were excluded from the prospective part of our study due to known
neutrophil dysfunction [21]. A pre-existing neutrophil dysfunction in cirrhotics [22] and the
additional impact of protease inhibitors might explain the high incidence of infections and
deaths seen in previous studies [6, 7, 23].

Regarding the pathophysiological mechanism that may lead to increased susceptibility to
infections during protease inhibitor treatment, the clinical pattern of infections we saw in our
BOC and TPV patients suggested an insufficient neutrophil response.

We then prospectively evaluated neutrophil function in consecutive patients undergoing
CHC therapy. We found that the phagocytic capacity decreases and the number of inactive
neutrophils increases in patients receiving protease inhibitors in addition to P/R. The phago-
cytic capacity during triple therapy gives a clear picture: in patients receiving BOC, phagocytic
capacity is sustained until the end of the P/R lead-in (4 weeks). Phagocytic capacity then drops
to levels comparable to TPV patients at week 12 (40% of baseline). In TPV treated patients
without lead-in, the decline is already present at week four and progresses downward until
week 12. Six months after end of therapy, all neutrophil function parameter returned to nor-
mal. Since there were only a few patients (n = 7) without SVR in our study, it is not possible to
analyse the influence of SVR on neutrophil function.
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The mechanism for this neutrophil dysfunction is not completely understood. Oxidative
burst and phagocytosis, two main functions of neutrophils, give us a broad overview of neutro-
phil functionality. However, it is to be noted, that neutrophil function as assessed in this study
show a rather high inter-individual variation and mirrors only the capacity to initiate oxidative
burst or engulf E.coli when directly presented with them. It has been shown that CHC is associ-
ated with systemic oxidative stress mediated by a large number of mechanisms [24] which
could be an explanation for ATP depletion. Energy depletion was hypothesized to be related to
reduced phagocytic function of neutrophils [25]. For this study we cannot draw any further
conclusions about recognition, chemotactic, or bacterial killing by neutrophils during CHC
therapy, or their reaction to other types of pathogens.

Absolute neutrophil count, as expected, dropped significantly in all treatment groups, how-
ever, there was no difference between patients treated with our without protease inhibitors.
Since it is well known, that neutropenia during interferon-based HCV therapy is not associated
with an increased risk of infection [26–28], this does not explain the increased risk of infections
during therapy with TPV or BOC. It is already known that hepatitis C protease inhibitors also
inhibit human proteases (eg. elastase, cathepsin B) [11, 12]. Neutrophil serin proteases are key
players in bacterial killing and also important in the regulation of innate immune responses
[29]. As it is known that elastase activity is inhibited in human plasma which makes the detec-
tion of elastase activity and possibly other neutrophil protease activities in serum difficult and
unreliable [30], we decided to determine elastase quantitatively to check if cellular production
changes during CHC therapy. In our study, despite a parallel drop in the absolute neutrophil
count during therapy in all groups, neutrophil elastase levels (per 106 neutrophils) only
increased in P/R but not in triple therapy patients. This could imply a reduced bioavailability
in BOC and TPV patients. However, our study design does not allow conclusions on the rea-
sons for this lack of increase in elastase levels during triple therapy. Further in vitro experi-
ments would be necessary to study the influence of HCV protease inhibitors on different
aspects of neutrophil function.

To narrow down the source of this neutrophil dysfunction, we evaluated gut permeability,
which has been linked to neutrophil dysfunction in cirrhosis [31], by using serum DAO levels
as a marker for gut barrier integrity [32] and endotoxin as a marker of bacterial translocation.
DAO expression, however, remained unchanged during triple therapy. In addition, serum
endotoxin levels did not change significantly during any type of therapy, suggesting that gut
permeability and bacterial translocation is not the driving pathophysiological mechanism in
the setting of CHC therapy.

Changes in routine laboratory parameters (ALT, neutrophil count, haemoglobin, etc.) were
typical for patients undergoing CHC therapy but did not show any relevant differences in
patients treated with or without protease inhibitors, indicating that the clinical and immuno-
logical differences did not play any major role.

Our study has some limitations: With newer antiviral drugs now available, the number of
patients receiving first generation protease inhibitors has decreased to zero at our centre and
elsewhere. Therefore we were not able to recruit a larger number of patients. However, even
with those small numbers, the results are clear cut, owing to the magnitude of the effects. To
date we do not have data on the impact of the newer antiviral drugs on neutrophil function,
but relevant studies are ongoing. However, these studies will not be completely comparable,
since in our study presented here, cirrhosis was an exclusion criterion, whereas, due to the pol-
icy of our (and many other) health care systems, direct acting antivirals are only accessible for
patients with advanced liver damage at the moment.

However, this study clarifies an important mechanism for severe drug-related side effects
important for physicians prescribing antiviral therapies. Data from future studies will help to
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elucidate whether the second generation protease inhibitors also prove to be more selective in
vivo, as suggested in vitro. Newly approved protease inhibitors should be monitored for com-
parable effects.

In conclusion, we observed impaired neutrophil function during triple therapy with first
generation protease inhibitors that resolved completely after therapy and may explain the high
rate of infections associated with them. Careful patient selection, especially focussing on other
risk factors for infection, and close clinical monitoring during therapy is thus warranted in pro-
tease inhibitor treatments.

Supporting Information
S1 TREND Checklist.
(PDF)

S1 Protocol. Study Protocol retrospective study.
(PDF)

S2 Protocol. Study Protocol prospective study.
(PDF)

S1 Table. Infectious events in dual and triple therapy patients.
(DOCX)

Acknowledgments
We thank Eugenia Lamont, BA, for editorial assistance.

Funding: VS, AH and SL are supported by grants from the Austrian Science Foundation
(P24362-B23 and P23532-B18). WS was supported by a grant from the county of Styria and by
BioPersMed (COMET K-project 825329), which is funded by the Austrian Federal Ministry of
Transport, Innovation and Technology (BMVIT) and the Austrian Federal Ministry of Eco-
nomics and Labour/the Federal Ministry of Economy, Family and Youth (BMWA/BMWFJ)
and the Styrian Business Promotion Agency (SFG).

Author Contributions
Conceived and designed the experiments: BL MT AH BS VS PS. Performed the experiments:
AH BL SL MT BS GZ AP AS PJ. Analyzed the data: AH BL PS VS MH RES MT BS. Contrib-
uted reagents/materials/analysis tools: GWMH. Wrote the paper: WS RES VS BL AH.

References
1. Razavi H, Waked I, Sarrazin C, Myers RP, Idilman R, Calinas F, et al. The present and future disease

burden of hepatitis C virus (HCV) infection with today's treatment paradigm. J Viral Hepat. 2014; 21
Suppl 1:34–59. doi: 10.1111/jvh.12248 PMID: 24713005.

2. Heim MH. 25 years of interferon-based treatment of chronic hepatitis C: an epoch coming to an end.
Nat Rev Immunol. 2013; 13(7):535–42. doi: 10.1038/nri3463 PMID: 23743475.

3. Pawlotsky JM, Aghemo A, Dusheiko G, Forns X, Pouti M, Sarrazin C. EASL Recommendations on
Treatment of Hepatits C 2014. EASL Office, 7 rue Daubin, 1203 Geneva, Switzerland; 2014.

4. Poordad F, McCone J Jr., Bacon BR, Bruno S, Manns MP, Sulkowski MS, et al. Boceprevir for
untreated chronic HCV genotype 1 infection. N Engl J Med. 2011; 364(13):1195–206. doi: 10.1056/
NEJMoa1010494 PMID: 21449783; PubMed Central PMCID: PMC3766849.

5. Jacobson IM, McHutchison JG, Dusheiko G, Di Bisceglie AM, Reddy KR, Bzowej NH, et al. Telaprevir
for previously untreated chronic hepatitis C virus infection. N Engl J Med. 2011; 364(25):2405–16. doi:
10.1056/NEJMoa1012912 PMID: 21696307.

First Generation Protease Inhibitors Weaken Neutrophils

PLOS ONE | DOI:10.1371/journal.pone.0150299 March 3, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150299.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150299.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150299.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150299.s004
http://dx.doi.org/10.1111/jvh.12248
http://www.ncbi.nlm.nih.gov/pubmed/24713005
http://dx.doi.org/10.1038/nri3463
http://www.ncbi.nlm.nih.gov/pubmed/23743475
http://dx.doi.org/10.1056/NEJMoa1010494
http://dx.doi.org/10.1056/NEJMoa1010494
http://www.ncbi.nlm.nih.gov/pubmed/21449783
http://dx.doi.org/10.1056/NEJMoa1012912
http://www.ncbi.nlm.nih.gov/pubmed/21696307


6. Hezode C, Fontaine H, Dorival C, Larrey D, Zoulim F, Canva V, et al. Triple therapy in treatment-experi-
enced patients with HCV-cirrhosis in a multicentre cohort of the French Early Access Programme
(ANRS CO20-CUPIC)—NCT01514890. J Hepatol. 2013; 59(3):434–41. doi: 10.1016/j.jhep.2013.04.
035 PMID: 23669289.

7. Londono MC, Perello C, Cabezas J, Canete N, Lens S, Marino Z, et al. The Addition of a Protease
Inhibitor Increases the Risk of Infections in Patients with Hepatitis C-Related Cirrhosis. J Hepatol.
2014. doi: 10.1016/j.jhep.2014.09.025 PMID: 25281861.

8. Soza A, Labbe P, Arrese M, Riquelme A, Barrera F, Benitez C, et al. Mycobacterium abscessus pulmo-
nary infection during hepatitis C treatment with telaprevir, peginterferon and ribavirin. Ann Hepatol.
2015; 14(1):132–6. PMID: 25536652.

9. Hametner S, Monticelli F, Kern JM, Schofl R, Ziachehabi A, Maieron A. Tuberculous sepsis during anti-
viral HCV triple therapy. J Hepatol. 2013; 59(3):637–8. doi: 10.1016/j.jhep.2013.05.005 PMID:
23669285.

10. Seiwert SD, Andrews SW, Jiang Y, Serebryany V, Tan H, Kossen K, et al. Preclinical characteristics of
the hepatitis C virus NS3/4A protease inhibitor ITMN-191 (R7227). Antimicrob Agents Chemother.
2008; 52(12):4432–41. doi: 10.1128/AAC.00699-08 PMID: 18824605; PubMed Central PMCID:
PMC2592891.

11. White PW, Llinas-Brunet M, AmadM, Bethell RC, Bolger G, Cordingley MG, et al. Preclinical characteri-
zation of BI 201335, a C-terminal carboxylic acid inhibitor of the hepatitis C virus NS3-NS4A protease.
Antimicrob Agents Chemother. 2010; 54(11):4611–8. doi: 10.1128/AAC.00787-10 PMID: 20823284;
PubMed Central PMCID: PMC2976164.

12. Njoroge FG, Chen KX, Shih NY, Piwinski JJ. Challenges in modern drug discovery: a case study of
boceprevir, an HCV protease inhibitor for the treatment of hepatitis C virus infection. Acc Chem Res.
2008; 41(1):50–9. doi: 10.1021/ar700109k PMID: 18193821.

13. European Association for Study of L. EASL Clinical Practice Guidelines: management of hepatitis C
virus infection. J Hepatol. 2014; 60(2):392–420. doi: 10.1016/j.jhep.2013.11.003 PMID: 24331294.

14. Sarrazin C, Berg T, Cornberg M, Dollinger M, Ferenci P, Hinrichsen H, et al. [Expert opinion on boce-
previr- and telaprevir-based triple therapies of chronic hepatitis C]. Z Gastroenterol. 2012; 50(1):57–72.
doi: 10.1055/s-0031-1282015 PMID: 22222799.

15. Ridruejo E. Safety of direct-acting antivirals in the treatment of chronic hepatitis C. Expert opinion on
drug safety. 2014; 13(3):307–19. doi: 10.1517/14740338.2014.884068 PMID: 24547916.

16. Park C, Jiang S, Lawson KA. Efficacy and safety of telaprevir and boceprevir in patients with hepatitis C
genotype 1: a meta-analysis. J Clin Pharm Ther. 2014; 39(1):14–24. doi: 10.1111/jcpt.12106 PMID:
24237070.

17. Maasoumy B, Port K, Deterding K, Honer Zu Siederdissen C, Markova AA, Rogalska-Taranta M, et al.
Limited effectiveness and safety profile of protease inhibitor-based triple therapy against chronic hepa-
titis C in a real-world cohort with a high proportion of advanced liver disease. Eur J Gastroenterol Hepa-
tol. 2014; 26(8):836–45. doi: 10.1097/MEG.0000000000000121 PMID: 24987822.

18. Coppola N, Pisaturo M, Sagnelli C, Sagnelli E, Angelillo IF. Peg-interferon Plus ribavirin with or without
boceprevir or telaprevir for HCV genotype 1: a meta-analysis on the role of response predictors. PLoS
One. 2014; 9(4):e94542. doi: 10.1371/journal.pone.0094542 PMID: 24728219; PubMed Central
PMCID: PMC3984165.

19. Zeuzem S, Andreone P, Pol S, Lawitz E, Diago M, Roberts S, et al. Telaprevir for retreatment of HCV
infection. N Engl J Med. 2011; 364(25):2417–28. doi: 10.1056/NEJMoa1013086 PMID: 21696308.

20. Bacon BR, Gordon SC, Lawitz E, Marcellin P, Vierling JM, Zeuzem S, et al. Boceprevir for previously
treated chronic HCV genotype 1 infection. N Engl J Med. 2011; 364(13):1207–17. doi: 10.1056/
NEJMoa1009482 PMID: 21449784; PubMed Central PMCID: PMC3153125.

21. Mookerjee RP, Stadlbauer V, Lidder S, Wright GA, Hodges SJ, Davies NA, et al. Neutrophil dysfunction
in alcoholic hepatitis superimposed on cirrhosis is reversible and predicts the outcome. Hepatology.
2007; 46(3):831–40. PMID: 17680644

22. Horvath A, Leber B, Lemesch S, Stiegler P, Stauber R, Fickert P, et al. Increased gut permeability, ele-
vated endotoxin related proteins and neutrophil dysfunction in liver cirrhosis. J Hepatol. 2013; 58, Sup-
plement 1:104–5.

23. Calleja J, Pascasio J, Antoran BR, Gea F, Barcena R, Larrubia J, et al. Safety and Efficacy of Triple
TherapyWith Peginterferon, Ribavirin, and Boceprevir Within an Early Access Program in Spanish
Patients with Hepatitis C Genotype 1 with Severe Fibrosis: SVRw12 Analysis. Liver Int. 2014. doi: 10.
1111/liv.12656 PMID: 25113158.

24. Tawadrous GA, Aziz AA, Amin DG, Eldemery A, Mostafa MA. RANTES, TNF-alpha, oxidative stress,
and hematological abnormalities in hepatitis C virus infection. J Investig Med. 2012; 60(6):878–82. doi:
10.231/JIM.0b013e318254519e PMID: 22534629.

First Generation Protease Inhibitors Weaken Neutrophils

PLOS ONE | DOI:10.1371/journal.pone.0150299 March 3, 2016 12 / 13

http://dx.doi.org/10.1016/j.jhep.2013.04.035
http://dx.doi.org/10.1016/j.jhep.2013.04.035
http://www.ncbi.nlm.nih.gov/pubmed/23669289
http://dx.doi.org/10.1016/j.jhep.2014.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25281861
http://www.ncbi.nlm.nih.gov/pubmed/25536652
http://dx.doi.org/10.1016/j.jhep.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23669285
http://dx.doi.org/10.1128/AAC.00699-08
http://www.ncbi.nlm.nih.gov/pubmed/18824605
http://dx.doi.org/10.1128/AAC.00787-10
http://www.ncbi.nlm.nih.gov/pubmed/20823284
http://dx.doi.org/10.1021/ar700109k
http://www.ncbi.nlm.nih.gov/pubmed/18193821
http://dx.doi.org/10.1016/j.jhep.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24331294
http://dx.doi.org/10.1055/s-0031-1282015
http://www.ncbi.nlm.nih.gov/pubmed/22222799
http://dx.doi.org/10.1517/14740338.2014.884068
http://www.ncbi.nlm.nih.gov/pubmed/24547916
http://dx.doi.org/10.1111/jcpt.12106
http://www.ncbi.nlm.nih.gov/pubmed/24237070
http://dx.doi.org/10.1097/MEG.0000000000000121
http://www.ncbi.nlm.nih.gov/pubmed/24987822
http://dx.doi.org/10.1371/journal.pone.0094542
http://www.ncbi.nlm.nih.gov/pubmed/24728219
http://dx.doi.org/10.1056/NEJMoa1013086
http://www.ncbi.nlm.nih.gov/pubmed/21696308
http://dx.doi.org/10.1056/NEJMoa1009482
http://dx.doi.org/10.1056/NEJMoa1009482
http://www.ncbi.nlm.nih.gov/pubmed/21449784
http://www.ncbi.nlm.nih.gov/pubmed/17680644
http://dx.doi.org/10.1111/liv.12656
http://dx.doi.org/10.1111/liv.12656
http://www.ncbi.nlm.nih.gov/pubmed/25113158
http://dx.doi.org/10.231/JIM.0b013e318254519e
http://www.ncbi.nlm.nih.gov/pubmed/22534629


25. Stadlbauer V, Mookerjee RP, Wright GA, Davies NA, Jurgens G, Hallstrom S, et al. Role of Toll-like
receptors 2, 4, and 9 in mediating neutrophil dysfunction in alcoholic hepatitis. Am J Physiol Gastroint-
est Liver Physiol. 2009; 296(1):G15–22. doi: 10.1152/ajpgi.90512.2008 PMID: 19033535

26. Striki A, Manolakopoulos S, Deutsch M, Mela M, Kalafateli M, Schini M, et al. Cirrhosis but not neutro-
penia is associated with the development of infection in patients with chronic hepatitis C undergoing
treatment with pegylated interferon-alpha and ribavirin. J Viral Hepat. 2014; 21(9):624–32. doi: 10.
1111/jvh.12197 PMID: 24224747.

27. Soza A, Everhart JE, Ghany MG, Doo E, Heller T, Promrat K, et al. Neutropenia during combination
therapy of interferon alfa and ribavirin for chronic hepatitis C. Hepatology. 2002; 36(5):1273–9. doi: 10.
1053/jhep.2002.36502 PMID: 12395340.

28. Fattovich G, Giustina G, Favarato S, Ruol A. A survey of adverse events in 11,241 patients with chronic
viral hepatitis treated with alfa interferon. J Hepatol. 1996; 24(1):38–47. PMID: 8834023.

29. Meyer-Hoffert U. Neutrophil-derived serine proteases modulate innate immune responses. Front Biosci
(Landmark Ed). 2009; 14:3409–18. PMID: 19273284.

30. Satake K, Carballo J, Appert HE, Howard JM. Elastase activity in pancreatic juice and plasma of the
dog. Arch Surg. 1972; 104(1):64–8. PMID: 5007309.

31. Leber B, Mayrhauser U, Rybczynski M, Stadlbauer V. Innate immune dysfunction in acute and chronic
liver disease. Wiener klinische Wochenschrift. 2009; 121(23–24):732–44. doi: 10.1007/s00508-009-
1288-2 PMID: 20047110

32. Leber B, Tripolt NJ, Blattl D, Eder M, Wascher TC, Pieber TR, et al. The influence of probiotic supple-
mentation on gut permeability in patients with metabolic syndrome: an open label, randomized pilot
study. Eur J Clin Nutr. 2012; 66(10):1110–5. doi: 10.1038/ejcn.2012.103 PMID: 22872030.

First Generation Protease Inhibitors Weaken Neutrophils

PLOS ONE | DOI:10.1371/journal.pone.0150299 March 3, 2016 13 / 13

http://dx.doi.org/10.1152/ajpgi.90512.2008
http://www.ncbi.nlm.nih.gov/pubmed/19033535
http://dx.doi.org/10.1111/jvh.12197
http://dx.doi.org/10.1111/jvh.12197
http://www.ncbi.nlm.nih.gov/pubmed/24224747
http://dx.doi.org/10.1053/jhep.2002.36502
http://dx.doi.org/10.1053/jhep.2002.36502
http://www.ncbi.nlm.nih.gov/pubmed/12395340
http://www.ncbi.nlm.nih.gov/pubmed/8834023
http://www.ncbi.nlm.nih.gov/pubmed/19273284
http://www.ncbi.nlm.nih.gov/pubmed/5007309
http://dx.doi.org/10.1007/s00508-009-1288-2
http://dx.doi.org/10.1007/s00508-009-1288-2
http://www.ncbi.nlm.nih.gov/pubmed/20047110
http://dx.doi.org/10.1038/ejcn.2012.103
http://www.ncbi.nlm.nih.gov/pubmed/22872030

