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The Journal of Immunology

The Inflammatory Response after an Epidermal Burn
Depends on the Activities of Mouse Mast Cell Proteases 4
and 5

George Younan,*,†,1 Freeman Suber,*,†,1 Wei Xing,†,‡,1 Tong Shi,†,‡ Yuichi Kunori,x

Magnus Abrink,{ Gunnar Pejler,‖ Susan M. Schlenner,** Hans-Reimer Rodewald,**

Francis D. Moore, Jr.,*,† Richard L. Stevens,†,‡ Roberto Adachi,†† K. Frank Austen,†,‡

and Michael F. Gurish†,‡

A second-degree epidermal scald burn in mice elicits an inflammatory response mediated by natural IgM directed to nonmuscle

myosin with complement activation that results in ulceration and scarring. We find that such burn injury is associated with early

mast cell (MC) degranulation and is absent in WBB6F1-KitW/KitWv mice, which lack MCs in a context of other defects due to

a mutation of the Kit receptor. To address further an MC role, we used transgenic strains with normal lineage development and

a deficiency in a specific secretory granule component. Mouse strains lacking the MC-restricted chymase, mouse MC protease

(mMCP)-4, or elastase, mMCP-5, show decreased injury after a second-degree scald burn, whereas mice lacking the MC-

restricted tryptases, mMCP-6 and mMCP-7, or MC-specific carboxypeptidase A3 activity are not protected. Histologic sections

showed some disruption of the epidermis at the scald site in the protected strains suggesting the possibility of topical reconstitution

of full injury. Topical application of recombinant mMCP-5 or human neutrophil elastase to the scalded area increases epidermal

injury with subsequent ulceration and scarring, both clinically and morphologically, in mMCP-5–deficient mice. Restoration of

injury requires that topical administration of recombinant mMCP-5 occurs within the first hour postburn. Importantly, topical

application of human MC chymase restores burn injury to scalded mMCP-4–deficient mice but not to mMCP-5–deficient mice

revealing nonredundant actions for these two MC proteases in a model of innate inflammatory injury with remodeling. The

Journal of Immunology, 2010, 185: 000–000.

A
superficial second-degree epidermal burn results in an
initial cellular injury that is amplified by an acute in-
flammatory response that includes edema and an influx of

neutrophils (1, 2). This inflammatory response is dependent on
a natural IgM to uncovered epitopes and complement activation,
which are also components in the process of ischemia–reperfusion

(IR) injury of the mouse hind limb skeletal muscle (3–6). In IR in-
jury of mouse hind limb skeletal muscle, we observed that myocyte
injury occurred with reperfusion and was accompanied by pro-
gressive degranulation of mast cells (MCs) (7). The myocyte injury
was known to be diminished in MC-deficient WBB6F1-KitW/KitWv

(WWv) mice (8, 9), and we observed significant protection in
mice with targeted disruption of the elastase mouse MC protease
(mMCP)-5 (7). There was no protection against hind limb IR injury
in strains lacking the MC-specific tryptase mMCP-7 or heparin pro-
teoglycan or other proinflammatory functions such as generation of
TNF-a, expression of transmembrane tryptase (Prss31), and gener-
ation of the eicosanoids, prostaglandin D2 or the leukotriene C4 (7).
MCs are highly specialized innate immune effector cells that

contain secretory granules in which large amounts of proteases
are stored in complexes with serglycin proteoglycans (reviewed
in Refs. 10, 11). These proteases represent at least three classes
of protease activities in mice (12–14) and in humans (15–17),
chymotrypsin-like (chymases), trypsin-like (tryptases), and a car-
boxypeptidase A (CPA3). Rat and mouse skin MCs also contain
a unique protease, rMCP-5 and mMCP-5, respectively, which is
highly homologous to the chymases and encoded by a gene in the
chymase locus on mouse chromosome 14 (18, 19). However, unlike
the mouse MC chymases, such as mMCP-1 in mucosal MCs and
mMCP-4 in skin and connective tissue MCs, rat and mouse MCP-5
have an elastase-like specificity due to the presence of a valine in-
stead of a glycine at position 216 (20–22). Studies with transgenic
mice that lack MC-restricted serine proteases have revealed that
some of these enzymes have prominent roles in innate immunity
and inflammation. For example, mMCP-1–deficient mice have di-
minished ability to reject adult Trichinella spiralis nematodes from
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the small intestine (23), and mMCP-6–deficient mice have a re-
duced capacity to clear peritoneal infection by Klebsiella pneu-
moniae (24) and to recruit eosinophils to the site of T. spiralis larval
encystment (25). These mMCP-6–deficient mice are also protected
inmodels of inflammatory arthritis mediated by immune complexes
(26, 27). CPA3 mutants with a functionally defective enzyme are
unable to inactivate endothelin-1 or the homologous peptide from
snake venom, sarafotoxin 6b (28).
Using a mouse model of an epidermal scald that results in a

second-degree burn and that depends on natural IgM and serum
complement (6), we found that the evolution of the wound from
erythema to ulceration to scarring with loss of hair regrowth was
prevented in the MC-deficient WWv strain. Significant protection
against the progression of burn injury in skin after a scald was ob-
served in mice with targeted disruption of mMCP-4 (chymase) or
mMCP-5 (elastase), but not in mice lacking mMCP-6 and -7
(tryptases) or an enzymatically inactive form of CPA3. We then
found that application of humanMC chymase to the scald site of the
mMCP-4–deficient strain and of recombinant mMCP-5 (rmMCP-5)
or human neutrophil elastase, but not human chymase, to the scald
site of the mMCP-5–deficient strain increased epithelial disruption
and restored full burn injury with ulceration and scarring. Further-
more, MC degranulation to release the endogenous proteases oc-
curred in the initial 2 h postscald burn. These findings extend the
trauma-related functions of natural IgM, complement, and MCs
to second-degree burns with progression to tissue remodeling; a re-
sult that may have implications for therapy in thermal injury and
for other models of trauma-initiated inflammation-driven tissue
pathology.

Materials and Methods
Animals

C57BL/6micewere obtained fromTaconicLaboratories (Germantown,NY)
or The Jackson Laboratory (Bar Harbor, ME). MC-sufficient WBB6F1/J-
Kit+/+ and MC-deficient WBB6F1/J-KitW/KitWv/J mice were obtained from
The Jackson Laboratory. The mice deficient in mMCP-4 (N7), mMCP-5
(N10), and both mMCP-6 and mMCP-7 (N8) and those with an inactivating
mutation of CPA3 (Mc-cpaY356A,E378A or Cpa3tmHrr, N4) were on a C57BL/
6 mouse genetic background, whereas the mice deficient in mMCP-1 were
on a BALB/c background (7, 23, 24, 28–30). These protease-deficient
strains were maintained in specific pathogen-free colonies at the Dana
Farber Institute (Boston, MA) or in a barrier facility at Taconic Laborato-
ries. Institutional animal care and use committee approval was obtained for
all animal experiments, and the studies were conducted in accordance with
the National Institutes of Health and Public Health Service guidelines for
animal care.

Reagents

Human neutrophil elastase and human MC chymase were obtained from
EMD Biosciences (La Jolla, CA) and Enzo Life Sciences International
(Plymouth Meeting, PA). The chymase substrate S-2586 (MeO-Suc-Arg-
Pro-Tyr-pNA) and the tryptase substrate S-2288 (H-D-Ile-Pro-Arg-pNA)
were obtained from Chromogenix (Milano, Italy). The elastase substrate
Suc-Ala-Ala-Pro-Val-pNA (S-AAPV) and the CPA3 substrate M-2245 (N-
[4-methoxyphenylazoformyl]-Phe-OH) were obtained from Bachem (Tor-
rance, CA). Mouse Ig, human lung tryptase, and bovine pancreatic CPA
were obtained from Sigma-Aldrich (St. Louis, MO). Mouse anti-TNP IgE
(C38-2), FITC-conjugated rat anti-mouse IgE (R35-72), and rat anti-mouse
CD16/CD32 (2.4G2) were obtained from BD Biosciences (San Jose, CA).
Allophycocyanin-Cy7 conjugated rat anti-mouse Kit (2B8) was obtained
from eBioscience (San Diego, CA). Rabbit anti-peptide IgG for each
protease was prepared as previously described (31, 32).

Recombinant mMCP-5 protein was prepared as described previously
(20). Briefly, the cDNAs encoding mMCP-5 were obtained from total RNA
extracted from the hearts of male C57BL/6 mice (Charles River Labs,
Yokohama, Japan) by RT-PCR. After confirmation of the sequences, the
cDNA fragments were cloned by transfer vector pFASTbac1 (Invitrogen,
Carlsbad, CA), and recombinant baculovirus were generated by the Bac-
to-Bac system (Invitrogen). For expression of the recombinant protein,
Tn5 cells were grown in an Erlenmeyer flask (500 ml) to a density of 106

cells/ml in Ex-Cell 405 medium (200 ml/flask; Sigma-Aldrich) supple-
mented with 50 IU/ml penicillin and 50 mg/ml streptomycin in a rotary
shaker (75 rounds/min) and were infected with the recombinant baculovirus
at a multiplicity of infection of 1.0. After culture for 3 d at 28˚C, the culture
medium was centrifuged, and the supernatant was collected as a recombi-
nant protein source. The recombinant promMCP-5 was purified by a col-
umn of heparin-cellurofine gel (Seikagaku-kougyo, Tokyo, Japan) and a
column of phenyl-Sepharose CL-4B (Amersham Biosciences, Tokyo, Ja-
pan). The promMCP-5 was activated by treatment with bovine cathepsin C
(Sigma-Aldrich) at room temperature for 7 d, purified on a column of
heparin-cellurofine gel, and dialyzed with excess amount of pyrogen-free
PBS for more than 24 h at 4˚C. This preparation was used as the source of
the purified rmMCP-5 after determination of protein concentration.

Epidermal scald procedure

The epidermal scald procedure was performed as previously described (6).
Interscapular hair was removed from 10-wk-old male mice, and the next
day, the mice were anesthetized with an i.p. injection of ketamine (10 mg/
kg) and xylazine (20 mg/kg). After full sedation, a burn template, created
from a high-impact nonheat-conducting plastic container, was used to
produce a square-shaped 1-cm2 wound on the interscapular dorsum area
(∼2.5% of the body surface area). With the template held in position, the
shaved skin was scalded in a circulating water bath. After an initial tem-
perature titration, all further experimentation was done at 54˚C. The du-
ration of scalding was 25 s when no dressing was applied to the burn, and
35 s when a dressing was applied immediately after the scald to allow for
topical application of a protease. Increasing the duration of the scald was
necessary to obtain burn injury because the application of the dressing
apparently had a cooling or protective effect. All mice were treated for
pain twice daily with s.c./i.m. injections of buprenorphine (0.05 mg/kg) for
the first day postburn. The wound area was demarcated by denuded and
erythematous skin by day 3.

For topical application of the proteases, they were diluted in HBSS, and
100 ml of the resulting solution was injected into a dressing that was created
over the scalded area. The dressing consisted of a 1-cm2 piece of gauze,
wrapped inside a Duoderm frame and covered by a Tegaderm dressing
(Fisher Scientific, Pittsburgh, PA). The wet dressing was applied immedi-
ately postscald and stayed on the burned area for 1 h unless otherwise in-
dicated.

Histology and quantitative assessment of injury

Skin was harvested from the prepared dorsal sites before the burn and at 2 h,
3 d, and 12 or 13 d postburn. The tissuewas fixed in 4% paraformaldehyde in
PBS for 18 h, changed to PBS, and kept at 4˚C. Sections were stained by
Masson’s trichrome or Jones’ stain (methenamine silver–periodic acid–
Schiff stain) or for chloroacetate esterase (CAE) reactivity, which involves
a hematoxylin counterstain as previously described (7).

At 2 h postburn, CAE was employed to highlight MCs and neutrophil
infiltration. MCs were examined under high power and quantified in unit
areas (1 U area = 1.2 3 0.9 mm = 1.08 mm2). Nine unit areas of the burn
wound on each mouse were evaluated for total MC numbers and used to
calculate the mean value (per 9 U areas) for each individual animal. An
MC was determined to be degranulating when three or more granules
could be found outside of the cell when it was examined under high power
(7). Jones’ staining was performed to demonstrate edema, which is in-
dicated by decreased intensity of the stain relative to unburned mice. In-
jured epithelial cells and hair follicles were identified by the cytoplasmic
vacuolization observed after CAE

At d 3 postburn, Masson’s trichrome stain was used to differentiate
denatured collagen (red staining) from viable collagen (blue staining) in
the dermis of the burn wound. Digital photographs of the burn wound were
taken at 310 magnification (low-power field), and the degree of burn in-
jury was evaluated by Image J software (National Institutes of Health,
Bethesda, MD) based on the staining. The area of the burn was deter-
mined by measuring the area of denatured collagen (expressed in square-
micrometers). To measure the depth of the burn and degree of edema, the
thickness of the injured dermis (indicated by the denatured collagen),
the thickness of the viable collagen in the dermis beneath the wound, and
the thickness of the hypodermis were measured at three different locations,
at the middle, left edge, and right edge of the burn. Values are the average
of the three measurements and are expressed in micrometers. Injured hair
follicles seen on photographs presented in this article were identified by
disruption of the normal morphology including epithelial tight junctions,
presence of necrotic cells, and loss of connection with the skin surface.
Values were expressed as the average number of injured hair follicles per 4
high-power fields (HPF; 340 magnification). Neutrophils in the same burn
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wound were quantitated by CAE reactivity and expressed as the total
number per 4 HPF.

At day 12 postburn, Masson’s trichrome or Jones’ stain was used to
demonstrate granulation tissue formation and a decrement of normal colla-
gen in the burn wound. With Masson’s trichrome stain, the thickened epi-
dermis was purple, and the granulation tissue in dermis was white in contrast
with the surrounding dark-blue–stained collagen in normal dermis. With
Jones’ stain, the epidermis and granulation tissue were pink, and collagen in
dermis was black. CAE reactivity was used to show MCs and neutrophils.

Characterization of mMCP-4– and mMCP-5–deficient strains
for dermal MC numbers and proteases

The baseline levels of MCs in the interscapular skin, dermis, and hypo-
dermis together were 134 6 12.8 in wild-type (WT) mice, 97.7 6 4.9 in
mMCP-4–deficient mice, and 72.2 6 14.3 in mMCP-5–deficient mice per
9 U areas (mean 6 SE; n = 11, 6, and 5, respectively). The distributions of
MCs were similar in all strains with the dermis containing 58.3% in WT
mice, 48.4% in mMCP-4–deficient mice, and 47.4% in mMCP-5–deficient
mice, and the hypodermis containing 41.7% in WT mice, 51.6% in
mMCP-4–deficient mice, and 52.6% in mMCP-5–deficient mice.

To evaluate protease levels in these strains, lysates were prepared from
purified peritoneal MCs obtained from C57BL/6 mice and from the various
protease-deficient mice. Mixed peritoneal cells were obtained by lavage
with modified Tyrode’s buffer (0.02% KCl, 0.1% NaHCO3, 0.005%
NaH2PO4, 0.8% NaCl, 0.1% D-glucose, and 0.1% gelatin) (21), and the
Kit+/FcεRI+ MCs were isolated by flow cytometry. Briefly, FcgRs were
blocked with anti-CD16/CD32 Abs (10 mg/ml) and mouse Ig (100 mg/ml)
for 10 min before staining. The peritoneal lavage cells were incubated with
IgE in HBSS/FBS (2% FBS) for 1 h, washed twice, and stained with
FITC–anti-IgE and allophycocyanin-Cy7–anti-Kit by incubation for 1 h
more. Cells were washed twice with HBSS/FBS and isolated by FACS
(MoFlo; DakoCytomation, Fort Collins, CO) at the Dana Farber Cancer
Institute flow cytometry facility. Cells were kept on ice throughout the
procedure. Lysates of sorted cells were prepared by sonication, and debris
was removed by centrifugation. Sonicates were adjusted to represent equal
numbers of cells per milliliter.

Reactions to determine enzymatic activities were carried out in 96-well
plates. Samples of cell lysates or the reference proteases were incubated
with chromogenic substrates in a final volume of 200 ml reaction buffer
(100 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, and 0.1% BSA, pH
8.5) at 37˚C for 24 h. Chymase activity was measured with substrate
S-2586 at 0.5 mM, elastase with S-AAPVat 1 mM, tryptase with S-2288 at
0.5 mM, and CPA3 with M-2245 at 1 mM (20, 21, 33–35). Enzymatic
activities were assessed by measuring the OD at 405 nm after a 24-h in-
cubation and were expressed as the amount of protease based on standard
curves prepared with purified human neutrophil elastase, human MC
chymase, human MC tryptase, or bovine CPA, each in the presence of 50
mg/ml heparin.

The dermal MCs in C57BL/6 (WT) mice express the chymase mMCP-4,
the elastase mMCP-5, the MC-specific carboxypeptidase CPA3, and the
tryptase mMCP-6 but lack the tryptase mMCP-7 due to a mutation at
the exon 2/intron 2 splice site (36, 37). The targeted deletion of CPA3 alters
the expression of other proteases (38), whereas the CPA3 activity-deficient
(CPA3act

2/2) strain with nonfunctional CPA3 is similar to WT mice in the
expression of the other proteases (28). As the integrity of the other pro-
teases has not been fully assessed in mMCP-4–, mMCP-5–, and mMCP-6/
7–targeted strains, we compared the level of chymase (mMCP-4), elastase
(mMCP-5), tryptase (mMCP-6), and CPA3 enzymatic activities in purified
peritoneal MCs from these strains with those in the MCs from WT mice.
The peritoneal MCs isolated from mMCP-4–deficient mice had no de-
tectable chymase activity, normal levels of elastase and CPA3 activities,
and enhanced tryptase activity (387% of WT level) (Supplemental Fig.
1A–D). Peritoneal MCs isolated from mMCP-5–deficient mice had no
elastase activity, markedly reduced chymase (10% of WT level) and CPA3
activities (,3% of WT level), but enhanced tryptase activity (421% of WT
level). Peritoneal MCs isolated from mMCP-6/7–deficient mice had
markedly reduced tryptase activity (14% of WT level) and normal levels of
elastase, chymase, and CPA3. The residual tryptic activity is presumably
due to the presence of transmembrane tryptase/tryptase g/Prss31 in
these cells. The reduced expression of mMCP-4 in mMCP-5–deficient
mice was confirmed by immunoblot analysis using peritoneal MC lysates
(Supplemental Fig. 1E)

Statistical analysis

Student t test for unpaired samples was used for direct comparisons of
means of observations made in various animals. A p value ,0.05 was
considered significant.

Results
Epidermal scald injury is MC-dependent at 54˚C

In an initial clinical screen to evaluate whether we could identify
an intensity of scald burn injury that required mature cutaneous
MCs for development of an ulcer and subsequent remodeling, we
compared the injury generated in MC-sufficient WBB6F1/J mice
versus that in MC-deficient WWv littermates by exposing a 1-cm2

area of dorsal epidermis to water heated to 54˚C, 56˚C, or 58˚C for
25 s. The WWv strain of mice have ,1% of the normal number
of skin MCs (39). All of the MC-sufficient mice exhibited burn
injury by day 3 postscald with erythema and ulceration at each
temperature (Fig. 1). Over the next 10 d, the ulcerated skin healed
with scarring and loss of hair regrowth. In contrast, after a 54˚C
scald, the MC-deficient WWv mice showed little or no erythema
and no ulceration on day 3 with full reappearance of hair on day 13.
However, after a scald burn at 56˚C or 58˚C, the ulceration at day 3
and scarring without hair regrowth at day l3 in the MC-deficient
mice was similar to that observed in the MC-sufficient controls
indicating a MC-independent injury process at these higher tem-
peratures.

Histological characterization of the scald burn

We characterized the histologic changes of a 54˚C scald burn com-
pared with the histologic condition of unburned sites in C57BL/6
(WT) mice 2 h, 3 d, and 12 d postscald. At 2 h postburn, the epi-
dermis showed cytoplasmic vacuolization and disruption of the
tight junctions between the basal cells of the epithelium (Fig. 2A,
black arrow). The involved hair follicles showed mild hydropic
swelling and disruption of the epithelium of the follicles (Fig. 2A,
red arrow). Many of the MCs in the dermis (Fig. 2B, arrows) and
hypodermis (Fig. 2C, black arrows) were degranulating after the
burn (48.6 6 14.3% and 61.1 6 14.9%, respectively, mean 6 SE;
n = 5 from three separate experiments). In the hypodermis, there
was vasodilatation, vascular stasis, vascular thrombosis, margin-
ated neutrophils within the blood vessels (red arrow), and an influx
of neutrophils into the tissue at 2 h postburn (Fig. 2C). In both the

FIGURE 1. MC-deficient mice are protected against epidermal scald

injury at 54˚C. The clinical response to an epidermal scald of 25-s duration

in MC-sufficient WBB6F1 (WT) mice and MC-deficient WWv mice was

compared at three different temperatures at 3 and 13 d after injury. Photo-

graphs show the two mice in each group. Hair regrowth at the scald site of

the 54˚C-treatedWWvmice is not seen due to its lack of pigment. The black

marks were replaced each day to define the residual injury and do not

represent the area of the original scald site. Protection against a visible burn

in MC-deficient mice exposed to a 54˚C scald for 25 s was confirmed in

two further experiments with sufficient and deficient strains with five mice

per group.
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dermis and hypodermis, there was edema. This is apparent in the
dermis by the separation of collagen fibers with lighter coloration
of the dark-stained collagen and in the hypodermis by expansion of
the tissue (Fig. 2D, arrow).
At 3 d postburn, coagulative necrosis at the burn site affected the

entire thickness of the epidermis and about half the depth of the
dermis (Fig. 3B). The epidermis was denuded, leaving an ulceration
demarcated by denatured collagen (Fig. 3B, stained red; black ar-
row). Hair follicles in the dermis were destroyed (Fig. 3B, yellow
arrow). The red-staining denatured collagen in the dermis was
surrounded by a rim of capillary stasis and neutrophil infiltration.
The inflammation in the hypodermis was sustained with vasodi-
latation and scattered neutrophil infiltration.
By 12 d postburn, the morphological changes included a thick-

ened epithelium covering the wound (Fig. 3C, black arrow), no hair
follicle regrowth in the dermis with damaged hair follicles at the
edge of the scar (Fig. 3C, yellow arrow) and areas of granulation
tissue (Fig. 3C [star], 3D). The granulation tissue contained nu-
merous fibroblasts, MCs, and neutrophils (Fig. 3D). We evaluated
changes in the area of the exposed skin over this time period in other
studies by marking the initial burn site corners with a permanent
tattoo and noted no contracture of the wound area (data not shown).

Mice deficient in mMCP-4 and mMCP-5 are protected from
epidermal scald injury

In contrast with the clinical presentation of a scald burn with er-
ythema and ulceration in WT C57BL/6 mice, mice lacking the
chymase mMCP-4 or the elastase mMCP-5 showed little erythema
and no ulceration at 3 d postscald burn (Fig. 4A). Mice lacking the
tryptases, mMCP-6/7, or the carboxypeptidase CPA3 activity re-
sponded to the scald burn like the WT mice with erythema and
ulceration. By histology, the scald burn site in mMCP-42/2 or
mMCP-52/2 mice in this experiment showed little of the disrup-
tion of the epithelium, denaturation of collagen, loss of hair fol-
licles, and edema of the dermis seen in WT as well as in mMCP-6/
7– or CPA3act-deficient mice (Fig. 4B). The mean histologically

determined burn area in 20 WT mice pooled from three separate
experiments was used to establish the normal range of injury
(154.2 6 23.3 3 103 mm2), and this was compared with the injury
observed in the various protease-deficient strains from one ex-
periment each. The results revealed significant protection in mice
lacking mMCP-4 or mMCP-5 (mean area 6 SE, 3.1 6 2.2 3 103

and 15.6 6 11.1 3 103 mm2 with p , 0.001 for both; n = 4 for
both strains), whereas there was injury similar to WT mice in the
mice lacking mMCP-6/7 or CPA3act (90.9 6 44.0 3 103 and
109.96 34.93 103 mm2; n = 6 and 5, respectively) (Fig. 4C). The
aggregate studies at day 3 did show some clinical injury, erythema
with ulceration, in 3 of 9 mMCP-4–deficient and 5 of 17 mMCP-
5–deficient mice from 3 independent experiments, whereas the
injury was similar to that of WT mice in 9 of 12 mMCP-6/72/2

mice (2 experiments) and 4 of 5 mice with the inactivating mu-
tation in CPA3 (1 experiment). Furthermore, 2 of 2 mice lacking
the mucosal MC chymase mMCP-1, which is not expressed in
skin MCs, also exhibited full burn injury with ulceration and
scarring (data not shown).
The protection against a scald burn in the mMCP-4– and mMCP-

5–deficient strains prompted a further histological assessment for
epidermal injury at 2 h under a higher-power view. Whereas there
were rare to no vacuoles in the shaved unburned epidermal skin,
there was extensive vacuolization of the epidermal cells and dis-
ruption of the tight junctions at the scald site 2 h postburn in WT
mice. In the scald site of the mMCP-42/2 and mMCP-52/2

strains, the vacuoles were few and the disruption of the tight junc-
tions was much less than in the WT mice (Fig. 4D). In the mMCP-
42/2 mice, the percentage of MCs undergoing degranulation at 2 h
postburn was 24.8 6 8.0% and 34.2 6 6.4% in the dermis and
hypodermis, respectively (mean6 SE, n = 4 mice), which is about
half of that observed in WT mice, although the differences are not
significant given the limited sample size of four to five mice.
Degranulation also was present in the scalded mMCP-5–deficient
mice, but the weak staining of granules due to the low level of the

FIGURE 2. Histological changes occurring 2 h after a scald burn in the

skin ofWTC57BL/6 mice. The histologic changes in the shaved skin inWT

mice without (top panels) and with a scald burn of 25-s duration at 54˚C

(bottom panels) are compared at 2 h postburn. Sections in A–C are stained

for CAE reactivity. A, Epidermis at the burn site shows disruption of the

tight junctions between the basal cells of the epithelium (black arrow) and

cytoplasmic vacuolization in epithelial cells of the epidermis and the hair

follicles (red arrow). B, MCs in the dermis at the shaved site are intact

(arrows, top panel), whereas MCs are degranulating with extracellular

granules 2 h after the scald burn (arrow, bottom panel). C, Similarly, MCs in

the hypodermis at the shaved site are intact (arrow, top panel) whereas 2 h

after the scald burn they are degranulating (black arrow, bottom panel).

There is also neutrophil margination in a blood vessel and influx into the

hypodermis (red arrow). D, Jones’ stain shows lighter staining of the col-

lagen matrix of the dermis and expansion of the hypodermis at the scald site

due to edema (arrow in bottom panel denotes depth of hypodermis). Scale

bars and original magnifications: A, 50 mm,340; B and C, 25 mm,363; D,

200 mm, 310. NB, no burn.

FIGURE 3. Histologic changes occurring at 3 d and 12 d after a scald

burn in WT mice. A–C are stained with Masson’s trichrome, and D is

stained for CAE reactivity. A, WTmice with no burn show intact epithelium

(black arrow) and hair follicles (yellow arrow). B, The epidermis 3 d

postburn is denuded leaving an ulceration demarcated by denatured colla-

gen (stained red, black arrow). The denatured collagen extends through

about one half the dermis reflecting the breadth and depth of the burn and

loss of hair follicles (yellow arrow). C, By 12 d postburn, the morphological

changes include a thickened epithelium covering the wound (black arrow),

granulation tissue without any hair follicles in the dermis (star), and dam-

aged hair follicles at the edge of the scar (yellow arrow). D, High-power

photograph of the granulation tissue shows accumulation of fibroblasts,

MCs (red arrowhead), and neutrophils (black arrowhead). Scale bars and

original magnifications: A–C, 200 mm,310; D, 25 mm,340. NB, no burn.
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associated proteases prevented reliable quantitation of intact cells
and released granules. Thus, these studies implicated the connec-
tive tissue type MC and its secretory granule chymase, mMCP-4,
and elastase, mMCP-5, but not its tryptases or MC-specific CPA3
in the early events leading to the ulceration and further suggested
that these two proteases could play a role in the early epidermal
changes.

Topical application of rmMCP-5 or human elastase to the burn
site of mMCP-52/2 mice and of human MC chymase to the
burn site of mMCP-42/2 mice reconstitutes scald burn injury

To support the findings that two different secretory granule proteases
of mouse skin MCs were essential to the ulceration and scarring
in our scald burn model, we sought to reconstitute injury by topi-
cal application of human chymase to mMCP-42/2 mice and of
rmMCP-5 or human neutrophil elastase (elastase) to mMCP-52/2

mice. Each protease was applied to the scald burn site immediately
after the burn, and the dressing was left in place for a period of 1 h.
Control mice received a dressing with an equal volume of HBSS.
This route of administration seemed reasonable not only because of
the known loss of the skin permeability barrier function caused by
a scald burn (6) but also because of our histologic finding of
minimal but distinct disruption of the epidermis in the protected
protease-deficient mice (Fig. 4D). The mMCP-42/2 mice received

a total dose of 10 mg human chymase, and the mMCP-52/2 mice
received either a total dose of 1 mg rmMCP-5 or 10 mg human
elastase. At day 3 postburn, the scald site in the mMCP-4– and
mMCP-5–deficient strains treated with HBSS was without ulcer-
ation or significant edema, whereas the chymase-treated site in the
mMCP-42/2 mice and the rmMCP-5– or elastase-treated sites in
the mMCP-52/2 mice showed significant injury on histologic
analysis with coagulation necrosis of the epidermis, loss of hair
follicles, and denaturation of collagen and edema in the dermis
(Fig. 5).
To quantify the changes at day 3 elicited by application of the

missing protease activity to the burn site, we compared the mean
burn area, neutrophil influx in the hypodermis, number of injured
hair follicles, and thickness of the skin in these various groups. To
establish the range of injury in the HBSS-treated WT mice for
comparison with the various protease-deficient strains treated with
various reagents, we evaluated these values in 16 WT mice from 3
independent experiments with the reconstitution protocol. The
mean burn area of HBSS-treatedWTmice was 133.86 26.43 103

mm2 (Fig. 6A), similar to that observed in the nontreated WT mice
(Fig. 4C). In contrast, the mean burn area of the HBSS-treated
mMCP-4– and mMCP-5–deficient strains was significantly less
(0 6 0 and 4.7 6 1.4 3 103 mm2, respectively, mean 6 SE; n = 4
from 1 experiment and n = 7 from 2 experiments; p , 0.001 for

FIGURE 4. Absence of MC-specific secretory granule proteases, mMCP-4 or mMCP-5, protects against epidermal scald injury. A, The progression of

clinical injury to ulceration at day 3 occurs in the WT, mMCP-6/7–deficient, and CPA3act-deficient mice, but not in mMCP-4– or mMCP-5–deficient mice.

B, The corresponding histological sections after Masson’s trichrome staining to assess the breadth and depth of injury by the appearance of denatured

collagen (red), injured hair follicles (arrows), and edema of the dermis revealed by thickness and lighter staining. Each picture is from a single mouse

representative of the injury characteristic of each strain. C, Burn injury area (red area of denatured collagen in histological sections) in the same groups as in

A. Values for the burn area are the mean (6SE) square-micrometers (1E+05 = 100,000). The value for the WT mice is derived from 3 experiments with 20

mice, and the other values are from 1 experiment with 4, 4, 6, and 5 mice, respectively. Statistical values are from a t test relative to the WT value. D, A high

magnification of the epidermis in unburned WT (NB) and in burned WT, mMCP-42/2 (42/2), and mMCP-52/2 (52/2) mice at 2 h postburn shows

disruption of epithelial tight junctions and epithelial vacuolization (arrows) in the burned WT mice but only minimal changes in these parameters mMCP-

42/2 and mMCP-52/2 strains. Additional histologic data showing protection in the mMCP-4– and mMCP-5–deficient strains are shown in Fig. 5 and

quantitated in Fig. 6. Scale bars and original magnifications: B, 200 mm, 310; D, 20 mm, 363. NB, not burned. ***p , 0.001.
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both; Fig. 6A). The mean area of the burn in the mMCP-42/2 mice
given topical human chymase (243.1 6 25.1 3 103 mm2) and in
the mMCP-52/2 mice given topical rmMCP-5 (167.3 6 53.1 3
103 mm2) or human elastase (121.6 6 32.0 3 103 mm2) was
significantly greater than that of their respective protease-
deficient, HBSS-treated controls (p , 0.001, p , 0.05, and p ,
0.05; n = 5, 5, 4, respectively; 1 experiment each) and similar to

that of the WT mice (Fig. 6A). The mMCP-52/2 mice treated with
chymase showed no significant increment in burn area (27.2 6
22.53 103 mm2; n = 5; 1 experiment) relative to the HBSS-treated
mMCP-5–deficient mice.
The number of injured hair follicles in mMCP-42/2 and mMCP-

52/2 mice treated with HBSS was negligible and significantly less
than that in WT mice treated with HBSS (p, 0.001 for both). The

FIGURE 5. Topical application of human chymase and of recombinant mMCP-5 or human elastase reconstitutes the histologic changes of scald burn

injury in mMCP-42/2 and mMCP-52/2 strains, respectively. WT, mMCP-42/2 (42/2), and mMCP-52/2 (52/2) mice were burned for 35 s at 54˚C and

treated topically with a dressing providing HBSS, human chymase (chymase), rmMCP-5, or human elastase (elastase) for 1 h postburn. Masson’s trichrome

staining of scald site is depicted at day 3. The injury is indicated by the red-staining denatured collagen (black arrows), and protection is indicated by

absence of denatured collagen and the presence of intact hair follicles (yellow arrows). Sections are representative of the aggregate findings for each group

presented in Fig. 6. Scale bar: 200 mm. Original magnification 310.

FIGURE 6. Quantitative assessment of burn injury after the topical application of human chymase to mMCP42/2 mice and of rmMCP-5 or human

elastase to mMCP-52/2 mice. Mice were burned for 35 s at 54˚C, then treated with topically applied HBSS, chymase, rmMCP-5, or elastase as indicated for

1 h and the injury evaluated on day 3 postscald burn. A, The mean area (6SE) of burn injury area was assessed by Masson’s trichrome staining (1E+05 =

100,000). The value for the WT mice is derived from three experiments with 16 mice. The value for the HBSS-treated mMCP-52/2 is derived from two

experiments, and all others are from one experiment. Numbers of mice are 16, 4, 5, 7, 5, 4, and 5 in each group, respectively. B, The mean number (6SE) of

injured hair follicles (per 4 high-power field [HPF]) in the same animals as in A. C, The mean number (6SE) of neutrophils (per 4 HPF) identified by CAE

reactivity in the hypodermis of the same animals as in A. D, The mean depth (6SE) of the skin from the same mice as in A with the depth of the various

individual tissues indicated by burned dermis (red), unburned dermis (green), and hypodermis (blue). The mean (6½ range) values from two nonburned

WT (WT NB) mice are shown for comparison. For statistical analysis, the mMCP-4– and mMCP-5–deficient mice treated with HBSS were compared with

the WT controls, whereas the enzyme reconstituted groups were compared with the respective HBSS-treated strain. A–D: *p , 0.05; **p , 0.01; ***p ,
0.001. chym, chymase; elast, elastase.

6 mMCP-4 AND -5 IN EPIDERMAL BURNS

 on N
ovem

ber 18, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


mMCP-42/2 mice treated with chymase or the mMCP-52/2 mice
treated with human elastase had a significant increase in injured
hair follicles compared with that in the same strain treated with
HBSS (p , 0.001 and p , 0.01, respectively), whereas the re-
sponse to rmMCP-5 did not reach significance (p = 0.08) (Fig. 6B).
The mMCP-52/2 mice treated with chymase showed few injured
follicles, similar to their HBSS-treated controls. By comparison
with burned WT mice, the neutrophil influx into the hypodermis
was significantly decreased in mMCP-42/2 and mMCP-52/2 mice
(p, 0.001 for both). With topical application of chymase, the scald
burn in mMCP-42/2 mice showed a significant increase in neu-
trophil influx into the hypodermis, whereas the increase in neu-
trophils in the burn of mMCP-52/2 mice treated with either
rmMCP-5 or elastase did not reach significance (Fig. 6C). The
thickness of the dermis and hypodermis (used as a marker of
edema) was significantly less in the mMCP-42/2 and mMCP-52/2

mice given saline (p , 0.001 for both) compared with that in WT
mice, and this was significantly increased by topical treatment
of the appropriate deficient mice with chymase or elastase, re-
spectively (Fig. 6D). A significant change in thickness was not
observed in mMCP-52/2 mice given rmMCP-5 or chymase. Thus,
the reconstitution of protease-deficient mice with the respective
activity of the missing enzyme restored much of the histologic burn
injury at 3 d.
To see if topical protease reconstitution had an effect at 2 h

postburn, we compared the histology of the scald site in the de-
ficient strains treated with enzyme or buffer. The minimal but
definite disruption of the epidermal basal layer at the burn site in the
mMCP-4– and mMCP-5–deficient mice was increased with topi-
cal protease treatment (Fig. 7A, arrows), resembling the cyto-
plasmic vacuolization and disruption of tight junctions seen in
a scald injury of a WT strain at the same time point (Figs. 2A and
4D). Similarly, in these protease-deficient mice, the topical ap-
plication of the missing protease function postscald resulted in
increased vasodilation and edema in both dermis and hypodermis
indicated by lighter staining of dermal collagen and increased hy-
podermal thickness (Fig. 7B), again resembling the response of
the WT strain (Fig. 2D). There was increased neutrophil mar-
gination and influx into the hypodermis with chymase treatment of
the mMCP-42/2 mice and with rmMCP-52/2 treatment of the
mMCP-52/2 mice (Fig. 7C), which is compatible with their pres-
ence at this time point in scalded WT mice (Fig. 2C).
At d 12 postburn, none of the remodeling changes that occur in

WT mice were observed in the protected mMCP-4– or mMCP-5–
deficient mice, which had a normal epidermal layer and normal
dermis with intact hair follicles and sebaceous glands (Fig. 8). In
contrast, the scald site in mMCP-4–deficient mice treated with
chymase and in the mMCP-5–deficient mice treated with rmMCP-
5 showed the thickened epithelium, formation of granulation tis-
sue (light-pink staining, yellow arrow) in the dermis, and loss
of hair follicles comparable with that of the scalded WT mice
(Fig. 3C)

We also evaluated the timing needed for topical application of
rmMCP-5 to restore clinical burn injury in mMCP-5–deficient
mice at day 3. We applied 400 ng of the recombinant enzyme for 1
h immediately after injury or after a delay of 1, 3, 6, or 24 h. Each
of nine mMCP-5–deficient mice receiving rmMCP-5 immediately
postburn or with a delay of 1 h exhibited erythema and ulceration
comparable with that of the WT mice treated in parallel. However,
when the topical application of rmMCP-5 was delayed to 3 h or
more, 13 of 14 mMCP-52/2 mice exhibited protection from
clinical injury. We also noted that 10 mg of topically applied
elastase failed to reconstitute the clinical burn in the mMCP-4–
deficient strain (data not shown).

Discussion
The findings that two secretory granule serine proteases of cuta-
neous and connective tissue MCs, mMCP-4, a chymase, and
mMCP-5, an elastase, are required for a scald injury to progress to
a second-degree burn in the mice manifested by ulceration and
subsequent scaring without hair regrowth extends the role of these
proteases previously recognized as critical to IR injury in hind limb
muscle (7). Both models also require natural IgM and activation of
the complement pathway, implicating an innate autologous path-
way to injury (3–6). The progressive histologic changes at the site
of the scald burn in WT mice include disruption of the epidermal
basal layer, degranulation of MCs and edema of the dermis and
hypodermis at 2 h, denuding of the epidermis with wound erosion
and destruction of the hair follicles by day 3, and remodeling with
failure to regrow hair by 9–13 d.
The scald burn injury to the epidermis is evident as early as 2 h

postburn by some vacuolization and disruption of the tight junc-
tions between the epidermal cells at the scald site even in the
protease-deficient strains, which failed to show progression of the
injury to ulceration and remodeling. This suggested that there could
be an early permeability change in the epidermis that might allow
a topical approach to restore the protease-dependent component of
the full response to burn injury in the protected mMCP-4– and
mMCP-5–deficient strains. Indeed, the topical application imme-
diately postscald of rmMCP-5 or human neutrophil elastase to

FIGURE 7. Histological changes 2 h after an epidermal scald in the skin

of mMCP-4– and mMCP-5–deficient mice without and with topical appli-

cation of human MC chymase or rmMCP-5, respectively. All mice were

treated with topical HBSS with or without a protease for the first hour

postburn. A, Cytoplasmic vacuolization and disruption of the tight junctions

between the basal cells of the epithelium at the scald site is apparent after

CAE staining in the protease-deficient strains and is accentuated with topical

application of chymase to the mMCP-4–deficient strain and of rmMCP-5 to

the mMCP-5–deficient strain (arrows). B, Jones’ staining shows increased

edema as indicated by the lighter color of the dermis and greater depth of the

hypodermis (yellow arrows) in mMCP-42/2 mice treated with chymase and

in mMCP-52/2 mice treated with rmMCP-5 relative to their HBBS-treated

protease-deficient controls. C, The CAE reactivity in the hypodermis shows

neutrophils (arrows) in the blood vessels and tissue of mMCP-42/2 mice

treated with chymase and in mMCP-52/2mice treated with rmMCP-5. Scale

bars and original magnifications: A, 50 mm, 363; B, 200 mm, 310; C, 25

mm, 363.
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the mMCP-5–deficient mouse or of human MC chymase to the
mMCP-4–deficient mouse increased the epidermal disruption and
fully restored the downstream aspects of the burn injury. The re-
sultant edema of dermis and hypodermis and influx of neutrophils
at 2 h postburn, ulceration with collagen denaturation of the
dermis and necrosis of the hair follicles at 3 d, and scar formation
without hair regrowth at 9–13 d resembled the burn injury of WT
mice. The requirement for the specificity of both proteases for
scald burn progression is supported by the failure of chymase to
restore clinical and histologic progression of injury in the mMCP-
5–deficient strain and the failure of elastase to reconstitute the
clinical injury in the mMCP-4–deficient strain. The aggregate data
suggest that MC activation with nonredundant protease-dependent
epidermal injury initiates or is an essential component of the
processes leading to ulceration and remodeling of the burn site.
The availability of mouse strains deficient in different secretory

granule proteases was critical to our study for two major reasons.
First, these strains have none of the hematologic and cellular defects
due to the mutation of Kit in the WWv strain. For the burn model,
this difference could be important because neutrophil infiltration
does occur early in the dermis and hypodermis of the burn site in
WT mice, and the WWv stain is neutropenic and has impaired
neutrophil mobilization to tissues (40, 41). Second, the range of
mice with targeted deletion of MC-specific proteases and normal
MC numbers allowed identification of the particular secretory
granule proteases participating in the scald burn injury model.
Skin and connective tissue MCs of most mouse strains express

the tryptases mMCP-6 and mMCP-7, the chymase mMCP-4, the
elastase mMCP-5, and the exopeptidase CPA3, whereas the T cell-
dependent intraepithelial MCs characterized in the jejunal mucosa
during the height of a helminth infection preferentially express the
chymases mMCP-1 and mMCP-2, but no elastase, neither of the
tryptases nor CPA3. Only the mice lacking the cutaneous MC
chymase mMCP-4 or the elastase mMCP-5 were significantly
protected against the scald injury at the clinical and morphologic
levels. Because an earlier report demonstrated that the mutation of
granzyme Bwithin the chymase locus on chromosome 14 disrupted

the expression of other genes in the locus (42), we evaluated the
injury in mice with a mutant mMCP-1 gene, which is present in the
same locus as the mMCP-4 and mMCP-5 genes (19). The lack of
protection against scald burn in the mMCP-1–deficient mice indi-
cates that only the respective mutations of mMCP-4 and mMCP-5
in the locus are each important.
mMCP-4 and mMCP-5 are highly homologous serine proteases

that are encoded by different genes on mouse chromosome 14C1
that give them distinct substrate specificities. The mouse and rat
chymases, mMCP-4 and rMCP-4, represent homologues of human
MC chymase-1 on the basis of sequence homology and similarities
in substrate specificity, including their ability to generate the an-
giotensin II fragment from angiotensin I (33, 43–45). The mouse
and rat MC proteases, mMCP-5 and rMCP-5, each have a distinct
elastase substrate specificity due to a change of glycine to valine
at position 216 (20, 21, 46). Surprisingly, the MC-specific exo-
peptidase CPA3 is coordinately expressed with mMCP-5, and the
expression of each depends on the presence of the other through an
as yet undefined posttranscriptional mechanism (28, 29, 38).
However, in the recently developed mutant with enzymatically
inactive CPA3 protein, the expression of mMCP-5 is intact (28),
and the normal level of burn injury in these mice indicates that the
absence of CPA3 in the mMCP-52/2 mice does not account for
their protection against the scald burn. We have also observed that
mMCP-4 is poorly expressed in mMCP-5–deficient MCs as as-
sessed by both measurement of enzymatic activity and immuno-
blots of serosalMC, and this secondary deficiencymay contribute to
the small size of the secretory granule by histochemical detection
(7). That topical rmMCP-5 or human elastase but not human chy-
mase restored scald burn injury to the mMCP-5–deficient strain
indicates that the level of mMCP-4 in this strain is sufficient to
satisfy the nonredundant requirement for mMCP-4. We found that
mMCP-4–deficient MCs were selectively deficient in only that
protease as originally reported (32) and reconstituted full burn in-
jury with the homologous human MC chymase. Taken together,
these data indicate that these two proteases act nonredundantly in
the pathway leading to the inflammation, ulceration, and tissue re-
modeling of our scald burn model.
Even with histologic evidence of some scald-induced epidermal

injury in the protected mMCP-4– and mMCP-5–deficient mice, it is
likely that only a small fraction of the protease applied for 1 h
postburn is absorbed into the tissue. Hence, it seems reasonable to
suggest that this activity could be provided endogenously by the
activation ofMCs at the burn site in the first 2 h. That the absence of
either mMCP-4 or mMCP-5 abrogates development of a second-
degree burn despite some scald-induced epidermal injury argues
for their early action in facilitating a second-degree burn, and this is
nicely supported by exogenous protease-specific reconstitution
within the first hour postscald. The role of these proteases could be
in amplifying exposure of the tissue epitope for natural IgM,
augmenting the required activation and function of the complement
pathway or mediating paracrine activation of the MCs (47, 48).
Furthermore, these proteases could have direct tissue effects such
as activation of matrix metalloproteinases by either mMCP-4 (30)
or mMCP-5 with concomitant inactivation of TIMP-1 (49).
Because neutrophils were absent in the hind limb IR injury of the

mouse that is also dependent on MCs (9) and their mMCP-5 (7)
and mMCP-4 proteases (T. Shi and M. Gurish, unpublished ob-
servations), we believe that the critical elastase function in both
models is mediated by mMCP-5 and that neutrophil-derived elas-
tase encoded on mouse chromosome 10 (50) does not provide
a redundant function either in time or location. Further, that the
mutation that created the elastolytic function also is retained in
the rat chymase locus favors a biologic purpose for nonredundant

FIGURE 8. Topical application of chymase and rmMCP-5 to the burn

site on mMCP-42/2 and mMCP-52/2 mice, respectively, leads to

remodeling at day 12. Jones’ stain of the skin reveals thickened epithelium,

granulation tissue (light pink; yellow arrows), and loss of hair follicles in

WT mice, in mMCP-42/2 mice treated with chymase, and in mMCP-52/2

mice treated with rmMCP-5, whereas the protease-deficient mice treated

with HBSS alone had normal epithelium, hair follicles, and sebaceous

glands. Scale bar: 200 mm. Original magnification 310.
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functions of the MC-specific proteases, mMCP-4 and mMCP-5.
The recognition that natural IgM, complement, and two MC pro-
teases can mediate injury as different as a second-degree scald
burn of skin and IR necrosis of hind limb muscle suggests function
of an innate triad in trauma-induced inflammatory processes. It
may be that local permeability and cellular injury allow for the
lectin pathway to activate complement with consequent MC de-
granulation (4, 51, 52), which targets a profound downstream
process leading to termination of the ulcer with scarring but not
contracture.
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17. Kaartinen, M., A. Penttilä, and P. T. Kovanen. 1994. Mast cells of two types
differing in neutral protease composition in the human aortic intima. Demon-
stration of tryptase- and tryptase/chymase-containing mast cells in normal in-
timas, fatty streaks, and the shoulder region of atheromas. Arterioscler. Thromb.
14: 966–972.

18. McNeil, H. P., K. F. Austen, L. L. Somerville, M. F. Gurish, and R. L. Stevens.
1991. Molecular cloning of the mouse mast cell protease-5 gene. A novel se-
cretory granule protease expressed early in the differentiation of serosal
mast cells. J. Biol. Chem. 266: 20316–20322.

19. Gurish, M. F., J. H. Nadeau, K. R. Johnson, H. P. McNeil, K. M. Grattan,
K. F. Austen, and R. L. Stevens. 1993. A closely linked complex of mouse
mast cell-specific chymase genes on chromosome 14. J. Biol. Chem. 268:
11372–11379.

20. Kunori, Y., M. Koizumi, T. Masegi, H. Kasai, H. Kawabata, Y. Yamazaki, and
A. Fukamizu. 2002. Rodent alpha-chymases are elastase-like proteases. Eur. J.
Biochem. 269: 5921–5930.

21. Karlson, U., G. Pejler, B. Tomasini-Johansson, and L. Hellman. 2003. Extended
substrate specificity of rat mast cell protease 5, a rodent alpha-chymase with
elastase-like primary specificity. J. Biol. Chem. 278: 39625–39631.

22. Solivan, S., T. Selwood, Z. M. Wang, and N. M. Schechter. 2002. Evidence for
diversity of substrate specificity among members of the chymase family of serine
proteases. FEBS Lett. 512: 133–138.

23. Knight, P. A., S. H. Wright, C. E. Lawrence, Y. Y. Paterson, and H. R. Miller.
2000. Delayed expulsion of the nematode Trichinella spiralis in mice lacking the
mucosal mast cell-specific granule chymase, mouse mast cell protease-1. J. Exp.
Med. 192: 1849–1856.

24. Thakurdas, S. M., E. Melicoff, L. Sansores-Garcia, D. C. Moreira, Y. Petrova,
R. L. Stevens, and R. Adachi. 2007. The mast cell-restricted tryptase mMCP-6
has a critical immunoprotective role in bacterial infections. J. Biol. Chem. 282:
20809–20815.

25. Shin, K., G. F. Watts, H. C. Oettgen, D. S. Friend, A. D. Pemberton,
M. F. Gurish, and D. M. Lee. 2008. Mouse mast cell tryptase mMCP-6 is
a critical link between adaptive and innate immunity in the chronic phase of
Trichinella spiralis infection. J. Immunol. 180: 4885–4891.

26. Shin, K., P. A. Nigrovic, J. Crish, E. Boilard, H. P. McNeil, K. S. Larabee,
R. Adachi, M. F. Gurish, R. Gobezie, R. L. Stevens, and D. M. Lee. 2009.
Mast cells contribute to autoimmune inflammatory arthritis via their tryptase/
heparin complexes. J. Immunol. 182: 647–656.

27. McNeil, H. P., K. Shin, I. K. Campbell, I. P. Wicks, R. Adachi, D. M. Lee, and
R. L. Stevens. 2008. The mouse mast cell-restricted tetramer-forming tryptases
mouse mast cell protease 6 and mouse mast cell protease 7 are critical mediators
in inflammatory arthritis. Arthritis Rheum. 58: 2338–2346.

28. Schneider, L. A., S. M. Schlenner, T. B. Feyerabend, M. Wunderlin, and
H. R. Rodewald. 2007. Molecular mechanism of mast cell mediated innate de-
fense against endothelin and snake venom sarafotoxin. J. Exp. Med. 204: 2629–
2639.

29. Stevens, R. L., D. Qui, H. P. McNeil, D. Friend, J. Hunt, K. F. Austen, and
M. Zhang. 1996. Transgenic mice that possess a disrupted mast cell protease 5
(mMCP-5) gene cannot store carboxypeptidase A in their granules. FASEB J. 10:
1307 (Abstr.).

30. Tchougounova, E., A. Lundequist, I. Fajardo, J. O. Winberg, M. Abrink, and
G. Pejler. 2005. A key role for mast cell chymase in the activation of pro-matrix
metalloprotease-9 and pro-matrix metalloprotease-2. J. Biol. Chem. 280: 9291–
9296.

31. McNeil, H. P., D. P. Frenkel, K. F. Austen, D. S. Friend, and R. L. Stevens. 1992.
Translation and granule localization of mouse mast cell protease-5. Immuno-
detection with specific antipeptide Ig. J. Immunol. 149: 2466–2472.

32. Tchougounova, E., G. Pejler, and M. Abrink. 2003. The chymase, mouse
mast cell protease 4, constitutes the major chymotrypsin-like activity in peri-
toneum and ear tissue. A role for mouse mast cell protease 4 in thrombin reg-
ulation and fibronectin turnover. J. Exp. Med. 198: 423–431.

33. Karlson, U., G. Pejler, G. Froman, and L. Hellman. 2002. Rat mast cell protease
4 is a beta-chymase with unusually stringent substrate recognition profile. J.
Biol. Chem. 277: 18579–18585.

34. Hallgren, J., U. Karlson, M. Poorafshar, L. Hellman, and G. Pejler. 2000.
Mechanism for activation of mouse mast cell tryptase: dependence on heparin
and acidic pH for formation of active tetramers of mouse mast cell protease 6.
Biochemistry 39: 13068–13077.

35. Henningsson, F., P. Wolters, H. A. Chapman, G. H. Caughey, and G. Pejler. 2003.
Mast cell cathepsins C and S control levels of carboxypeptidase A and the
chymase, mouse mast cell protease 5. Biol. Chem. 384: 1527–1531.

36. Hunt, J., and R. L. Stevens. 1995. Mouse mast cell proteases. In Biological and
Molecular Aspects of Mast Cell and Basophil Differentiation and Function. S. J.
Galli, Y. Kitamura, S. Yamamoto, and M. Greaves, eds. Raven Press, New York,
p. 149–160.

37. Hunt, J. E., R. L. Stevens, K. F. Austen, J. Zhang, Z. Xia, and N. Ghildyal. 1996.
Natural disruption of the mouse mast cell protease 7 gene in the C57BL/6
mouse. J. Biol. Chem. 271: 2851–2855.

38. Feyerabend, T. B., H. Hausser, A. Tietz, C. Blum, L. Hellman, A. H. Straus,
H. K. Takahashi, E. S. Morgan, A. M. Dvorak, H. J. Fehling, and
H. R. Rodewald. 2005. Loss of histochemical identity in mast cells lacking
carboxypeptidase A. Mol. Cell. Biol. 25: 6199–6210.

39. Kitamura, Y., S. Go, and K. Hatanaka. 1978. Decrease of mast cells in W/Wv
mice and their increase by bone marrow transplantation. Blood 52: 447–452.

40. Chervenick, P. A., and D. R. Boggs. 1969. Decreased neutrophils and mega-
karyocytes in anemic mice of genotype W/W. J. Cell. Physiol. 73: 25–30.

41. Zhou, J. S., W. Xing, D. S. Friend, K. F. Austen, and H. R. Katz. 2007. Mast cell
deficiency in Kit(W-sh) mice does not impair antibody-mediated arthritis. J. Exp.
Med. 204: 2797–2802.

42. Pham, C. T., D. M. MacIvor, B. A. Hug, J. W. Heusel, and T. J. Ley. 1996. Long-
range disruption of gene expression by a selectable marker cassette. Proc. Natl.
Acad. Sci. USA 93: 13090–13095.

The Journal of Immunology 9

 on N
ovem

ber 18, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


43. Kunori, Y., Y. Muroga, M. Iidaka, H. Mitsuhashi, T. Kamimura, and

A. Fukamizu. 2005. Species differences in angiotensin II generation and deg-

radation by mast cell chymases. J. Recept. Signal Transduct. Res. 25: 35–44.
44. Caughey, G. H., W. W. Raymond, and P. J. Wolters. 2000. Angiotensin II gen-

eration by mast cell alpha- and beta-chymases. Biochim. Biophys. Acta 1480:

245–257.
45. Andersson, M. K., U. Karlson, and L. Hellman. 2008. The extended cleavage

specificity of the rodent beta-chymases rMCP-1 and mMCP-4 reveal major

functional similarities to the human mast cell chymase. Mol. Immunol. 45: 766–

775.
46. Huang, R. Y., T. Blom, and L. Hellman. 1991. Cloning and structural analysis of

MMCP-1, MMCP-4 and MMCP-5, three mouse mast cell-specific serine pro-

teases. Eur. J. Immunol. 21: 1611–1621.
47. Schwartz, L. B., M. S. Kawahara, T. E. Hugli, D. Vik, D. T. Fearon, and

K. F. Austen. 1983. Generation of C3a anaphylatoxin from human C3 by human

mast cell tryptase. J. Immunol. 130: 1891–1895.

48. Schick, B., K. F. Austen, and L. B. Schwartz. 1984. Activation of rat serosal
mast cells by chymase, an endogenous secretory granule protease. J. Immunol.
132: 2571–2577.

49. Jackson, P. L., X. Xu, L. Wilson, N. M. Weathington, J. P. Clancy, J. E. Blalock,
and A. Gaggar. 2010. Human neutrophil elastase-mediated cleavage sites of
MMP-9 and TIMP-1: implications to cystic fibrosis proteolytic dysfunction.Mol.
Med. 16: 159–166.

50. Belaaouaj, A., B. C. Walsh, N. A. Jenkins, N. G. Copeland, and S. D. Shapiro.
1997. Characterization of the mouse neutrophil elastase gene and localization to
chromosome 10. Mamm. Genome 8: 5–8.

51. el-Lati, S. G., C. A. Dahinden, and M. K. Church. 1994. Complement peptides
C3a- and C5a-induced mediator release from dissociated human skin mast cells.
J. Invest. Dermatol. 102: 803–806.

52. Kimura, T., A. Andoh, Y. Fujiyama, T. Saotome, and T. Bamba. 1998. A
blockade of complement activation prevents rapid intestinal ischaemia-
reperfusion injury by modulating mucosal mast cell degranulation in rats.
Clin. Exp. Immunol. 111: 484–490.

10 mMCP-4 AND -5 IN EPIDERMAL BURNS

 on N
ovem

ber 18, 2010 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

View publication statsView publication stats

http://www.jimmunol.org
https://www.researchgate.net/publication/47791489

