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ABSTRACT Asthma patients show evidence of a procoagulant state in their airways, accompanied by an
impaired function of the anticoagulant protein C system. We aimed to study the effect of recombinant
human activated protein C (rhAPC) in allergic asthma patients.

We conducted a randomised, double-blind, placebo-controlled, proof-of-concept study in house dust
mite (HDM) allergic asthma patients. Patients were randomised to receive intravenous rhAPC
(24 µg·kg−1·h−1; n=12) or placebo (n=12) for 11 h. 4 h after the start of infusion, a first bronchoscopy was
performed to challenge one lung segment with saline (control) and a contralateral segment with a
combination of HDM extract and lipopolysaccharide (HDM+LPS), thereby mimicking environmental
house dust exposure. A second bronchoscopy was conducted 8 h after intrabronchial challenge to obtain
bronchoalveolar lavage fluid (BALF).

rhAPC did not influence HDM+LPS induced procoagulant changes in the lung. In contrast, rhAPC
reduced BALF leukocyte counts by 43% relative to placebo, caused by an inhibitory effect on neutrophil
influx (64% reduction), while leaving eosinophil influx unaltered. rhAPC also reduced neutrophil
degranulation products in the airways.

Intravenous rhAPC attenuates HDM+LPS-induced neutrophil migration and protein release in allergic
asthma patients by an effect that does not rely on coagulation inhibition.

@ERSpublications
Recombinant activated protein C attenuates allergen-induced migration of neutrophils to the
bronchoalveolar space of asthma patients http://ow.ly/Rsevw

Copyright ©ERS 2015

This article has supplementary material available from erj.ersjournals.com

Received: March 21 2015 | Accepted after revision: June 28 2015

Clinical trial: This study is registered at www.trialregister.nl with identifier number 2943

Support statement: J. Daan de Boer and Christof J. Majoor are supported by the Netherlands Asthma Foundation
(projects 3.2.08.009 and 3.2.11.021 respectively).

Conflict of interest: None declared.

Eur Respir J 2015; in press | DOI: 10.1183/13993003.00459-2015 1

ORIGINAL ARTICLE
IN PRESS | CORRECTED PROOF

 . Published on September 17, 2015 as doi: 10.1183/13993003.00459-2015ERJ Express

 Copyright 2015 by the European Respiratory Society.

http://crossmark.crossref.org/dialog/?doi=10.1183/13993003.00459-2015&domain=pdf&date_stamp=
mailto:j.d.deboer@amc.uva.nl
erj.ersjournals.com
http://www.trialregister.nl


Introduction
Asthma is an obstructive respiratory disease accompanied by symptoms of recurrent dyspnoea, wheezing
and chest tightness [1]. Severe allergic asthma is characterised by a mixed airway infiltration of eosinophils
and neutrophils [2]. Chronic allergic lung inflammation may lead to irreversible lung damage, frequent
asthma exacerbations and corticosteroid unresponsiveness in an important subgroup of asthma patients [1].
Therefore, there is a high urgency to develop new anti-inflammatory treatment strategies that improve
allergic lung inflammation.

There is growing acceptance that allergic lung inflammation is accompanied by a pulmonary procoagulant
and antifibrinolytic environment [3]. Regarding this interplay between allergic lung inflammation and
coagulation in asthma, the anticoagulant protein C system has received particular attention, as it affects
both inflammation and coagulation [4]. Activated protein C (APC), the end product of the protein C
system, is primarily known for its anticoagulant effects through inactivation of clotting factors Va and
VIIIa. In more recent years, APC has been shown to exert additional cytoprotective effects in different
inflammatory settings that are independent of its anticoagulant properties [4, 5], including beneficial
alterations in gene expression profiles, reduction of apoptosis and increasing endothelial barrier integrity.
Recombinant human APC (rhAPC) (drotrecogin alfa) was registered for 10 years as an adjuvant treatment
in adult multi-organ failure sepsis, until its retraction in 2011 for reasons of uncertainty of its effectiveness
in this setting. Nonetheless, APC’s anticoagulant and anti-inflammatory potential remains remarkable and
the development of non-anticoagulant APC mutants with strong protective effects in a variety of
inflammation models has fueled new interest in the protein C pathway as a therapeutic target [4, 5].

Asthma patients have decreased APC levels in bronchoalveolar lavage fluid (BALF) compared with healthy
subjects both before and after allergen challenge [6]. Additionally, sputum of bronchial asthma patients
showed reduced APC/thrombin ratios, suggesting insufficient upregulation of the protein C system in
response to increased airway coagulation activation [7]. Data from a murine study showed a clear
reduction in allergic lung inflammation by treatment with APC in an ovalbumin sensitisation and
challenge model [8]. We hypothesised that restoration of the protein C pathway by administration of
rhAPC would inhibit allergen-induced inflammation in patients with allergic asthma. In the current
proof-of-concept trial we investigated the effects of rhAPC on allergic lung inflammation induced by
intrabronchial allergen administration in patients with asthma.

Methods
Patients and design
We conducted a randomised, double-blind, placebo-controlled, proof-of-concept study in 24 house dust
mite (HDM)-allergic asthma patients to study APC treatment in a setting of allergic lung inflammation
(Netherlands Trial Register number 2943). The Medical Ethics Committee of the Academic Medical
Center, Amsterdam (the Netherlands), approved the study and written informed consent was obtained
from all patients. 4 h before allergen challenge, patients were randomly assigned to start on continuous
intravenous infusion with rhAPC 24 μg·kg−1·h−1 (Eli Lilly, Indianapolis, IN, USA) or placebo (figure 1).
rhAPC or placebo infusion was discontinued 1 h before the second bronchoscopy with BAL (see below) to
minimalise bleeding risk during the BAL procedure. Segmental challenge was done via a bronchoscope as
described with slight adjustments [6]. In short, a bronchoscopy was performed using a flexible fiberoptic
videobronchoscope to instil one lung segment with saline (serving as a control) and a contralateral
segment with a combination of HDM extract (50 biological units, Dermatophagoides pteronyssinus origin;
ALK-Abello, Almere, the Netherlands) and lipopolysaccharide (LPS; from Escherichia coli, US standard
reference endotoxin, 75 ng, kindly provided by Anthony Suffredini, National Institute of Health, Bethesda,
MD, USA), seeking to mimic a clinically relevant and likely airway challenge [9, 10]. In total 28 patients
were randomised. In four patients (one placebo, three rhAPC) the second bronchoscopy was not done by
decision of the pulmonologist based on the presence of migraine in one patient and intolerance to
introduction of the bronchoscope in three patients (none of these patients displayed asthma symptoms).
All results relate to the 24 patients from whom BALF was obtained (12 rhAPC and 12 placebo treated
patients), i.e., in whom effects could be determined. 8 h post-challenge, a bilateral BAL was performed for
analyses [6]. Further details about patient screening, BAL handling procedures, measurements and assays
are described in the online supplementary material.

Randomisation and masking
Randomisation was performed by using a closed envelope system supervised by the pharmacist. The
patient and study team were blinded for treatment allocation. Measurements were performed blinded.
After completion of the study the pharmacist provided the allocation key.
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Statistical analysis
Comparison between two variables was performed using a T-test or Mann–Whitney U-test where
appropriate. Serial data were analysed by two-way analysis of variance and Friedman’s test for repeated
measurements where appropriate. A p-value of <0.05 was considered statistically significant.

Results
Baseline characteristics
Table 1 shows baseline characteristics of both treatment groups. Groups were similar with respect to age,
sex and type of asthma-related symptoms. All patients had intermittent-to-mild asthma severity (according
to Global Initiative for Asthma criteria) and established HDM allergy, as reflected by similarly high
D. pteronyssinus-specific IgE levels in both groups. There was a tendency to higher forced expiratory
volume in 1 s (FEV1) (% of predicted) values in the rhAPC group compared with placebo (p=0.05).
Otherwise, patient characteristics were similar.

Clinical responses
Instillation of HDM+LPS did not induce clinical symptoms of asthma. There were no bleeding
complications. One patient who had received rhAPC developed migraine; the infusion was stopped
because of this and the headache disappeared spontaneously.

rhAPC has no impact on HDM+LPS induced pulmonary coagulation in allergic asthma
To monitor the anticoagulant effect of rhAPC in the circulation, we measured the activated partial
thromboplastin time (APTT). Before start of therapy APTT was similar between groups (figure 2). As
expected, patients infused with rhAPC had a prolonged APTT at t=0 (i.e., directly before allergen
challenge; p<0.05 versus placebo) and t=8 h (p<0.01). HDM+LPS induced elevated thrombin–
antithrombin complexes (TATc) and D-dimer BALF concentrations when compared with the saline side
in both rhAPC (figure 3a and b; p<0.001 and p<0.05, respectively) and placebo-treated patients (p<0.01
and p<0.01, respectively). Remarkably, TATc and D-dimer levels measured in BALF from HDM+LPS
challenged lung segments did not differ between rhAPC and placebo treated patients. In plasma, both
TATc and D-dimer showed gradual increases during the study day (figure 3c and d), which were
significant in both rhAPC (p<0.05 and p<0.01, respectively) and saline infused patients (p<0.05 and
p<0.001, respectively). Although rhAPC tended to reduce plasma TATc (p=0.06) and D-dimer levels
(p=0.08), differences with the placebo group were not significant. Considering that APC has been reported
to exert an inhibitory effect on fibrinolysis by enhancing the release of plasminogen activator inhibitor
type I (PAI-1) [5], we measured PAI-1 in BALF and plasma (figure S1). HDM+LPS challenge was

Assessed for eligibility (n=44)

Excluded (n=16)

  Not meeting inclusion criteria (n=14)

  Other reasons (n=2)

Allocated to placebo (n=13)

Abrogation of bronchoscopy (n=1)

Lost to follow-up (n=0)

Mild dyspnoea after bronchoalveolar   

  lavage procedure (n=1)

Analysed (n=12)

Excluded from analysis (n=0)

Allocated to recombinant human APC (n=15)

Abrogation of bronchoscopy (n=2) or migraine (n=1)
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FIGURE 1 Flow diagram of the study. APC: activated protein C.
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TABLE 1 Baseline patient characteristics

Placebo rhAPC Reference
range

p-value

General
Asthma patients with intermittent to mild asthma# n 12 12 NA
Female n 11 10 NA 0.546
Age years 24.2±3.2 23.1±1.1 NA 0.367

Asthma-related symptoms %
Wheezing 83.3 91.7 NA 0.546
Cough 33.3 66.7 NA 0.110
Dyspnoea 91.7 100 NA 0.317
Chest pain 33.3 50.0 NA 0.418
Seasonal variability 91.7 83.3 NA 0.546
Symptoms progress at night 33.3 58.3 NA 0.229
Eczema 50.0 58.3 NA 0.688
Allergic rhinitis 83.3 58.3 NA 0.187
Family history of atopy 75.0 75.0 NA 1

Allergy
House dust mite % 100 100 NA 1
Total IgE kU·L−1 357.7±91.4 312.0±113.6 0–100 0.729
IgE specific D. pteronyssinus kU·L−1 45.2±11.6 45.6±8.6 0–0.35 0.862

Lung spirometry
FEV1 L 3.6±0.2 3.9±0.2 NA 0.299
FEV1 % pred 100.6±3.1 110.3±3.4 100 0.05
FVC L 4.1±0.2 4.4±0.3 NA 0.544
FVC % pred 100.7±3.1 107.0±3.5 100 0.166
Metacholine PC20 mg·mL−1 2.9±0.6 3.2±0.4 >19.6 0.299

Haematology
Haemoglobin mmol·L−1 8.4±0.14 8.5±0.2 7.5–10.0 0.523
Leukocyte count 109 cells·L−1 7.1±0.6 6.2±0.4 4–10.5 0.340
Neutrophils 109 cells·L−1 4.4±0.5 3.4±0.3 1.8–7.2 0.133
Lymphocytes 109 cells·L−1 2.2±0.08 2.1±0.1 1.5–4 0.644
Monocytes 109 cells·L−1 0.6±0.08 0.5±0.04 0.1–1 0.452
Eosinophils 109 cells·L−1 0.24±0.03 0.23±0.06 0.01–0.33 0.298
Basophils 109 cells·L−1 0.04±0.01 0.04±0.005 0.0–0.2 0.929
Thrombocytes 109 cells·L−1 257.6±13.2 256.7±18.1 150–400 0.686

Coagulation
APTT s 25.5±0.5 25.4±0.5 22–30 0.950
PT s 10.8±0.2 11.0±0.2 9.7–11.6 0.228

Data are presented as mean±SE, unless otherwise stated. rhAPC: recombinant human activated protein C;
GINA: Global Initiative for Asthma; D. pteronyssinus: Dermatophagoides pteronyssinus; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; PC20: provocative dose causing a 20% fall in FEV1; APTT:
activated partial thromboplastin time; PT: prothrombin time; NA: not applicable. #: Global Initiative for
Asthma stage I/II.
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FIGURE 2 Recombinant human activated protein C (rhAPC) prolongs activated partial thromboplastin time
(APTT) in vivo. Horizontal arrows indicate differences within treatment groups during the day. Data are
presented as mean±SEM of 12 patients per group. *: p<0.05; ***: p<0.001.
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associated with higher BALF PAI-1 levels in rhAPC (p<0.05 versus saline) and placebo-treated patients
(p=0.05). BALF PAI-1 concentrations did not differ between treatment groups. In plasma, PAI-1 increased
gradually during the study day in both patient groups (p<0.05). Although rhAPC tended to enhance this
rise in plasma PAI-1, the difference with placebo-treated patients was not significant (p=0.06). Together,
these data indicate that HDM+LPS elicits a procoagulant environment in the airways of patients with
allergic asthma and that rhAPC infusion does not significantly alter this response.

rhAPC reduces HDM+LPS induced neutrophil influx in allergic asthma
Severe allergic asthma is characterised by a mixed cellular infiltration of the airways of eosinophils and
neutrophils [2]. HDM+LPS instillation increased total leukocyte counts in BALF compared with saline (both
p<0.001 for placebo and rhAPC groups), caused by an influx of eosinophils and neutrophils (figure 4a–c).
rhAPC reduced mean leukocyte counts in HDM+LPS challenged lung segments by 43% relative to placebo
(p<0.05). This inhibitory effect by rhAPC selectively involved neutrophils: whereas eosinophil numbers did
not differ between treatment groups, rhAPC infused patients demonstrated a 64% reduction in mean
neutrophil counts when compared to placebo-treated patients (p<0.05). Notably, rhAPC also reduced total
leukocyte counts on the saline-challenged side compared with placebo (p<0.05); this effect was caused by a
reduction in neutrophils counts; although, due to inter-individual variation, this difference did not reach
statistical significance. Peripheral blood leukocyte (data not shown) and neutrophil counts (figure 4d)
increased during the study day, whereas eosinophil numbers decreased ((data not shown, all p<0.001). These
systemic responses were not influenced by rhAPC. Together, these results indicate that rhAPC selectively
inhibits neutrophil recruitment into the airways upon local HDM+LPS challenge.

rhAPC does not influence the local release of neutrophil chemoattractants induced by HDM+LPS
Several chemokines and cytokines can attract neutrophils to the lungs, including interleukin (IL)-8, IL-1β,
tumour necrosis factor α, macrophage inflammatory proteins 1α (CCL3) and 1β (CCL4). Levels of all of
these mediators (table 2) were higher in HDM+LPS-challenged lung segments than in saline-instilled
segments (non-significant for IL-8 in the placebo group). However, there were no differences between
rhAPC and placebo-treated patients. Complement products too can attract neutrophils to sites of
inflammation. C3a, C3bc and C4bc levels increased in BALF upon HDM+LPS challenge relative to saline
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FIGURE 3 Recombinant human activated protein C (rhAPC) does not influence house dust mite extract and
lipopolysaccharide (HDM+LPS)-induced coagulation activation and fibrinolysis inhibition. a) Thrombin–
antithrombin complexes (TATc) in bronchoalveolar lavage fluid (BALF), b) D-dimer in BALF, c) TATc in plasma,
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administration. rhAPC did not alter this HDM+LPS-induced complement activation. C5a remained
undetectable in BALF of all patients. CD11b is a β2-integrin implicated in neutrophil migration to the
lungs. We therefore determined CD11b expression on blood and BALF neutrophils (figure S2). Pulmonary
neutrophils showed increased CD11b expression compared with blood neutrophils, without differences
between saline and HDM+LPS instilled lung segments. rhAPC did not affect neutrophil CD11b expression.
Prostaglandin E2 can inhibit neutrophil migration. HDM+LPS induced an increase in BALF prostaglandin
E2 concentrations relative to saline control in both groups, without effect of RhAPC (table 2). Together,
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FIGURE 4 Recombinant human activated protein C (rhAPC) reduces house dust mite extract and
lipopolysaccharide (HDM+LPS)-induced neutrophil influx. a) total leukocytes in bronchoalveolar lavage fluid
(BALF), b) eosinophils in BALF, c) neutrophils in BALF, and d) blood neutrophils. Horizontal arrows indicate
differences within treatment groups during the day. Data are presented as mean±SEM of 12 patients per group.
*: p<0.05; ***: p<0.001.

TABLE 2 Recombinant human activated protein C (rhAPC) does not influence the local release
of neutrophil chemoattractants induced by house dust mite and lipopolysaccharide (HDM+LPS)

Saline HDM+LPS

Placebo rhAPC Placebo rhAPC

IL-8 pg·mL−1 623±222 244±75 1047±204 1513±386**
IL-1β pg·mL−1 3.6±1.5 2.1±1.3 17.3±5.1*** 9.0±5.1**
TNF-α pg·mL−1 32.8±19.2 5.7±2.7 208±82** 135±35***
MIP-1α pg·mL−1 46.1±17.0 25.9±16.3 206.7±54.5*** 310.9±79.7**
MIP-1β pg·mL−1 920±324 459±170 2470±174*** 2081±306**
C3a pg·mL−1 5317±1668 3273±1049 13258±2408** 9343±1736*
C3bc nM 3.4±0.16 1.4±0.2# 11.3±2.6** 5.8±1.3**
C4bc nM 0.16±0.04 0.06±0.02# 0.38±0.12* 0.18±0.03**
PGE2 pg·mL−1 36.2±3.6 27.7±1.5 47.2±4.3** 37.9±2.0**

Data are presented as mean±SE of 12 patients. Concentrations in bronchoalveolar lavage fluid of interleukin
(IL)-8, IL-1β, tumour necrosis factor (TNF)-α, macrophage inflammatory protein (MIP)-1α, MIP-1β, C3a,
C3bc, C4bc and prostaglandin (PG)E2. *: p<0.05 versus control; **: p<0.01 versus control; ***: p<0.001
versus control; #: p<0.05 versus placebo.
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these data suggest that rhAPC does not influence the local concentrations of neutrophil attractants.
Similarly, rhAPC did not influence the HDM+LPS-induced release of eotaxin or soluble vascular cell
adhesion protein-1, mediators implicated in eosinophil recruitment (figure S3).

rhAPC attenuates HDM+LPS-evoked neutrophil degranulation in the airways of asthma patients
Enhanced release of neutrophil proteases within the respiratory tract has been implicated in airway
inflammation in severe asthma [11]. Elastase is contained in azurophilic granules of neutrophils, together
with myeloperoxidase (MPO). HDM+LPS challenge induced elevated BALF levels of elastase (figure 5a)
and MPO (figure 5b) relative to saline administration (placebo: p<0.01 and p<0.001 for elastase and MPO,
respectively; rhAPC: both p<0.05). Importantly, rhAPC infusion was associated with significantly lower
concentrations of elastase (p<0.01) and MPO (p<0.05) in lung segments challenged with HDM+LPS. To
test whether this anti-inflammatory effect of rhAPC was specific for azurophilic granules, we measured
BALF levels of lactoferrin, which is a constituent of neutrophil-specific granules. HDM+LPS instillation
induced an increase in BALF lactoferrin concentrations in placebo-treated patients (figure 5c, p<0.01
versus saline), but not in rhAPC-treated patients. In accordance, rhAPC infusion significantly reduced
lactoferrin levels in HDM+LPS-challenged lung segments when compared with placebo treatment
(p<0.05). These data show that levels of neutrophil degranulation products were lower in the airways of
rhAPC treated asthma patients upon allergen challenge.

rhAPC does not influence T-helper cytokine release by HDM+LPS challenge
APC has been reported to inhibit the expression of T-helper type 2 cytokines in a mouse model of
ovalbumin-induced allergic lung inflammation [8]. HDM+LPS instillation elicited rises in IL-5, IL-6 and
IL-10 (figure S4) relative to saline administration; rhAPC did not impact hereon. IL-4 and IL-17 levels
remained undetectable in all patients. Thymic stromal lymphopoietin, implicated in T-helper type 2
activation in allergic lung inflammation, was detectable at low levels in all samples, but no differences were
detected between HDM+LPS and saline-challenged segments, or between rhAPC and placebo-treated
patients (figure S5).

rhAPC does not modify vascular leak upon HDM+LPS challenge
APC can exert cyto- and barrier-protective effects on endothelial cells [5]. We determined the quotients of
albumin and α2-macroglobulin levels in BALF and serum (QAlb and QA2M, respectively) and the relative
coefficient of excretion (QA2M/QAlb) as measures of the permeability of the blood–airway barrier [12].
HDM+LPS instillation was associated with significant increases in QAlb (figure S6a; p<0.01 versus saline)
and QA2M (figure S6b; p<0.001 versus saline) and relative coefficient of excretion (figure S6c; p<0.001
versus saline). These HDM+LPS effects were not altered by rhAPC (figure S6a–c). In accordance, HDM
+LPS elicited rises in total protein levels (figure S6d) and in the number of vascular endothelial
cadherin-positive microvesicles in BALF (figure S6e), which were not influenced by rhAPC infusion.

Discussion
In recent years, local activation of the coagulation system in the airways has been implicated as a
pathophysiological mechanism contributing to allergic inflammation and asthma [3]. Here, we report a
proof-of-concept trial that sought to determine the effect of rhAPC, a protein with distinct anticoagulant
and cytoprotective properties, on allergen-induced lung inflammation in patients with asthma. The main
finding of our study was that rhAPC reduces neutrophil recruitment and degranulation products in the
bronchoalveolar space challenged with allergen. Considering the role of neutrophils in severe refractory
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asthma [13], these findings may have particular relevance for this patient category, in which conventional
asthma therapies are less effective.

We used segmental challenges with HDM+LPS via a bronchoscope, a technique previously adopted by our
and other groups to model allergic lung inflammation [6]. HDM was chosen as challenge since it is a
frequent allergen source with high sensitisation rates in asthma populations [14]. We added low-dose LPS as
a natural and relevant adjuvant [9]. LPS is a component of the gram-negative bacterial cell wall and an
environmental pollutant that has been associated with the frequency of asthma symptoms [10]. Previously,
we have shown that in mice HDM+LPS elicits a mixed eosinophil and neutrophil influx into the airways [15],
and subsequently confirmed this observation in patients with mild asthma [16]. The dosages chosen for both
HDM and LPS are within the range of levels detected in patient’s homes. Co-exposure of HDM with LPS is
not only a likely clinical event, but also may have relevance for asthma pathogenesis because the HDM
allergen Der-p2 is structurally and functionally similar to the endogenous LPS-binding protein MD-2. By
forming lipid-carrying sacks, HDM allergens act as carriers of LPS into the pulmonary compartment [17].
There is increased interest in studying asthma phenotypes characterised by mixed neutrophilic and
eosinophilic infiltrates, since airway neutrophilia has been linked with severe asthma, refractory asthma and
corticosteroid unresponsiveness [13].

Studies have revealed that both mouse and human neutrophils are important in the pathobiology of
anaphylaxis and allergic inflammation via an IgG and FcγRIIA-dependent pathway [18]. rhAPC inhibited
HDM+LPS-induced neutrophil influx into the airways without affecting eosinophil recruitment. In
accordance, rhAPC reduced neutrophil influx upon segmental LPS challenge in healthy humans [19], and
inhibited IL-8-directed [20] and integrin-mediated neutrophil migration [21]. Chronically elevated levels of
elastase and MPO can lead to lung damage and thus could contribute to the association between neutrophils
and asthma severity [13]. Asthma patients demonstrate increased elastase activity in sputum, correlating with
worse clinical outcomes [22]. Neutrophil serine enzymes (most notably elastase) can enhance eosinophil
effector functions, such as superoxide generation and cytokine/chemokine secretion [23]. In accordance,
elastase inhibitors reduced allergen induced goblet cell degranulation in guinea pigs [24] and prevented
eosinophilic inflammation, T-helper type 2 cytokine production and goblet cell metaplasia in an ovalbumin
sensitisation and challenge model in mice [25]. Interestingly, APC reduced elastase induced lung injury in
mice [26], suggesting that this drug influences neutrophil responses by multiple mechanisms. rhAPC also
diminished the concentrations of lactoferrin, a constituent of neutrophil specific granules, of which the
capability to activate eosinophils is of special interest in the context of asthma [27].

Intrapulmonary HDM+LPS exposure caused elevated levels of TATc, D-dimer and PAI-1 in BALF,
indicating that allergic lung inflammation is associated with a pulmonary procoagulant and anti-fibrinolytic
environment. Intriguingly, rhAPC did not prohibit HDM+LPS-induced pulmonary coagulation. In contrast,
in a previous study, rhAPC treatment exerted anticoagulant effects after LPS exposure of the airways in
healthy volunteers [28]. This discrepancy may be due to differences in the extent of coagulation activation,
as indicated by the fact that BALF mean TATc levels were ∼50-fold higher in the present study. This
difference in BALF TATc levels was not due to a higher LPS challenge dose, which was ∼25% of the LPS
dose administered in the earlier study in healthy humans [28]. Apparently, the strong procoagulant
response evoked by HDM+LPS in the pre-existing procoagulant environment in the airways of asthma
patients cannot be inhibited by the usual intravenous dose of rhAPC. Together, these data suggest that the
anticoagulant properties of rhAPC have little if any role in the inhibition of neutrophil influx and
degranulation by this compound. This finding is important for the possible clinical implications and the
current development of APC mutants that lack anticoagulant effects. These mutants display intact
cytoprotective properties and are as effective as wild-type APC in reducing lethality in preclinical sepsis
models. Moreover, a recent investigation showed that non-anticoagulant APC can inhibit acute lung
inflammation elicited by Pseudomonas aeruginosa [29]. Non-anticoagulant APC mutants have the
considerable advantage that they are not associated with increased bleeding risk, which has been a major
concern for rhAPC in clinical practice in the past. Importantly, one of these selective APC mutants has
reached the clinical testing phase. Considering the results of the current trial, it would be of interest to
explore the efficacy of these APC mutants in patients with exacerbations of allergic asthma.

In a mouse model of lung inflammation induced by ovalbumin sensitisation and challenge inhalation of
APC strongly attenuated allergic inflammation as reflected by a reduced influx of eosinophils and lower
levels of the T-helper type 2 cytokines IL-4, IL-5 and IL-13 in BALF [8]. In our current study, intravenous
infusion of rhAPC did not reproduce these effects, which at least in part can be explained by differences in
species, allergen provocation and route of APC administration. Although intrapulmonary delivery of rhAPC
may seem attractive, this approach is not feasible with the present product. Indeed, we recently reported
unexpected exaggerated procoagulant and proinflammatory effects of intrabronchial rhAPC administration
in healthy humans challenged with LPS via the airways [30]. In addition, APC has strong anti-inflammatory
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and barrier protective effects on endothelial cells [5], which are targeted better by intravenous infusion.
Nonetheless, we were not able to detect barrier protective effects of rhAPC, as reflected by unaltered
parameters of increased blood-airway permeability in HDM+LPS-challenged lung segments.

In conclusion, here we show that intravenous rhAPC infusion attenuates HDM+LPS-induced neutrophil
migration and protease release in allergic asthma patients by an effect that did not rely on local inhibition
of coagulation. This proof-of-concept study may have implications for the development of new
anti-inflammatory treatment strategies in severe refractory asthma wherein neutrophils play an important
role in chronic inflammation and acute exacerbations.

Acknowledgements
We want to thank E.M. Kemper and E.S. Brans from the hospital’s pharmacy (Academic Medical Center, University of
Amsterdam, Amsterdam, the Netherlands) for their help with study protocols.

References
1 Martinez FD, Vercelli D. Asthma. Lancet 2013; 382: 1360–1372.
2 Moore WC, Hastie AT, Li X, et al. Sputum neutrophil counts are associated with more severe asthma phenotypes

using cluster analysis. J Allergy Clin Immunol 2014; 133: 1557–1563.
3 de Boer JD, Majoor CJ, van’t Veer C, et al. Asthma and coagulation. Blood 2012; 119: 3236–3244.
4 Danese S, Vetrano S, Zhang L, et al. The protein C pathway in tissue inflammation and injury: pathogenic role

and therapeutic implications. Blood 2010; 115: 1121–1130.
5 Weiler H, Ruf W. Activated protein C in sepsis: the promise of nonanticoagulant activated protein C. Curr Opin

Hematol 2008; 15: 487–493.
6 Schouten M, Van der Pol MA, Levi M, et al. Early activation of coagulation after allergen challenge in patients

with allergic asthma. J Thromb Haemost 2009; 7: 1592–1594.
7 Hataji O, Taguchi O, Gabazza EC, et al. Activation of protein C pathway in the airways. Lung 2002; 180: 47–59.
8 Yuda H, Adachi Y, Taguchi O, et al. Activated protein C inhibits bronchial hyperresponsiveness and Th2 cytokine

expression in mice. Blood 2004; 103: 2196–2204.
9 Park JH, Spiegelman DL, Burge HA, et al. Longitudinal study of dust and airborne endotoxin in the home.

Environ Health Perspect 2000; 108: 1023–1028.
10 Michel O, Kips J, Duchateau J, et al. Severity of asthma is related to endotoxin in house dust. Am J Respir Crit

Care Med 1996; 154: 1641–1646.
11 Baines KJ, Simpson JL, Wood LG, et al. Systemic upregulation of neutrophil alpha-defensins and serine proteases

in neutrophilic asthma. Thorax 2011; 66: 942–947.
12 Maris NA, de Vos AF, Dessing MC, et al. Antiinflammatory effects of salmeterol after inhalation of

lipopolysaccharide by healthy volunteers. Am J Respir Crit Care Med 2005; 172: 878–884.
13 Shaw DE, Berry MA, Hargadon B, et al. Association between neutrophilic airway inflammation and airflow

limitation in adults with asthma. Chest 2007; 132: 1871–1875.
14 Peat JK, Tovey E, Toelle BG, et al. House dust mite allergens. A major risk factor for childhood asthma in

Australia. Am J Respir Crit Care Med 1996; 153: 141–146.
15 Daan de Boer J, Roelofs JJ, de Vos AF, et al. Lipopolysaccharide inhibits Th2 lung inflammation induced by house

dust mite allergens in mice. Am J Respir Cell Mol Biol 2013; 48: 382–389.
16 Berger M, de Boer JD, Bresser P, et al. LPS amplifies eosinophilic inflammation after segmental challenge with

house-dust-mite in asthmatics. Allergy 2015; 70: 257–264.
17 Bessot JC, Pauli G. Mite allergens: an overview. Eur Ann Allergy Clin Immunol 2011; 43: 141–156.
18 Jonsson F, Mancardi DA, Kita Y, et al. Mouse and human neutrophils induce anaphylaxis. J Clin Invest 2011; 121:

1484–1496.
19 Nick JA, Coldren CD, Geraci MW, et al. Recombinant human activated protein C reduces human

endotoxin-induced pulmonary inflammation via inhibition of neutrophil chemotaxis. Blood 2004; 104: 3878–3885.
20 Galley HF, El Sakka NE, Webster NR, et al. Activated protein C inhibits chemotaxis and interleukin-6 release by

human neutrophils without affecting other neutrophil functions. Br J Anaesth 2008; 100: 815–819.
21 Elphick GF, Sarangi PP, Hyun YM, et al. Recombinant human activated protein C inhibits integrin-mediated

neutrophil migration. Blood 2009; 113: 4078–4085.
22 Wood LG, Baines KJ, Fu J, et al. The neutrophilic inflammatory phenotype is associated with systemic

inflammation in asthma. Chest 2012; 142: 86–93.
23 Hiraguchi Y, Nagao M, Hosoki K, et al. Neutrophil Proteases Activate Eosinophil Function in vitro. Int Arch

Allergy Immunol 2008; 146: Suppl 1, 16–21.
24 Agusti C, Takeyama K, Cardell LO, et al. Goblet cell degranulation after antigen challenge in sensitized guinea

pigs. Role of neutrophils. Am J Respir Crit Care Med 1998; 158: 1253–1258.
25 Koga H, Miyahara N, Fuchimoto Y, et al. Inhibition of neutrophil elastase attenuates airway hyperresponsiveness

and inflammation in a mouse model of secondary allergen challenge: neutrophil elastase inhibition attenuates
allergic airway responses. Respir Res 2013; 14: 8.

26 Tanaka A, Minoguchi K, Chen X, et al. Activated protein C attenuates leukocyte elastase-induced lung injury in
mice. Shock 2008; 30: 153–158.

27 Thomas LL, Xu W, Ardon TT. Immobilized lactoferrin is a stimulus for eosinophil activation. J Immunol 2002;
169: 993–999.

28 van der Poll T, Levi M, Nick JA, et al. Activated protein C inhibits local coagulation after intrapulmonary delivery
of endotoxin in humans. Am J Respir Crit Care Med 2005; 171: 1125–1128.

29 Bir N, Lafargue M, Howard M, et al. Cytoprotective-selective activated protein C attenuates Pseudomonas
aeruginosa-induced lung injury in mice. Am J Respir Cell Mol Biol 2011; 45: 632–641.

30 Kager LM, de Boer JD, Bresser P, et al. Intrabronchial activated protein C enhances lipopolysaccharide-induced
pulmonary responses. Eur Respir J 2013; 42: 188–197.

DOI: 10.1183/13993003.00459-2015 9

ASTHMA | J.D. DE BOER ET AL.


	Activated protein C inhibits neutrophil migration in allergic asthma:  a randomised trial
	Abstract
	Introduction
	Methods
	Patients and design
	Randomisation and masking
	Statistical analysis

	Results
	Baseline characteristics
	Clinical responses
	rhAPC has no impact on HDM+LPS induced pulmonary coagulation in allergic asthma
	rhAPC reduces HDM+LPS induced neutrophil influx in allergic asthma
	rhAPC does not influence the local release of neutrophil chemoattractants induced by HDM+LPS
	rhAPC attenuates HDM+LPS-evoked neutrophil degranulation in the airways of asthma patients
	rhAPC does not influence T-helper cytokine release by HDM+LPS challenge
	rhAPC does not modify vascular leak upon HDM+LPS challenge

	Discussion
	References


