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Abstract 

Mast cells (MCs) are major effector cells contributing to allergic conditions. When 

activated, they can release large amounts of active proteases including chymase from 

their secretory granules. Here we assessed the role of the chymase mouse mast cell 

protease 4 (mMCP-4) in allergic airway inflammation induced by house dust mite 

(HDM) extract. mMCP-4
-/-

 mice demonstrated elevated airway reactivity and 

eosinophilia compared to wild type (WT) animals, suggesting a protective role for 

mMCP-4 during the late inflammatory phase of disease. However, mMCP-4 also 

contributed to the sensitization phase, as indicated by higher levels of serum IgE in 

mMCP-4
-/-

 vs. WT mice and higher levels of cytokines secreted by HDM-

restimulated mMCP-4
-/-

 vs. WT splenocytes. In line with a contribution of mMCP-4 

in the early stages of disease, HDM extract directly induced chymase secretion from 

MCs. The elevated airway- and inflammatory responses of mMCP-4
-/-

 mice were 

associated with a profound increase in the levels of IL-33 in lung tissue. Moreover, 

WT MCs degraded IL-33 more efficiently than did MCs lacking mMCP-4. Together, 

our findings identify a protective role of a MC chymase in a physiologically relevant 

model for airway inflammation, and suggest that chymase-mediated regulation of IL-

33 can account for this protective function.  
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Introduction 

Mast cells (MCs)
3
 are key effector cells in allergic conditions such as asthma but they 

are also regarded as regulatory cells, fine-tuning immune responses in various ways 
1
. 

When MCs are activated they may degranulate and thereby release a number of 

preformed compounds from their secretory granules, including bioactive amines, 

cytokines, proteoglycans and various MC-specific proteases, the latter encompassing 

chymases, tryptases and carboxypeptidase A3 
2, 3

. Activated MCs may also respond 

by de novo synthesis of additional pro-inflammatory compounds 
4
.  

 

The MC proteases constitute a major part of the total content of the MC granules. 

Hence, large amounts of proteases are released upon MC degranulation and it is likely 

that they will have a major impact on any condition in which MC degranulation 

occurs 
3
. Out of the various murine chymases, mouse mast cell protease 4 (mMCP-4) 

is considered to be the functional counterpart to the single human chymase 
3, 5

. In a 

recent study, we showed that mMCP-4 has protective properties in an acute model of 

allergic airway inflammation induced by i.p. sensitization followed by intranasal 

challenge with OVA 
6
. However, the exact mechanism by which mMCP-4 dampens 

airway responses is not known. Moreover, it is important to emphasize that the OVA 

model has been questioned in terms of relevance for human asthma 
7, 8

. The aim of 

this investigation was therefore to investigate the role of chymase in a physiologically 

relevant model for asthma, and also to address the mechanism by which chymase 

influences airway responses. 
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House dust mite (HDM) is a prevalent allergen of humans and is a major cause of 

human asthma 
9
. HDM-induced allergic airway inflammation in mice shares many of 

the features of human asthma, including upregulated Th2 cytokines and IgE synthesis, 

lung eosinophilia and airway hyperresponsiveness, and is therefore emerging as a 

physiologically relevant model for human asthma 
10, 11

.  

 

Here we evaluated the impact of mMCP-4 on HDM-induced airway responses. We 

show that the absence of mMCP-4 leads to markedly elevated lung eosinophilia, IgE 

responses, airway smooth muscle (ASM) thickening and elevated airway reactivity at 

high doses of metacholine, indicating a protective role for MC chymase. Further, our 

data suggest that the protective function of chymase mechanistically can be linked to 

effects on IL-33.  
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Results 

mMCP-4 reduces airway reactivity 

To investigate the role of mMCP-4 in HDM-induced allergic airway inflammation we 

used mMCP-4
-/-

 mice 
5
 and wild type (WT) controls. Mice received intranasal doses 

of HDM extract twice weekly for three weeks. Invasive lung mechanics 

measurements were performed 48 h after the last challenge. HDM-treated WT and 

mMCP-4
-/-

 mice both exhibited increased airway reactivity in response to inhaled 

methacholine as compared to PBS-treated controls (Fig. 1A). However, the airway 

reactivity was augmented in mMCP-4
-/-

 mice as compared to WT controls at the 

highest dose of metacholine used (Fig. 1A), suggesting that MC chymase has a 

protective role by preventing excessive airway reactivity. There were no differences, 

regardless of treatment or genotype, in number of MCs in the lung, as determined by 

toluidine blue staining (Suppl. Fig. 1).  

 

Excessive infiltration of inflammatory cells in BAL fluid from mMCP-4
-/-

 mice 

The magnitude of the inflammatory response can be estimated by the number of 

inflammatory cells recruited into the tissue. Hence, we next characterized the 

inflammatory cells in bronchoalveolar lavage (BAL) fluid. HDM-treated mice 

contained significantly higher number of total cells compared to untreated controls 

(Fig. 1B). The increase in total cell numbers was predominantly reflected by a 

massive increase in BAL eosinophils (Fig. 1C). Significant increases in BAL 

lymphocytes and neutrophils were also observed, whereas the BAL macrophage 

population was not affected (Fig. 1D-F). In accordance with a protective role of 

chymase, higher total numbers of cells were seen in BAL fluid from HDM-treated 
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mMCP-4
-/-

 as compared to WT mice (Fig. 1B). This was predominantly explained by 

effects on eosinophils, with ~5-fold higher numbers of eosinophils found in BAL 

fluid from HDM-treated mMCP-4
-/-

 mice than in WT controls (Fig. 1C).  

 

Enhanced lung tissue inflammation and ASM thickening in mMCP-4
-/- 

mice 

To further assess the role of mMCP-4 in regulating airway responses, we analyzed 

lung tissue sections for signs of inflammation. As shown in Fig. 2A and 2B, HDM 

treatment induced tissue inflammation in the perivascular and peribronchial areas, the 

inflammatory infiltrate mainly being composed of eosinophils. In line with a 

protective role of chymase, HDM-instilled mMCP-4
-/-

 mice exhibited significantly 

higher numbers of tissue eosinophils (Fig. 2C) and % bronchioles surrounded with 

cell infiltrates (Fig. 2D) than did WT controls. Next, we investigated effects on the 

airway smooth muscle (ASM) layer of the bronchi. No baseline difference in the 

thickness of the ASM layer was seen when comparing PBS-treated WT and mMCP-4
-

/- 
mice (Fig. 2E). When WT mice were treated with HDM, there was a statistically 

non-significant trend towards increased ASM thickening. In striking contrast, HDM-

treatment of mMCP-4
-/-

 mice caused a profoundly increased thickening of the ASM 

layer compared to PBS-treated controls (Fig. 2E). Hence, chymase protects against 

remodeling events leading to extensive thickening of the ASM layer in response to 

HDM. PAS staining of lung tissue sections revealed occasional goblet cells in airways 

of PBS-treated mice whereas, after instillations with HDM extract, goblet cells were 

highly abundant (Fig. 2F). However, there was no difference in the degree of goblet 

cell metaplasia when comparing HDM-treated WT and mMCP-4
-/-

 mice (Fig. 2F).  

 

mMCP-4 regulates the IgE response 
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The data above indicate that mMCP-4 has an impact on the late inflammatory phase 

of the allergic lung disease. However, since mMCP-4-positive MCs constitute a 

resident cell population of the lung 
6
, it is conceivable that mMCP-4 can encounter 

HDM antigen at an early stage of the response, thereby potentially influencing the 

sensitization phase leading to IgE production. To address this possibility, we tested 

whether the absence of mMCP-4 affects the levels of serum IgE upon HDM 

treatment. As expected, serum IgE levels were significantly increased in HDM-treated 

WT mice as compared with non-treated control animals (Fig. 3A). Moreover, 

sensitized mMCP-4
-/-

 mice displayed significantly higher serum IgE levels as 

compared to WT mice (Fig. 3A). These results suggest a regulatory role for mMCP-4 

in the early sensitization process.  

 

mMCP-4 affects cytokine release after restimulation of splenocytes 

To further address the possibility that mMCP-4 affects the sensitization towards HDM 

antigens, we assessed whether mMCP-4 can influence the HDM-specific cytokine 

response. To this end, single cell suspensions of splenocytes were restimulated with 

HDM extract followed by measurements of IL-13, IL-17A and IL-6 release. As 

shown in Fig. 3B, splenocytes from HDM-treated mMCP-4
-/-

 mice secreted higher 

levels of IL-13 upon HDM restimulation than did cells from WT mice. It is also 

notable that the extent of IL-13 secretion by HDM-restimulated splenocytes 

correlated significantly with the number of BAL cells (Fig. 3C). Moreover, as shown 

in Fig. 3D, the IL-17A response was significantly higher in splenocytes from HDM-

treated mMCP-4
-/- 

mice vs. WT counterparts. In contrast, the absence of mMCP-4 did 

not have any effects on the secretion of IL-6 (Fig. 3E). Together, these data indicate 
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that mMCP-4 influences the activation state of the T lymphocyte populations reactive 

to HDM.  

 

HDM extract induces MC degranulation and chymase release 

The data above suggest that chymase, in addition to influencing the late inflammatory 

phase of an airway reaction, also may have effects on the sensitization phase. In turn, 

this implies that chymase may be released independently of crosslinking of HDM-

specific IgE bound to the high affinity IgE receptors on the MC surface, e.g. through 

direct effects of the HDM extract on MCs. To evaluate this possibility, we determined 

whether HDM extract could directly induce MC degranulation leading to release of 

chymase. Indeed, exposure of peritoneal cell-derived MCs (PCMCs)
12

 to HDM 

extract caused significant release of both β-hexosaminidase and histamine into the 

supernatant, with no difference seen between WT and mMCP-4
-/-

 PCMCs (Fig. 4A, 

B). Moreover, significant release of chymase activity was seen when WT PCMCs 

were stimulated with HDM extract, and as a positive control also in response to 

calcium ionophore (Fig. 4C). Chymase activity was not detected in corresponding 

supernatants from mMCP-4
-/-

 cells (Fig. 4C), confirming that the chymase activity 

detected was attributable to mMCP-4 and not to other enzymes with overlapping 

substrate specificities. Taken together, these results show that MCs degranulate and 

release chymase in direct response to HDM.  

 

Enhanced IL-33 levels in mMCP-4
-/-

 mice 

To search for mechanisms explaining the protective function of chymase in airway 

reactions, we evaluated the possibility that chymase acts by regulating the levels of 

the pro-inflammatory Th2 cytokines IL-5, IL-13, thymic stromal lymphopoietin 
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(TSLP) and IL-33, all of these cytokines being known to be of importance in the 

development of allergic lung disease 
9, 10

. As shown in Fig. 5A-C, there were no 

differences in the levels of IL-5, IL-13 or TSLP in lung tissue homogenates from WT 

and mMCP-4
-/-

 HDM-treated mice. In contrast, while HDM treatment did not cause 

any increase of lung IL-33 in WT mice above baseline levels, a profound 

accumulation of IL-33 was seen in lungs of HDM-treated mMCP-4
-/-

 mice (Fig. 5D). 

Hence, MC chymase is essential for preventing an accumulation of IL-33 in response 

to HDM.  

 

To search for the mechanism underlying the IL-33 accumulation, we evaluated the 

possibility that MC proteases could reduce IL-33 levels by proteolytic cleavage. To 

address this, we investigated the ability of WT and mMCP-4
-/-

 PCMCs to reduce IL-

33 levels. As shown in Fig. 6A, IL-33 levels were rapidly reduced by MCs activated 

by IgE receptor crosslinking and this effect was completely blocked by a serine 

protease inhibitor, suggesting that the reduction of IL-33 was due to proteolytic 

degradation. Moreover, the effects on IL-33 were significantly diminished in cultures 

of mMCP-4
-/-

 PCMCs as compared with WT cells. This suggests that MC serine 

proteases degrade IL-33, and that mMCP-4 participates in the process. To provide 

direct evidence for proteolytic effects of chymase on IL-33, recombinant murine and 

human IL-33 was incubated with purified mMCP-4 and human chymase, 

respectively, followed by SDS-PAGE analysis. Indeed, both mMCP-4 and human 

chymase caused rapid and extensive degradation of IL-33, thus confirming that IL-33 

is a good substrate for MC chymase (Fig. 6B). IL-33 degradation was completely 

abrogated when mMCP-4 was pre-incubated with Pefabloc SC, a general serine 

protease inhibitor, verifying that the observed IL-33 reduction is due to proteolysis. 
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Suppl. Fig. 1. Numbers of MCs in lungs of control and HDM-
treated WT and mMCP-4-/- mice, as determined by staining of lung 
tissue sections with toluidine blue and counting of total numbers of 
MCs/section. MCs were predominantly located in the vicinity of 
bronchi.  
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