
RESEARCH PAPER

Inhalation of activated protein C inhibits endotoxin-
induced pulmonary inflammation in mice
independent of neutrophil recruitment
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Background and purpose: Intravenous administration of recombinant human activated protein C (rhAPC) is known to reduce
lipopolysaccharide (LPS)-induced pulmonary inflammation by attenuating neutrophil chemotaxis towards the alveolar
compartment. Ideally, one would administer rhAPC in pulmonary inflammation at the site of infection to minimize the risk of
systemic bleeding complications. In this study, we therefore assessed the effect of inhaled rhAPC in a murine model of acute
lung injury.
Experimental approach: Mice were exposed to LPS (0.5 mg kg-1: intranasally) to induce acute lung injury. 30 minutes before
and 3 hours after LPS exposure mice were subjected to vehicle or rhAPC inhalation (25 or 100 mg per mouse in each
nebulization). In order to establish whether rhAPC inhalation affects neutrophil recruitment, neutrophil migration was
determined in vitro using a trans-well migration assay.
Key results: rhAPC inhalation dose-dependently decreased LPS-induced coagulation and inflammation markers in
bronchoalveolar lavage fluid (BALF), reduced protein leakage into the alveolar space and improved lung function. In contrast,
rhAPC did not prevent LPS-induced neutrophil recruitment into the alveolar space.
Neutrophil migration in vitro towards FCS or interleukin (IL)-8 was significantly inhibited by pretreatment with rhAPC (0.01-
10 mg ml-1], whereas rhAPC (10 mg ml-1) added to the chemoattractant (modelling for topical rhAPC administration) did not
affect neutrophil migration towards FCS or IL-8.
Conclusions and Implications: rhAPC inhalation significantly diminished LPS-induced pulmonary inflammation. The benefit
of inhaled rhAPC appeared not to involve attenuation of neutrophil recruitment, in contrast to its effects after intravenous
administration.
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Introduction

The natural protein C anticoagulant pathway serves as a

vitally important system limiting the amplification of the

coagulation response at the level of co-factors Va and VIIIa.

Activation of protein C is triggered by thrombin allowing the

system to serve as a direct negative feedback mechanism.

In addition to its well-known anticoagulant activity, acti-

vated protein C has been described to exert potential anti-

inflammatory effects (Hancock et al., 1995; Murakami et al.,

1997). Furthermore, intravenous administration of recombi-

nant human activated protein C (rhAPC) improves survival

in patients with severe sepsis and/or experimental animal

models of sepsis (Taylor et al., 1987; Bernard et al., 2001; Ely

et al., 2003). The beneficial effect of rhAPC on the outcome

of sepsis has been attributed to its capacity to inhibit

different pathways involved in the pathogenesis of sepsis,

like the activation of coagulation, the production of pro-

inflammatory mediators and/or the adhesion of inflamma-

tory cells to the endothelium (Hancock et al., 1995;

Murakami et al., 1997; Joyce and Grinnell, 2002). However,

recent analysis of the PROWESS study data does not support
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any systemic anti-inflammatory effect of rhAPC treatment

(Dhainaut et al., 2003). In addition, rhAPC seems to have

no effect on inflammatory mediators in human models

of endotoxemia (Derhaschnig et al., 2003; Kalil et al., 2004).

A similar lack of anti-inflammatory properties of rhAPC was

observed in a human model of endotoxin-induced pulmo-

nary inflammation (Nick et al., 2004). Intravenous adminis-

tration of rhAPC however, did affect neutrophil chemotaxis,

suggesting that the beneficial effects of rhAPC in severe

sepsis might result from the direct inhibition of neutrophil

migration (Nick et al., 2004).

Within the pulmonary compartment, acute inflammation

is characterized by fibrin formation, cytokine production,

protein leakage into the alveolar space due to increased

capillary barrier permeability and neutrophil migration,

which are all potential targets of rhAPC (Hancock et al.,

1995; Murakami et al., 1997; Nick et al., 2004; Zeng et al.,

2004; Finigan et al., 2005). To prevent bleeding compli-

cations due to systemic rhAPC administration, which is

actually the major complication of rhAPC in sepsis trials

(Bernard et al., 2001; Vincent et al., 2005), local administra-

tion of rhAPC directly in the lung would be the preferred

treatment strategy for patients suffering from pulmonary

inflammation. To proof or refute the hypothesis that local

administration of rhAPC is beneficial in pulmonary inflam-

mation by diminishing neutrophil influx, we established the

effect of rhAPC nebulization on acute murine lung injury

induced by bacterial endotoxin.

Methods

Test systems used

Animals. 10-week-old, female C57Bl/6 mice (720 g) were

maintained at the animal care facility of the Academic

Medical Center according to institutional guidelines. Animal

procedures were carried out in compliance with Institutional

Standards for Humane Care and Use of Laboratory Animals.

The Animal Care and Use Committee of the Academic

Medical Centre approved all experiments. In each experi-

mental group, eight mice were used. Baseline characteristics

and effects of 100 mg mouse�1 nebulization�1 (without lipo-

polysaccharide (LPS)) were analyzed for n¼3.

Isolated human neutrophils. Neutrophils were isolated from

blood of healthy volunteers using Polymorph-prep (Axis-

Shield, Oslo, Norway) according to the manufacturers’

recommendations.

Experimental design

Experimental procedure. LPS was administered intranasally

according to previously described methods (Maris et al.,

2004). LPS was diluted in 0.9% sterile saline (50 ml) to a final

concentration of 200mg ml�1 (i.e. 10 mg per mouse). rhAPC

(25 or 100 mg per mouse for each nebulization; (dose based

on previous publications (Yasui et al., 2001; Yuda et al., 2004)

or vehicle (sterile saline) was inhaled by nebulization 30 min

before and 3 h after LPS exposure. In a second series of

experiments, the additional activity of repeated dosing of

100 mg rhAPC (30 min before and 1, 3 and 5 h after LPS) was

addressed in an attempt to saturate any potential effects of

natural inhibitors of this drug.

rhAPC or vehicle was aerosolized (airflow 5 l min�1) for

3 min using a plastic chamber attached to an Aeroneb pro-

nebulizer (Medicare, Uitgeest, The Netherlands), after which

mice were maintained in the chamber for an additional

7 min.

Lung function measurement. Lung function characteristics in

response to LPS were determined using whole body plethy-

smography as described previously (Shore et al., 2001).

Briefly, mice were individually (awake and unrestrained)

placed in a plethysmograph (Buxco Electronics Inc., Wil-

mington, NC, USA). Pressure fluctuations in the plethysmo-

graph caused by breathing of the mice were continuously

monitored for 10 min and subsequently these pressure

fluctuations were quantified using the algorithm for en-

hanced pause (Penh), which can be interpreted as an index

of flow limitation as it has been shown to correlate with

pulmonary resistance (Johnston et al., 2005). Averaged Penh

values were therefore, determined for each mouse before

(baseline) and 2 and 4 h after LPS administration and were

used to compare results across treatment groups.

Bronchoalveolar lavage. Animals were killed 6 h after LPS

challenge by intraperitoneal injection of 0.3 ml Hypnorm

Midazolam and bronchoalveolar lavage (BAL) was performed

by instilling four times 0.4 ml aliquots of saline by a 22-gauge

Abbocath-T catheter into the trachea via a midline incision

(Leemans et al., 2002).

Total cell numbers were counted with a Burker-Turk hemo-

cytometer (Emergo, Landsmeer, The Netherlands). BAL fluid

differential counts were done on cytospin preparations

stained with Giemsa.

Enzyme-linked immunosorbent assay. Tumor necrosis

factor (TNFa), Interleukin-6 (IL-6) and cytokine-induced

neutrophil chemoattractant (KC) were measured by enzyme-

linked immunosorbent assay (ELISAs) according to manu-

facturers’ instructions (R&D Systems, Minneapolis, MN,

USA). Detection limits were 39 pg ml�1 (IL-6), 36 pg ml�1

(TNFa) and 17 pg ml�1 (KC).

Thrombin-antithrombin complexes (TATc) were deter-

mined as a measurement of activation of coagulation (Weijer

et al., 2004). TATc were measured with a mouse-specific

ELISA. In short, rabbits were immunized with mouse

thrombin or rat antithrombin. Anti-thrombin antibodies

were used as capture antibody, digoxigenin (DIG)-conju-

gated anti-antithrombin antibodies were used as detection

antibodies, Horseradish peroxidase (HRP) labelled sheep

anti-DIG F(ab)-fragments (Boehringer Mannheim GmbH,

Germany) were used as staining enzyme, and TMB (Sigma)

was used as substrate. Dilutions of mouse serum (Sigma) were

used for the standard curve, yielding a detection limit of

1 ng ml�1 (Schoenmakers et al., 2004).

Total protein concentration. BAL fluid total protein levels

were determined using a bicinchoninic acid (BCA) protein
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assay (Pierce, Omnilabo International, The Netherlands)

according to manufacturers’ instructions with BSA as

standard.

Myeloperoxidase activity assay. Myeloperoxidase (MPO)

activity was measured as a marker for granulocyte activity

within lung tissue (after BAL procedure) as described

previously (Knapp et al., 2003). Briefly, lungs were homo-

genized in potassium phosphate buffer, pH 7.4. After

centrifugation, cells were lysed in potassium phosphate

buffer pH 6.0 containing 0.5% hexadecyltrimethyl ammo-

niumbromide (HETAB) and 10 mM EDTA. MPO activity was

determined by measuring the H2O2 dependent oxidation

of 3,305,5 tetramethylbenzidine (TMB). The reaction was

stopped with glacial acetic acid followed by reading the

absorbance at 655 nm. MPO activity was expressed as units

of MPO activity per gram lung tissue per min ((OD655�
dilution factor minute�1) tissue weight�1). All reagents were

purchased from Sigma. MPO activity was expressed as units

per gram lung tissue per min.

Neutrophil migration assay. Isolated human neutrophils were

washed and labelled for 1 h with 10 mM Cell Tracker Green

in serum-free RPMI medium. The dye was fixed by 1 h

incubation in medium with 10% serum, and subsequently

cells were washed in PBS. To assess the direct cellular effect

of rhAPC on neutrophil migration, cells (1�105) were

preincubated with rhAPC (0–10 mg ml�1) for 20 min, washed

and transferred to 8mM pore size HTS FluoroBlok Cell Culture

Inserts (BD Bioscience, San Jose, CA, USA) which were

inserted in fitting 24-wells plates containing RPMI supple-

mented with fetal calf serum (FCS) (20%) or interleukin-8

(IL-8) (100 ng ml�1) as chemoattractant. To determine the

chemoattractive capacity of rhAPC, in a different set of

experiments, migration of cells (not pretreated with rhAPC)

towards FCS (20%) or IL-8 (100 ng ml�1) supplemented with

or without 10 mg ml�1 rhAPC was assessed. After inserting the

Cell Culture Inserts into the 24-well plate with chemo-

attractants, fluorescence values representing the number

of cells on the bottom side of the insert were read during 25

cycles (each cycle comprising four readings spanning 2 min)

at 371C on a Series 4000 CytoFluor Multi-Well Plate Reader

(Perseptive Biosystems, Framingham, MA, USA). The raw

fluorescence data were corrected for background fluores-

cence and fading of the fluorophore. No-attractant controls

were subtracted for each condition to correct for any effects

not due to active migration to the chosen attractant. Data

are represented as percentage migration relative to the

control (no rhAPC pretreatment (right) or no rhAPC

supplemented the chemoattractant (left)) and are shown

as mean7s.e.

Data analysis and statistical procedures

Statistical analyses were conducted using GraphPad Prism

version 3.00, GraphPad software (San Diego, CA, USA). Data

are expressed as means7s.e. Comparison between two

groups was analyzed using (one-tailed) Mann–Whitney

U-tests.

Drugs, chemicals, reagents and other material

LPS (Escherichia coli O55:B5) was obtained from Sigma

(St Louis, MO, USA). rhAPC (Xigris) was obtained from

Eli Lilly (Houten, The Netherlands). Hypnorm was purchased

from Janssen Pharmaceutical (Geel, Belgium) and Midazo-

lam was obtained from Roche (Almere, The Netherlands).

ELISA kits for TNF, Il-6 and KC was purchased from

R&D Systems (Minneapolis, MN, USA). Bicinchoninic acid

(BCA) protein assay was supplied by Pierce, Omnilabo

International (Breda, The Netherlands). Polymorph-prep

was purchased from Axis-Shield (Oslo, Norway). Cell Tracker

Green was obtained from Molecular Probes (Eugene, OR,

USA).

Results

rhAPC inhalation reduces cytokine and TATc levels in BALF

Intra-alveolar fibrin deposition and extensive inflammation

are two specific characteristics of endotoxin-induced

pulmonary inflammation and therefore we determined

the effect of inhaled rhAPC on TATc, IL-6 and TNFa levels

in bronchoalveolar lavage fluid (BALF). Intranasal LPS

administration induced TATc, IL-6 and TNFa levels, which

were below detection limit in untreated mice. Treatment

with 100mg rhAPC significantly decreased LPS-induced

TATc levels in BALF (Figure 1a). In addition, rhAPC dose-

dependently decreased LPS induced levels of TNFa

Figure 1 Effect of rhAPC inhalation on coagulant and inflammatory
mediators during acute pulmonary inflammation. (a) TATc levels in
BALF as a marker for the activation of coagulation. TNFa (b) and IL-6
(c) levels in BALF represent the production of pro-inflammatory
mediators. Mediators were measured 6 h after LPS administration
and for baseline levels (no LPS administration) of mice treated with
vehicle (saline) or 100mg rhAPC. Data shown are mean7s.e.;
*Po0.05 vs vehicle.
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(Figure 1b) and IL-6 (Figure 1c). rhAPC treatment of control

mice not subjected to LPS had no effect on TATc and/or

cytokine levels (below the detection level).

LPS-induced lung injury is improved by rhAPC inhalation

In order to assess whether the inhibition of activation of

coagulation and extensive inflammation by rhAPC prevents

LPS-induced lung injury, total protein levels in BALF were

determined as marker for endothelial–epithelial leakage. LPS

inhalation increased BALF protein levels approximately

threefold. As shown in Figure 2a, rhAPC inhalation dose

dependently inhibited the LPS-induced increase in protein

concentration in BALF. rhAPC inhalation without LPS

administration did not affect total protein concentration.

To determine the functional consequence of rhAPC-

dependent prevention of endothelial–epithelial leakage,

lung function was analyzed using whole body plethysmo-

graphy. LPS inhalation increased the Penh (index of airflow

limitation indicative of pulmonary resistance) 2 h after LPS

administration, which was dose dependently diminished by

rhAPC (Figure 2b). At 4 h after LPS, Penh levels were lower

than at 2 h but this reduced effect was further decreased by

100 mg rhAPC (Figure 2b). The administration of rhAPC alone

(without LPS treatment) did not affect the level of Penh.

Effect of increased rhAPC administration on TATc, TNFa and IL-6

In plasma, activated protein C is inhibited by specific

protease inhibitors (a1-antitrypsin, protein C inhibitor). As

these inhibitors are also present in the lung compartment

(Olsen et al., 1975; Fujimoto et al, 2003), we wondered

whether APC inactivation might limit the protective effect

and whether additional rhAPC administration might in-

crease rhAPC effectiveness. To this end, rhAPC was adminis-

tered, not only 30 min before and 3 h after LPS exposure but

also 1 and 5 h after LPS exposure. As shown in Table 1, the

increased treatment strategy again significantly reduced

TATc, TNFa and IL-6 levels compared to saline administra-

tion. However, the coagulant and inflammatory markers

were decreased to levels not different from those achieved

with the initial rhAPC treatment schedule (data from Figure 1

shown in Table 1 (A) for comparison), suggesting that

additional rhAPC treatment did not further improve lung

inflammation.

Effect of rhAPC on LPS-induced neutrophil recruitment

As the intravenous administration of rhAPC has proven

beneficial in experimentally induced-pulmonary inflamma-

tion through inhibition of neutrophil chemotaxis (Nick

et al., 2004), we subsequently determined KC levels (a

murine chemo-attractant for neutrophils) in BALF, recruit-

ment of inflammatory cells towards the alveolar space and

lung MPO activity. Intranasal administration of LPS in-

creased the total number of cells recovered from BALF by

almost 10-fold. As shown in Figure 3a, rhAPC inhalation had

no effect on total white blood cell influx into the alveolar

space and did not affect KC levels in BALF (Figure 3b). In

Figure 2 Effect of rhAPC inhalation on lung function during acute
pulmonary inflammation. (a) LPS-induced protein leakage repre-
sented as the concentration of total protein within BALF measured
6 h after LPS administration. Indicated on the left are baseline levels
(no LPS administration) of mice treated with vehicle or 100mg APC.
(b) LPS-induced pulmonary resistance measured by plethysmogra-
phy and represented as Penh, shown in arbitrary units (AU). rhAPC
was given 30 min before and 3 h after LPS (indicated in the x axis,

), whereas Penh was determined before and 2 and 4 h after LPS
administration. Effect of APC treatment on LPS-induced protein
leakage and pulmonary resistance was determined by statistical
comparison to saline-treated animals. Data shown are mean7s.e.;
*Po0.05 vs vehicle.

Table 1 Effect of increased treatment with rhAPC on LPS-induced TNFa, IL-6 and TATc levels in BALF

(A) rhAPC inhalation (B) Increased rhAPC inhalation

Saline 100mg APC Saline 100 mg APC

TNFa (pg/ml) 733.8784.44 440.0771.91* 797.9767.14 448.8733.79***
IL-6 (pg/ml) 954.2792.31 604.17125.0* 10887167.2 587.27152.3*
TATc (ng/ml) 9.5572.20 4.3971.19* 8.4070.76 5.1570.75*

(A) 100 mg rhAPC administered 30 min before and 3 h after LPS exposure compared to saline treatment also represented in Figure 1. (B) 100 mg rhAPC

administered 30 min before and 1, 3 and 5 h after LPS exposure compared to saline treatment. Data shown are mean7s.e.

*Po0.05; ***Po0.0001 vs saline treatment.
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addition, the percentage of polymorphonuclear (PMN) cells

in BALF was not affected by rhAPC treatment compared to

saline treatment (Figure 3c). Hence, rhAPC has no apparent

effect on neutrophil migration towards the alveolar space.

To determine whether rhAPC inhalation affects neutrophil

recruitment to the interstitium or the activity of neutrophils

in the pulmonary microvasculature in response to LPS,

we measured lung MPO activity after undergoing the BAL

procedure. Figure 3d demonstrates that rhAPC had no

apparent effect on neutrophil activity.

rhAPC in the chemotactic compartment does not affect neutrophil

migration

To obtain in vitro evidence for the fact that rhAPC

administered to the alveolar space does not reduce migration

of neutrophils from the vascular compartment into the

alveolar space, we performed trans-well migration assays.

Freshly isolated peripheral blood neutrophils migrate to-

wards FCS and IL-8. The addition of rhAPC (10 mg ml�1) to

either FCS (Figure 4) or IL-8 (data not shown) or rhAPC (in

medium) alone (not shown) in the bottom well had no effect

on neutrophil migration. As positive control for our experi-

mental set-up, we pretreated neutrophils with rhAPC before

applying them to the trans-well migration assay. As indicated

in Figure 4, preincubation with 0–10 mg ml�1 rhAPC dose-

dependently inhibited neutrophil migration (450 % for

1 mg ml�1 rhAPC).

Discussion and conclusions

Several studies have indicated that intravenous administra-

tion of APC is protective against experimental pulmonary

inflammation (Murakami et al., 1996, 1997; Nick et al., 2004;

van der Poll et al., 2005). Systemic administration of rhAPC

is, at least in patients with systemic disease, associated with

an increased risk of bleeding complications (Bernard et al.,

2001). In addition, rhAPC may affect endothelial respon-

siveness (Hooper et al., 2001; Uchiba et al., 2004; Zeng

et al., 2004; Finigan et al., 2005) which is not necessarily

the primary objective in the treatment of pulmonary

inflammation. Moreover, non-invasive local administration

of a (potential) protector against lung injury will be more

attractive in clinical practice. Therefore, we studied the effect

of rhAPC inhalation on endotoxin-induced pulmonary

inflammation in mice.

The local administration of endotoxin to mice results in

an acute pulmonary reaction, which is characterized by a

persistent pro-coagulant state, extensive inflammation and

increased endothelial and epithelial permeability. Together

these effects result in the influx of protein-rich oedema

fluid into the airspace, impaired gas exchange and increased

pulmonary resistance (Ware and Matthay, 2000). In this

study, we show that the endotoxin-induced increase in

pulmonary resistance is dose-dependently attenuated by

rhAPC inhalation. This is evident from a significant decrease

in Penh (index of airflow limitation). Although the exact

relationship between Penh and pulmonary resistance has

recently been questioned (Bates and Irvin, 2003; Adler et al.,

2004), Penh provides information regarding the integrated

ventilatory and mechanical responses of the entire respi-

ratory tract (Johnston et al., 2005). Hence, in accordance

with the observation that rhAPC inhalation decreases total

Figure 3 Effect of rhAPC on inflammatory cell recruitment during
acute pulmonary inflammation. (a) TCC; total cell count in BALF.
(b) Levels of neutrophil chemoattractant KC. (c) % of polymorpho-
nuclear (PMN) cells in BALF. (d) MPO activity as a marker for
granulocyte activity within lung tissue after BAL. 100mg rhAPC
mouse�1 or saline administered 30 min before and 1, 3 and 5 h after
LPS exposure. Baseline represent levels in LPS untreated mice. Data
shown are mean7s.e.

Figure 4 Effect of rhAPC on neutrophil migration. The pretreat-
ment of peripheral blood neutrophils with rhAPC dose-dependently
inhibited migration towards FCS (20%) (right side of the figure). The
addition of rhAPC to the chemoattractant (FCS) did not influence
neutrophil migration (left side of the figure). Results represent the
number of cells migrated as percentage of control (migration
towards FCS without rhAPC, corrected for baseline fluorescence) and
are shown as mean7s.e. **Po0.01, ***Po0.0001 vs control.
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protein concentration in BALF, we conclude that rhAPC

improves endotoxin-induced decreased lung function. In

line with these results, it should be noted that local APC

administration has previously been demonstrated to attenu-

ate experimental lung fibrosis (Yasui et al., 2001) (Shimizu

et al., 2003) and asthmatic inflammation (Yuda et al., 2004).

These studies underline the beneficial effect of local APC

administration in (models of) lung injury, supporting our

hypothesis that local administration of rhAPC is beneficial

in acute (endotoxin-induced) pulmonary inflammation.

Although rhAPC treatment diminished coagulation and

cytokine levels in BALF, which resulted in improvement of

lung function, rhAPC treatment does not prevent LPS-induced

neutrophilic inflammatory response. Specific protease inhibi-

tors such as a1-antitrypsin and protein C inhibitor inhibit

activated protein C in plasma (Espana et al., 1991). As these

inhibitors are also present in the lung (Olsen et al., 1975;

Fujimoto et al., 2003), we hypothesized that immediate APC

inactivation might limit its protective effect. However,

increased rhAPC treatment has no additional protective effect

in this model of pulmonary inflammation, which implied that

rhAPC levels after 2 nebulizations (100mg rhAPC) are sufficient

to confer maximal rhAPC-induced protection. Overall this

suggests that rhAPC inhalation might be beneficial in

inflammatory lung disease but only offers partial protection.

Only a small fraction (1–2%) of cells within the alveolar

interstitial space normally consists of neutrophils. During

bacterial-endotoxin induced pulmonary inflammation how-

ever, the cellular composition of the alveolar space drama-

tically changes with 90% of cells being neutrophils (Puneet

et al., 2005). The activated neutrophils play a critical role in

host defense but also participate in the inflammatory

reaction by secreting inflammatory mediators and cytotoxic

enzymes contributing to the induction of tissue injury. The

beneficial effects of rhAPC in severe sepsis are anticipated to

result from the direct inhibition of neutrophil migration

from the vasculature to the site of infection (Sturn et al.,

2003; Nick et al., 2004), thereby attenuating the induction of

tissue injury. Interestingly, in this study, rhAPC inhalation

diminished lung injury without evidently affecting neutro-

phil migration.

To explore the unexpected results concerning the effect of

rhAPC on neutrophil migration in vivo, we hypothesized that

rhAPC in the pulmonary compartment does not affect

neutrophil chemotaxis and that direct contact between

rhAPC and neutrophils (as after intravascular administra-

tion) are essential for inhibiting neutrophil migration.

Indeed, we could confirm that pre-incubation of neutro-

phils with rhAPC inhibits migration towards either FCS or IL-

8 (Sturn et al., 2003). In addition we could show that rhAPC

does not affect neutrophil migration when present in the

chemotactic compartment (either alone or when added to

the chemoattractants FCS or IL-8). Thus, rhAPC administra-

tion into the alveolar space does not influence neutrophil

influx into the alveolar compartment. In accordance with

our in vivo data, this suggests that the protective effect of

locally (intrapulmonary) administered rhAPC is independent

of neutrophil migration and merely results from decreased

thrombin formation (Yasui et al., 2001) and/or attenuated

cytokine production (Grey et al., 1994) (Yuda et al., 2004).

Interestingly, intravenous administration of rhAPC reduced

neutrophil accumulation in the broncho-alveolar space

without influencing cytokine/chemokines release (Nick

et al., 2004). Intravenous rhAPC administration, in the same

study, however did inhibit thrombin formation (i.e. reduced

TAT levels) in the broncho-alveolar space (van der Poll et al.,

2005).

Overall these data illustrate that the mechanism by which

rhAPC protects against inflammatory lung disease depends

on the targeted cells. Endothelial cells as well as lymphocytes

(Feistritzer et al., 2006) (Sturn et al., 2003) express endothe-

lial protein C receptor (EPCR). This receptor is believed to be

responsible for the cellular effects of APC. Systemic admin-

istration of rhAPC targets the vascular system, thus targeting

EPCR on neutrophils (Sturn et al., 2003) and endothelial cells

(Joyce and Grinnell, 2002), resulting in reduced neutrophil

migration. Inhalation of rhAPC on the contrary, targets

the alveolar barrier resulting in a neutrophil-independent

protection.

Although this suggests that different modes of adminis-

tration of rhAPC during pulmonary inflammation may

account for independent protective mechanisms, it remains

to be established whether inhaled rhAPC is actually unable

to pass the alveolar barrier and secondarily target the

vascular system. However, since inhaled APC was in fact

unable to inhibit neutrophil migration we do not expect

an impact of possible barrier passage.

Several issues should be kept in mind when interpreting

our data. First, in the present study we induced lung

inflammation by the intranasal administration of LPS, which

is obviously different from the clinical situation of acute

pulmonary inflammation. As a consequence, we can only

speculate about rhAPC inhalation as treatment strategy for

acute lung inflammation or pneumonia. Second, in the

present study, we have administered rhAPC before the

induction of the pulmonary inflammatory response. It has

been shown that blocking the extrinsic coagulation cascade

in mice even 6 h after LPS exposure, attenuates lung injury

and inflammatory mediator release (Miller et al., 2002),

suggesting that inhibition of the pro-coagulant state by

rhAPC could also be protective after an inflammatory insult.

In conclusion, local rhAPC treatment by inhalation

inhibits murine pulmonary inflammation and improves

lung function. This implicates that rhAPC inhalation may

be an attractive treatment strategy in pulmonary inflamma-

tory diseases. As neutrophil migration is not affected by

inhaled rhAPC, the mode of action of inhaled rhAPC is

different from intravenous rhAPC, which adds to the

complexity of the molecular working mechanisms of rhAPC.
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