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BRIEF REPORT

  INTRAPuLMONARy ADMINISTRATION OF RECOMbINANT ACTIVATED  

 PROTEIN C ENHANCES EOSINOPHIL INFLux DuRING HOuSE DuST MITE  

 INDuCED ALLERGIC LuNG INFLAMMATION IN MICE

Asthma is a major cause of morbidity, poor quality of life and health resource utilization1. 

Asthma is characterized by chronic inflammation of the airways, which can lead to frequent 

exacerbations and irreversible lung damage. A subgroup of patients is not or less responsive to 

currently available treatment, a category labelled as “severe refractory asthma”, indicating an 

urgent need to develop new anti-inflammatory treatment strategies2. 

The protein C (PC) system exerts a variety of anticoagulant and anti-inflammatory effects3. 

Several lines of evidence suggest that an impaired function of the PC system plays an important 

role in the perpetuation of lung inflammation in asthma4. Our group reported decreased levels 

of activated protein C (APC) in bronchoalveolar lavage fluid (BALF) harvested from asthma 

patients, relative to healthy subjects, both before and after allergen challenge5. Additionally, 

APC/PC ratios were reduced in sputum of asthma patients6, further suggesting impaired func-

tion of the PC system. Treatment with recombinant (r)APC via the airways attenuated allergic 

lung inflammation in an ovalbumin sensitization and challenge model in mice7, hinting to 

the possibility that this compound may be a new therapy for asthma. However, ovalbumin is 

rarely implicated in human asthma, which raises doubt about the generalizability of these 

promising results to more clinically relevant allergic lung inflammation models. House dust 

mite (HDM) allergens are an important cause of allergic lung inflammation in human asthma 

patients8, 9. We recently developed a model of allergic lung inflammation induced by repeated 

administration of HDM via the airways without the use of systemic adjuvants10. Here, we used 

this model to determine the effect of rAPC, administered via the airways, on HDM-induced 

allergic lung inflammation. 

HDM allergen whole body extract (Greer Laboratories, Lenoir, NC), derived from the common 

European HDM species Dermatophagoides pteronyssinus (Der p), was used to induce allergic 

lung inflammation in C57BL/6 mice (Charles River, Maastricht, the Netherlands) as described10. 

Briefly, mice were inoculated intranasally on days 0, 1 and 2 with 25 μg HDM (sensitization 

phase) and on days 14, 15, 18 and 19 with 6.25 μg HDM (challenge phase) during isoflurane 

inhalation anesthesia. Mice received normal saline (control) or rAPC (Xigris, Eli Lilly, 

Indianapolis, IN) intranasally directly prior to the HDM challenges at days 14, 15, 18 and 19; 

three rAPC treatment groups were studied, receiving 4 doses of 0.2, 2.0 and 4.0 μg respectively. 

At day 21 mice were euthanized, and samples were harvested and processed as described10. 

BALF was obtained for determination of leukocyte counts and differentials. Lung tissue slides 

were stained with hematoxylin-eosin (H&E) for gross pathology or Periodic Acid Schif (PAS)-D 

for detection of mucus, and scored10. Eosinophils were stained by an antibody against major 

basic protein (MBP, kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic 

Arizona, Scottsdale, USA), and digitally quantified10. Interleukin (IL)-4, IL-5, IL-13, eotaxin (all 

R&D systems, Abingdon, United Kingdom) and thrombin-antithrombin complexes (TATc, 

Affinity Biologicals, Ancaster, Ontario, Canada) were measured by ELISA. Plasma IgE, total 

IgG1 and HDM specific IgG1 were measured as described10. All data are expressed as mean ± SE. 

Differences between groups were serially tested by Kruskal-Wallis test. Values of P< 0.05 were 

considered statistically significant.

Repeated HDM airway exposure resulted in high total leukocyte counts in BALF caused by re-

cruitment of eosinophils and neutrophils (Figure, panels A-C). Unexpectedly, rAPC increased 

eosinophil recruitment (panel B, P <0.05 versus saline), while not influencing neutrophil 

counts in BALF (panel C). To obtain further insight in eosinophil recruitment we next esti-

mated eosinophil influx in lung tissue by digital quantification of MBP stainings. Consistent 

with the increased influx of eosinophils in BALF in rAPC treated mice, lung tissue harvested 

from these animals showed increased MBP staining upon HDM exp osure (panels D-E, P <0.05 

versus saline). Lung concentrations of eotaxin, a chemoattractant for eosinophils, were not 

affected by rAPC (panel F). Similarly, lung T helper 2 cytokine levels (IL-4, IL-5, IL-13) were simi-

lar in all groups (panels G-I). The extent of lung inflammation and mucus production did not 

differ between groups either (data not shown). Lung TATc concentrations were low in all 

groups, but tended to be higher in rAPC treated than in control mice (panel K, P=0.09 versus 

saline). rAPC treatment was associated with a dose-dependent increase in plasma IgE (panel K, 

P <0.01 versus saline) and HDM-specific IgG1 levels (panel L, P <0.05) without affecting total 

IgG1 (panel M) upon HDM instillation. 

The current results contrast with a previous study by Yuda et al. reporting strong anti-inflam-

matory effects of rAPC in a mouse model of allergic lung inflammation induced by ovalbumin 

sensitization and challenge, as reflected by attenuated eosinophil recruitment, lower T helper 

2 cytokine levels in lungs, and a blunted IgE response7. Several differences between this previ-

ous study and ours exist. We used HDM without adjuvant to induce allergic lung inflamma-

tion, while Yuda et al. used ovalbumin with alum as adjuvant for this purpose7. In contrast to 

ovalbumin, HDM is a frequent allergen source with high sensitization rates in asthma popula-

tions8, 9. Yuda et al. prepared human APC by activation of purified PC with bovine thrombin 

and administered APC as aerosols, whereas we used recombinant human APC that until 2011 

was commercially available and administered APC via the nares into the airways. Of note, 

human APC is biologically active in mice11-13. The current finding that rAPC administered via 

the airways enhances rather than inhibits some of HDM-induced responses in mice is in line 

with an earlier human study from our group, that showed enhanced lipopolysaccharide (LPS)-

induced inflammation in the bronchoalveolar space of healthy humans administered with 
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rAPC at the site of LPS instillation in the lungs14. An explanation for the proinflammatory ef-

fects induced by intrabronchial administration of rAPC is not clear. Part of the effects may be 

related to the concentration of rAPC used; it was shown before that effects of coagulation in 

the pulmonary compartment are differential and dependent on the concentration of 

thrombin15. Low-dose thrombin inhibited allergic asthma in mice, while high-dose thrombin 

exerted detrimental effects. However, this study was performed in an ovalbumin-based asthma 

mouse model, in contrast with the HDM extract we have used here.

APC can exert anti-inflammatory and barrier protective signals in endothelial cells via protease 

activated receptor (PAR)1 by a mechanism that requires binding of APC to the endothelial cell 

protein C receptor (EPCR)3. Cytoprotective anti-inflammatory APC-PAR1 signaling has also 

been demonstrated in other cell types, including dendritic cells and macrophages. Likely, the 

anti-inflammatory effects of APC depend on which cell types are affected and thereby on the 

route of rAPC administration. 

Intrapulmonary delivery of anticoagulants such as APC in theory provides the advantage of 

minimizing the bleeding risk associated with systemic administration16. Nonetheless, the 

present study taken together with our earlier study in humans14, argues against clinical studies 

evaluating the effect of rAPC delivery directly into the airways. 

 

Figure legend Effect of local rAPC treatment on HDM evoked allergic lung inflammation: Total cell counts (A), 

eosinophils (B), neutrophils (C) in BALF. Percentage of lung surface stained positive for eosinophils (D) quantified by digital 

imaging of MBP staining. Representative MBP staining of lung tissue-slides (E) of placebo and the 2µg rAPC treatment 

group (100x original magnification). Mean (± SE) lung concentrations of eotaxin (F), IL-4 (G), IL-5 (H), IL-13 (I), TATc (J) and 

plasma IgE (K), HDM-IgG1 (L) and IgG1 (M). Data are means of 6-8 mice per group. P-values tested by Kruskal-Wallis test.
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