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Although it has been shown thatmast cell-deficientmice have
diminished innate immune responses against bacteria, themost
important immunoprotective factors secreted from activated
mast cells have not been identified.Mousemast cell protease 6 is
a tetramer-forming tryptase. This serine protease is abundant in
the secretory granules and is exocytosed upon bacterial chal-
lenge. Here we have described the generation of a mast cell pro-
tease-6-nullmouse.Our discovery thatmice lacking this neutral
protease cannot efficiently clear Klebsiella pneumoniae from
their peritoneal cavities reveals an essential role for this serine
protease, and presumably its human ortholog, in innate
immunity.

Approximately 50% of the weight of amature tissuemast cell
(MC)2 consists of protease-serglycin proteoglycan complexes
stored in the secretory granules. In humans, � tryptases are the
most abundant MC-restricted neutral proteases (1–3). The
corresponding tryptases in mice are mouse MC protease
(mMCP)-6 (4, 5) and mMCP-7 (6), with mMCP-6 being the
most similar in amino acid sequence and substrate specificity
to human tryptase (hTryptase) �1 (7–9). MCs are the only cells
that express mMCP-6, and this serine protease is particularly
abundant in thoseMCs that reside in the peritoneal cavity, skin,
and lung (4, 5, 10).
Numerous biochemical studies have been carried out to

understand the biosynthesis and substrate preference of
mMCP-6. This tryptase is initially translated as a zymogenwith
a 245-mer mature domain. When the signal and propeptides
are proteolytically removed, the mature protease spontane-

ously forms tetramers with the active site of each monomer
facing the central core of the tetramer unit, as first described for
its human ortholog (11). A positively charged face forms on the
surface of eachmonomer, thereby allowingmaturemMCP-6 to
interact with negatively charged serglycin proteoglycans in the
Golgi complex. The resulting tryptase-serglycinmacromolecu-
lar complexes are then targeted and packaged in the cell secre-
tory granules. When exocytosed, these complexes are retained
in connective tissues for hours because of their large sizes (12).
Protease inhibitors are abundant in blood. Nevertheless, no cir-
culating protease inhibitor has been identified that rapidly inac-
tivates mMCP-6 or hTryptase �1. Substrate specificity studies
carried out using varied peptide combinatorial libraries
revealed that recombinantmMCP-6 (7) and hTryptase�1 (8, 9)
prefer to cleave peptides having a Pro at residues P2 to P5 and a
Lys or Arg at residue P1. However, due to the unique structural
constraints of the tetramer unit, the abilities of mMCP-6 and
hTryptase �1 to cleave large-sized proteins are very limited.
Thus, the importance of these evolutionally conserved enzymes
in MC-dependent reactions remains to be determined.
MC development in vivo is highly dependent on the cytokine

kit ligand/stem cell factor on the surface of mesenchymal cells
and its tyrosine kinase receptor c-Kit/CD117 on the surface of
MC-committed progenitors. Signaling through c-Kit results in
the translocation of microphthalmia transcription factor
(MITF) into the nucleus. WBB6F1-KitW/KitW-v (W/Wv) mice
areMC-deficient secondary to a pointmutation in the intracel-
lular domain of c-kit, which makes their MCs and progenitors
less responsive to kit ligand. WBB6F1-tg/tg (tg/tg) mice, on the
other hand, have reduced numbers of MCs, because they
express a mutated isoform of MITF. Thus, transcription of the
mMCP-6 gene and certain other MC-restricted genes are
greatly diminished in MITF-deficient tg/tgmice (13).
In 1996, Echtenacher et al. (14) noted that W/Wv mice

quickly die from septic peritonitis after their caecum is ligated
and punctured. Malaviya et al. (15) reported at the same time
that W/Wv mice cannot efficiently combat a Klebsiella pneu-
moniae infection of their peritoneal cavities or lungs. The same
phenomenon was observed in tg/tg mice (16), confirming the
importance ofMCs in innate immunity. The latter data suggest
that a MC-restricted gene whose transcription is highly
dependent on MITF plays an essential immunoprotective role
in bacterial infections. Although it has been concluded that
MC-derived tumor necrosis factor-� (TNF-�) is needed to con-
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trol bacterial infections (14, 15), the number of TNF-�-express-
ing lipopolysaccharide-responsive macrophages in the lungs
and peritoneal cavities of bacteria-infected mice greatly
exceeds the number of MCs. There is also no evidence that
MITF regulates the transcription of the TNF-� gene in any cell.
Thus, additional factors more restricted to MCs must be
required for an optimal antibacterial response in vivo to explain
why MC-deficient mice are so susceptible to bacterial chal-
lenge. In support of this conclusion, Maurer et al. (17) note
that MC activation significantly improves host defenses in
TNF-��/� mice, and Jippo et al. (16) have found that the
injection of TNF-� protein into the peritoneal cavities of
tg/tg mice fail to completely restore their MC-dependent
antibacterial responses.
We have here described the generation of an mMCP-6�/�

mouse strain.Using thesemice, we have shown thatmMCP-6 is
required to efficiently combat K. pneumoniae infections.

EXPERIMENTAL PROCEDURES

Targeting of the mMCP-6 Locus in Mouse Embryonic Stem
Cells and Generation of the mMCP-6�/� Mouse Strain—The
mMCP-6 gene (GenBankTMgene identification number 17229)
resides in the tryptase locus on mouse chromosome 17A3.3
(18). Using the bacterial artificial chromosome clone RP24–
263I14 (Children’s Hospital Oakland Research Institute, CA)
and oligonucleotides based on the genomic sequence of the
chromosomal locus at GenBankTM accession number
NT_039649, a PCR approach was carried out to obtain the
mMCP-6-specific nucleotide sequences for the targeting vector
shown in Fig. 1A. Employing the translation initiation site of the
mMCP-6 transcript as a reference point (defined here as resi-
due �1), a 2970-bp 5� homology arm (nucleotides �2966 to
�3) was cloned into the BglII-HindIII sites of the pKO Scram-
bler NTK-1907 plasmid (Stratagene) downstream of the phos-
phoglucokinase promoter-driven neomycin resistance gene
(PGK-Neo). A 3196-bp 3� homology arm (nucleotides �897 to
�4092) was then cloned into the SalI-NotI sites upstream of
PGK-Neo. The herpes simplex virus thymidine kinase cDNA
driven by a mutant polyomavirus enhancer (MC1-TK) is pres-
ent in this plasmid for negative selection.
A mouse expressing Cre recombinase (Cre) under the con-

trol of an MC-specific promoter has not yet been created to
selectively diminish the expression of ubiquitously expressed
genes using a Cre/loxP approach. Because mMCP-6 is highly
restricted toMCs, a knock-in approachwas carried out by plac-
ingCrewith a SV40 poly(A) signal at the 3� end of the 5� homol-
ogy armusingHindIII andXhoI restriction sites. The linearized
targeting vector was electroporated into 129svJ � C57BL/6J F1
embryonic stem (ES) cells. ES cell clones that underwent
homologous recombination were identified by blot analysis of
BglI-digested ES cell DNAhybridizedwith a radiolabeled probe
generated with Klenow polymerase using as template a 1-kb 3�
external fragment (nucleotides �4285 to �5283). Positive
clones were confirmed by PCR with a primer located upstream
of the 5� homology arm (5�-GATCCGACCTTGAACATG-
GATAGC-3�) and another located in the Cre coding region
(5�-GGACAGAAGCATTTTCCAGGTATGC-3�).

Selected ES cell clones were microinjected into C57BL/6J-
Tyrc-2j/J (The Jackson Laboratory) blastocysts, whichwere then
implanted into pseudopregnant CD-1 foster mothers. Result-
ing male chimeric mice were crossed with C57BL/6J-Tyrc-2j/J
females, and non-albino pups from this cross were screened for
germ line transmission of themutantmMCP-6 allele. Genotyp-
ing was carried out on tail biopsies by multiplex PCR using
oligonucleotides within the 5� homology arm (P1, 5�-CCT-
GAAGCAGAGTAACCAAGC-3�), within the deleted portion
of the mMCP-6 gene (P2, 5�-AGGGCTCAAGACAACTTAC-
GAG-3�), and within the Cre coding region (P3, 5�-CTG-
GCAATTTCGGCTATACG-3�).mMCP-6 heterozygotes were
backcrossed to C57BL/6 mice to eliminate any mutated back-
ground gene in ourmMCP-6�/� mice. Using amarker-assisted
selection protocol/speed-congenic approach, a male mMCP-
6�/� mouse expressing 100% of C57BL/6 polymorphisms at 50
chromosomal loci was identified in the third backcrossed gen-
eration. This mouse was selected as the founder of a line that
was backcrossed three more times before generating the
mMCP-6�/�,mMCP-6�/�, andmMCP-6�/� littermates used
in this study. All mice were maintained in a BL2 animal facility
of The University of Texas M. D. Anderson Cancer Center
according to their animal care guidelines.
Isolation and Purification of In Vivo Differentiated MCs—

MCs were isolated from the peritoneal cavity. After euthanasia
with CO2, 10 ml of modified Tyrode’s buffer was injected into
the peritoneal cavity. Eight to nine ml of the injected solution
was recovered in each instance, and the resulting exudates were
centrifuged at 450 � g for 5 min. The pelleted cells were resus-
pended in 1 ml of modified Tyrode’s buffer and layered over a
2-ml solution of 22.5% metrizamide (Nycomed/Accurate
Chemical) in modified Tyrode’s buffer. After centrifugation at
400 � g for 15 min, peritoneal MCs were recovered at the bot-
tom of the gradient. Purification was confirmed by toluidine
blue staining or by flow cytometry with anti-c-kit/CD117
(Pharmingen) and anti-Fc�RI� (eBioscience) antibodies.
Immunoblot Analysis—Peritoneal MCs were lysed by freeze

thawing in phosphate-buffered saline supplemented with a
protease inhibitor mixture (Sigma-Aldrich). Protein concen-
trations were determined by the bicinchoninic acid protein
assay kit (Pierce). Proteins were resolved by SDS-PAGE with
4–15% linear gradient Ready Gels (Bio-Rad). The resulting
blots were probed with affinity-purified rabbit anti-peptide
antibodies specific for mMCP-4, mMCP-5, and mMCP-6 (12,
19–21). Peroxidase-conjugated, goat anti-rabbit IgG secondary
antibodies (Jackson ImmunoResearch Laboratories) and
SuperSignal West Pico ECL substrate (Pierce) were used for
protein detection. Membranes were stripped at 65 °C for 15
min in 50mMTris-HCl, 0.2 M 2-mercaptoethanol, and 2% SDS;
they were then reprobed with an anti-glyceraldehyde-3-phos-
phate dehydrogenasemonoclonal antibody (Abcam) to serve as
a protein loading control.
Electron Microscopy—Isolated peritoneal MCs from four

mMCP-6�/�mice and fourmMCP-6�/�mice (�5 � 104 cells/
sample) were separately fixed in 2.5% glutaraldehyde/0.1 M
sodium cacodylate buffer (pH 7.2) for 2 h followed by 1%
osmium tetroxide for 1 h. Samples were dehydrated, embedded
in AralditeTM (Huntsman Advanced Materials), sectioned at
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100 nm with an ultramicrotome, stained with uranyl acetate
and lead citrate, and then examined with a JEOL 200CX elec-
tron microscope. Cell profiles from each section were photo-
graphed using an unbiased random sampling technique.
Twenty cell profiles from seven samples from each group were
examined. The fraction of cell profiles identified morphologi-
cally as MCs (e.g. by the presence of their characteristic elec-
tron-dense granules, non-segmented nucleus, and surface
microplicae) was assessed by unbiased stereology (22). The vol-
ume fraction (which represents the fraction of the total volume
of the cell occupied by granules) and the surface density (which
is directly proportional to themembrane surface of the granules
per unit of volume) were calculated with the point-counting
method using a cycloid grid. The area of the cell profiles was
measured using a point grid.
Cell Count and Differential—Peritoneal lavages from four

mMCP-6�/� mice and four mMCP-6�/� mice were obtained
but not subjected to MC purification. The nucleated cells in
each sample were counted with a Neubauer chamber, and the
cell differential was determined on cytospins of 400 �l of each
8-ml sample stained with Wright-Giemsa.
Fluorescence Microscopy—Ears from fourmMCP-6�/� mice

and four mMCP-6�/� mice were excised, fixed overnight at
4 °C in 4% paraformaldehyde (pH 7.0), dehydrated, and embed-
ded in paraffin. Avidin binds strongly to the heparin-containing
serglycin proteoglycans in theMC secretory granules. Thus, 10
random 5-�m cross-sections were deparaffinized, rehydrated,
incubated with fluorescein isothiocyanate (FITC)-avidin and
Hoechst (Invitrogen/Molecular Probes, respectively) for 1 h at
25 °C, and then mounted with Fluoromount (Diagnostic Bio-
Systems). Images were acquired in a fluorescent microscope
with the appropriate fluorescent filters (4�,6-diamidino-2-phe-
nylindole, green fluorescent protein, and Texas Red). Taking
advantage of the autofluorescence of the cartilage, epidermis,
and muscle observed in the red channel, we delineated the der-
mis of the ears as tissue between two epidermal layers excluding
all muscle and cartilage in Image Pro Plus. All dermal FITC-
avidin� cells with a Hoechst� nucleus were counted. Results
were expressed as the number of MCs/mm2 of dermis.
Histamine and Cytokine Release from Peritoneal MCs—Iso-

lated peritoneal MCs from four mMCP-6�/� mice and four
mMCP-6�/� mice were counted and resuspended individually.
In each experiment, 105 MCs were sensitized in medium con-
taining 5 �g/ml anti-2,4-dinitrophenol (anti-DNP) IgE (clone
SPE-7; Sigma-Aldrich) for 3 h at 37 °C. After washing to elimi-
nate excess antibody, cells were activated immunologicallywith
100 ng/ml DNP-conjugated human serum albumin (DNP-
HSA; Sigma-Aldrich) at 37 °C. For histamine release, an equal
amount of cells was lysed with 0.2% Triton X-100, and hista-
minewasmeasured in each supernatant and lysate after 1 h. For
TNF-� release, samples of the supernatants were taken at 0, 2,
4, 12, and 24 h. Histamine and TNF-� levels were measured by
enzyme-linked immunosorbent assay (Oxford Biomedical
Research).
Passive Cutaneous Anaphylaxis (PCA)—10–12-week-old

mMCP-6�/�, mMCP-6�/�, mMCP-6�/�, and B6.Cg-KitW-sh/
KitW-sh (Wsh/Wsh) mice were anesthetized with isoflurane. 100
ng of both anti-DNP IgE and anti-dansyl IgE (Pharmingen) in

20 �l of phosphate-buffered saline were then injected intrader-
mally into the right and left ear pinnae, respectively. Two days
later, the treated mice were challenged intravenously with 100
�g of DNP-HSA in 200 �l of phosphate-buffered saline con-
taining 0.5% Evans blue. The mice were euthanized 30 min
later, and their ears were excised and incubated in 150 �l of
formamide at 55 °C for 24 h. Absorbance of Evans blue in each
supernatant was read at 610 nm using a �Quant universal
microplate spectrophotometer (Bio-Tek Instruments, Inc.).
Bacterial Infection—K. pneumoniae (line 43816; American

Type Culture Collection) were grown to confluence on 100-
mm2 Difco nutrient agar plates (Pharmingen) overnight at
37 °C in 5% CO2. The bacteria were harvested, washed, and
resuspended in phosphate-buffered saline to 2 � 103 colony-
forming units (CFUs)/ml and 2 � 104 CFUs/ml. 10–12-week-
old anesthetizedmMCP-6�/�,mMCP-6�/�, andmMCP-6�/�

littermate mice were inoculated by intraperitoneal injection of
0.5 ml of the bacterial suspensions. For survival, animals were
monitored every 3–6 h up to 72 h post-infection. For cell and
bacterial counts and cytokine measurements, mice were
euthanized 0, 0.5, 4, and 24 h after inoculation. The perito-
neal cavity of each animal was lavaged, and blood was
obtained by cardiac puncture. Aliquots of both samples were
resuspended in erythrocyte-lysis buffer (0.15 M ammonium
chloride, 0.01 M potassium bicarbonate, and 0.1 mM EDTA,
pH 7.2). Nucleated cells were counted with a Neubauer
chamber, and the cell differential was determined by exam-
ination of cytospins or blood smears stained with Wright-
Giemsa. Other aliquots were serially diluted and plated onto
100-mm2 Difco nutrient agar plates. The bacterial colonies
were counted 24 h later. The rest of the peritoneal lavages
were centrifuged, and the concentrations of TNF-� and
interleukin-6 in the samples were determined by enzyme-
linked immunosorbent assay (Pierce SearchLight Mulitplex
Array Analysis Service).
Statistical Analysis—Data were expressed as means � S.E.

The normal distribution of the samples was confirmedwith the
Kolmogorov-Smirnov test before comparing the means by the
two-tail paired Student’s t test.

RESULTS AND DISCUSSION

Generation and Characterization of a Novel mMCP-6�/�

Mouse Strain—Some mouse strains, including C57BL/6, do
not express mMCP-7 (23). In contrast, all MC-sufficient
mouse strains examined to date express mMCP-6. Thus, to
address the role of mMCP-6 and its human ortholog in MC
development and function, we used a homologous recombi-
nation approach to generate a novel mMCP-6-null strain on
a C57BL/6 mouse genetic background (Fig. 1). The targeting
construct used in these experiments is shown in Fig. 1A. We
replaced the three coding exons downstream of the transla-
tion initiation site of the mMCP-6 gene with the cDNA that
encodes Cre recombinase. The resulting mutated mMCP-6
gene will lack critical amino acids, including the codon that
encodes the essential catalytic triad residue His75. Thus, no
functional mMCP-6 protein can be expressed even if a trun-
cated transcript is generated. Genotyping of the resulting
cloned ES cells and mutant animals confirmed the targeted
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disruption of the mMCP-6 gene (Fig. 1, B and C). In agree-
ment with the genotyping data, the levels of mMCP-6 pro-
tein were below detection in the MCs that resided in the
peritoneal cavities of these transgenic mice (Fig. 1D). The
antibody we used was raised against a unique 19-mer peptide
(RKYHTGLYTGDDFPIVHDG) that corresponds to resi-
dues 160–178 in the mature domain of the protease (12).
This amino acid sequence is encoded by the next to the last
exon of the mMCP-6 gene, which was not deleted by our
targeting strategy. Given that no smaller protein bands were
detected with this anti-mMCP-6 antibody in MC lysates
from mMCP-6�/� and mMCP-6�/� mice (data not shown),
we concluded that a truncated protein was not expressed.
Our mMCP-6�/� mice produced normal-sized litters,

showed no obvious developmental abnormality, and had a nor-
mal lifespan when maintained in a pathogen-free animal facil-
ity. Histochemical analysis revealed normal numbers ofMCs in
the skin and peritoneal cavity (Fig. 2). The peritoneal MCs iso-
lated from these mice also showed no substantial alteration in
their size or shape or in the number, size, and density of their
secretory granules (Fig. 2 and Table 1). Thus, even though
mMCP-6 is expressed relatively early in MC development (5),
this neutral protease is not essential for the migration, reten-
tion, and overall maturation of MC-committed progenitors in
connective tissues.
PeritonealMCs store substantial amounts of the chymotryp-

sin-like proteases mMCP-4 and mMCP-5 in their secretory
granules in addition to the tryptasemMCP-6 (4). As assessed by
SDS-PAGE immunoblot analysis, the amounts ofmMCP-4 and
mMCP-5 stored in the peritoneal MCs in our mMCP-6�/�

mice were not decreased (Fig. 1D).
If anything, the levels of mMCP-5
protein increased in the peritoneal
cavity MCs of these mice, presum-
ably due to the availability of more
serglycin/ proteoglycan-binding
sites in the secretory granule.
These MCs also contained normal
levels of histamine (data not
shown). Thus, the lack of mMCP-6
in a connective tissue-type MC
does not adversely impact the
storage of other mediators in the
cell secretory granules.
ActivatedMCs frommMCP-6�/�

Mice Release Appreciable Amounts
of TNF-�andHistamine and Induce
a Normal PCA Reaction—Isolated
peritoneal MCs from our mMCP-
6�/� and mMCP-6�/� mice were
sensitized with IgE and challenged
with antigen in vitro. As shown in
Fig. 3A, no significant difference in
the secretion of TNF-� between the
two groups was noted over the
course of 24 h. Similarly, no differ-
ence in the exocytosis of histamine
at 1 h was observed (Fig. 3B). MCs

play a critical role in the in vivo PCA reaction, and it has been
concluded that themost important vasopermeabilitymediators
secreted from activated MCs in this IgE/antigen-dependent
response are histamine, serotonin, platelet-activating factor,
and cysteinyl leukotrienes (24, 25). We found, as have others,
that the PCA reaction is markedly reduced in MC-deficient
Wsh/Wsh mice relative to wild-type C57BL/6 mice (Fig. 3C).
Because mMCP-6�/� mice had a PCA reaction comparable
with that of their control littermates, we concluded that
mMCP-6 does not play a critical role in the Fc�RI-dependent
activation of MCs and their release of histamine and other
vasopermeability factors.
Innate Immunity Is Significantly Diminished in mMCP-6�/�

Mice—Despite having normal MC numbers, morphology and
secretory responses, and intact Fc�RI-dependent reactions, our
mMCP-6-null mice exhibited the striking phenotype of a sub-
stantially reduced ability to combat K. pneumoniae infections
of their peritoneal cavities. Only �10% of our mMCP-6�/�

mice survived 72 h after receiving just 1000 CFUs of K. pneu-
moniae (Fig. 4A), compared with �40% of mMCP-6�/� and
�80% of mMCP-6�/� mice. Confirming these results, no
mMCP-6�/� mice survived a challenge with 10,000 CFUs of
K. pneumoniae (Fig. 4B). This increased lethalitywas associated
with a deficiency in the early extravasation of neutrophils into
the peritoneal cavities ofmMCP-6�/� mice (Fig. 5A). This def-
icit was independent of the number of circulating neutrophils,
whichwere almost identical betweenmMCP-6�/� andmMCP-
6�/� mice throughout the course of the infection (data not
shown) but correlated with higher bacterial counts in the peri-

FIGURE 1. Generation of the mMCP-6�/� mouse strain by gene replacement. A, by homologous recombi-
nation in ES cells, the first three coding exons of the mMCP-6 gene were replaced with the Cre cDNA in the
correct translational context. Neomycin resistance and thymidine kinase were used for positive and negative
selection. B, a new BglI genomic fragment (4.8-kb) was detected with a radiolabeled DNA probe from a region
outside the homology arms (Probe), confirming homologous recombination at the mMCP-6 locus in the cloned
ES cell. C, multiplex PCR of genomic DNA using three primers (P1, P2, and P3) gives different products from the
normal (wild type (WT), 250-bp) and mutated (knock-out (KO), 700-bp) mMCP-6 alleles, allowing the determi-
nation of zygosity for the mutation. D, immunoblotting of peritoneal MC lysates confirmed the absence of
mMCP-6 protein in the mMCP-6�/� mice (undetectable even when 5� more protein was loaded). Despite
these data, the amounts of mMCP-4 and mMCP-5 protein stored in mMCP-6�/� peritoneal MCs were not
reduced.
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toneum and blood of mice deficient in mMCP-6 (Fig. 5B and
data not shown).
We showed in previous studies that the viability of K. pneu-

moniaewas not diminished by exposure to enzymatically active
recombinant mMCP-6, thereby ruling out a direct bactericidal
effect of this protease (8). In support of our new data, we also
previously noted that the administration of just 0.3 nmol of
recombinant mMCP-6 or its human ortholog hTryptase �1
into the peritoneal cavities or lungs of W/Wv mice results in a
pronounced local neutrophilia (7, 8). Because exposure of cul-
tured human endothelial cells to recombinant mMCP-6 or
hTryptase �1 (but not their zymogens) results in a substantial
increase in the levels of interleukin 8mRNAand protein (8), the
accumulated data suggest that enzymatically active mMCP-6

plays a beneficially indirect role in bacterial infections by induc-
ing bystander cells in inflammatory sites to release substantial
amounts of neutrophil-specific chemotactic factors that ulti-
mately induce the extravasation of bactericidal granulocytes
into the site to control the infection. Nevertheless, the mecha-
nismbywhichmMCP-6 activates these bystander cells remains
to be determined.
In addition to the finding thatW/Wv mice cannot efficiently

combat a K. pneumoniae infection of their peritoneal cavities,
Malaviya et al. (15) reported substantially lower levels of TNF-�
and myeloperoxidase in the peritoneal cavities of these mice
after infection. Another study notes a survival advantage in

FIGURE 2. Quantitation and morphometry of cutaneous and peritoneal
MCs. Representative images of cell and tissue samples obtained from mMCP-
6�/� and mMCP-6�/� mice. A, for the fluorescent microscopy of ear sections,
MCs were labeled with FITC-avidin (yellow) and cell nuclei with Hoechst (blue).
Background tissue was visualized as autofluorescence in the red channel.
mMCP-6�/� and mMCP-6�/� mice had similar densities of MCs in their ears. B,
cytospins of peritoneal lavages were stained with Wright-Giemsa. The inserts
depict higher power magnifications of representative MCs. mMCP-6�/� and
mMCP-6�/� mice had similar numbers of MCs in their peritoneal cavities. C, as
assessed by transmission electron microscopy, the peritoneal MCs in mMCP-
6�/� and mMCP-6�/� mice had similar ultrastructures. An in-depth mor-
phometry analysis can be found in Table 1.

TABLE 1
Quantitation and morphometry of cutaneous and peritoneal MCs
Shown are values obtained from four animals of each genotype and expressed as
mean � S.E.

mMCP-6�/� mMCP-6�/�

Skin MCsa
(number/mm2) 189 � 8 183 � 8

Peritoneal MCsb
(%) 9.1 � 1.2 9.3 � 1.4
(103/ml) 171 � 14 164 � 12

Morphometryc
(Vv) 0.35 � 0.03 0.34 � 0.03
(Sv, �m�1) 19.65 � 1.49 18.64 � 1.77
(A, �m2) 44.01 � 2.83 44.38 � 2.55

aFITC-avidin� cells with a Hoechst� nuclear profile/mm2 of dermis in random
sections of ear (10 samples/animal).

bNeubauer chamber counts andWright-Giemsa staining of cytospins of peritoneal
lavages (3 samples/animal).

cStereological analysis of randomly acquired electron microscopy images from
peritoneal MCs. Vv � granule volume fraction; Sv � granule surface density;
A � cell profile area. (20 cell profiles/sample, 7 samples/animal).

FIGURE 3. In vitro and in vivo Fc�RI-mediated MC responses. A and B, peri-
toneal MCs were sensitized with anti-DNP IgE and challenged with DNP-HSA.
TNF-� levels (A) were measured in the cell supernatants at different time
points after MC stimulation. Histamine levels (B) were measured in superna-
tants and cell lysates 1 h after stimulation. No significant differences in the
release of TNF-� or histamine were observed between the MCs from mMCP-
6�/� and mMCP-6�/� mice. C, an ear of each mouse was sensitized with anti-
DNP IgE, whereas the control ear of the same animal received anti-dansyl IgE.
After intravenous challenge with DNP-HSA, the amounts of Evans blue that
extravasated into both ears were quantitated. Essentially, no responses were
detected in MC-deficient Wsh/Wsh mice. In contrast, significant and compara-
ble increases in vascular permeability were seen in the mMCP-6�/�, mMCP-
6�/�, and mMCP-6�/� mice (n � 4 animals/group). Error bars represent S.E.
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dipeptidyl peptidase I-null mice after caecal ligation and punc-
ture, which was associated with elevated levels of interleukin-6
in the peritoneal cavities of thesemice (26). BecauseTNF-� and
interleukin-6 levels in the peritoneal cavities of our infected
mMCP-6�/� and mMCP-6�/� mice were comparable
throughout the initial 24 h of the infection (Fig. 6), these cyto-
kines apparently did not act as intermediaries for the mMCP-
6-dependant changes we observed in our experimental model.
In agreement with this conclusion, Fc�RI-activated MCs from
our mMCP-6-null mice produced normal amounts of TNF-�
(Fig. 3A).
When activated, in vivo and in vitro differentiated mouse

MCs transiently expressed numerous chemokines, cytokines
(Fig. 3A), and arachidonic acid metabolites. However, none of
these newly generated mediators were MC-restricted as were
the preformed granule mediators of the cell. Although MCs
contain appreciable amounts of histamine, mice deficient in
histamine actually combat Escherichia coli infections better
thanwild-typemice (27). It is presumed that histamine plays an
adverse role in this immunological response because of its
vasopermeability properties, which allow the escape of bacteria
and their harmful products from infected tissues. MCs also
store large amounts of varied combinations of functionally
distinct serine proteases in their secretory granules. The MCs
in the peritoneal cavities of C57BL/6 mice lack mMCP-7 (23),
and the corresponding MCs in BALB/c mice lack transmem-
brane tryptase/tryptase � (28), yet these two mouse strains are
not highly susceptible to sepsis. The other ten serine proteases
found in mouse MCs (namely mMCP-1–5, mMCP-8–10,
cathepsinG, and granzymeB) aremembers of the chromosome
14C1 family of chymotrypsin-like proteases. Unlike mMCP-6,
the latter family of serine proteases require dipeptidyl peptidase
I for their activation (29). Surprisingly, dipeptidyl peptidase
I-null mice have decreased mortality in the caecal ligation and
puncture bacteria-infection model relative to wild-type mice
(26). It therefore is unlikely that any chromosome 14C1-de-
rived protease plays a significant beneficial role inMC-depend-
ent bacterial clearance. The accumulated data suggest that
mMCP-6 is the primary preformed granule mediator that pro-
tects mice from acute bacterial infections. In support of this
conclusion, transcription of themMCP-6 gene inMCs is highly

dependent onMITF (30), thereby explaining why tg/tgmice are
so susceptible to bacterial infections.
The discovery thatmMCP-6�/� mice have great difficulty in

combating an acute K. pneumoniae infection highlights a criti-
cal role for this evolutionally conserved serine protease in
innate immunity. AIDS patients are highly susceptible to bac-
teria and other opportunistic infections. The observation that
hTryptase �� MCs and their progenitors can be infected with
M-tropic strains of HIV-1 (31–33) coupled with the finding
that AIDS patients often have reduced numbers of hTryptase
�-expressing MCs in their gastrointestinal tracts (34) suggests
that this protease plays a comparable beneficial immunopro-
tective role in humans. The fact that no human has been
identified who lacks hTryptase �� MCs is further evidence
that these immune cells are essential to our survival. Finally, it
needs to be pointed out that the pharmaceutical industry is
presently developing hTryptase �-specific inhibitors in an
attempt to dampen inflammation and connective tissue remod-
eling in asthma and other MC-dependent disorders. Our data
raise the possibility that the chronic use of these hTryptase
�-specific inhibitors in humans could result in a higher inci-
dence of life-threatening bacterial infections.

FIGURE 5. Neutrophil recruitment and bacterial load during peritoneal
K. pneumoniae infection. mMCP-6�/� and mMCP-6�/� mice received 103

CFUs of K. pneumoniae intraperitoneally and were studied at different time
points. A, the number of neutrophils in each peritoneal fluid sample was calcu-
lated from total cell counts in a Neubauer chamber and differentials in cytospins
stained with Wright-Giemsa. mMCP-6�/� animals show a deficit in the early
recruitment of neutrophils to the site of infection (***, p � 0.001; **, p � 0.01).
B, bacterial CFUs were determined by the plating of serial dilutions of each
peritoneal fluid. There were significantly higher bacterial loads in the perito-
neal cavities of mMCP-6�/� mice 24 h after infection (*, p � 0.05; n � 4 ani-
mals/time point/group). Error bars represent S.E.

FIGURE 6. TNF-� and interleukin-6 levels in the peritoneal fluid during
peritoneal K. pneumoniae infection. mMCP-6�/� and mMCP-6�/� mice
received 103 CFUs of K. pneumoniae intraperitoneally and then were studied
at different time points. TNF-� (A) and interleukin-6 (B) levels in the exudates
were measured by enzyme-linked immunosorbent assay. There were no sig-
nificant differences in the intraperitoneal levels of these cytokines through-
out the course of the infection (n � 4 animals/time point/group). Error bars
represent S.E.

FIGURE 4. Survival of mice after peritoneal inoculation of K. pneumoniae.
mMCP-6�/�, mMCP-6�/�, and mMCP-6�/� mice received 103 (A) or 104 (B)
CFUs of K. pneumoniae intraperitoneally, and survival was evaluated over the
next 72 h. Increased and earlier mortality were observed in the bacteria-
treated mMCP-6�/� animals. The difference was more evident with the lower
inoculum (n � 7 animals/group). Similar data were obtained in a second
experiment.
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