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Tract

Variable Expression of Mouse Mast Cell Protease-1
(MMCP-1) in Intraepithelial Mucosal Mast Cells in
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Soluble granule chymases in rodent intestinal
mucosal mast cells (IMMCs) may play an impor-
tant role in altering epitbelial permeability dur-
ing immediate bypersensitivity reactions. Using
a monoclonal antibody against the chymase
mouse mast cell protease-1 (mMCP-1), we bave
shown that it is constitutively expressed in <20%
of esterase-positive (esterase™) IMMCs but not
in esterase™ gastric mucosal mast cells (GMMCs)
in normal BALB/c mice. Intestinal infection with
mouse- or rat-adapted strains of Nippostrongy-
lus brasiliensis resulted in IMMC byperplasia
with 100% of esterase® IMMCs expressing
mMCP-1. In contrast, there was a variable re-
sponse in terms of numbers of GMMCs and of the
Dproportion expressing mMCP-1. Esterase* mast
cells in the gastric submucosa, muscularis, ear
pinna, lung parenchyma, major airway submu-
cosa, and peritoneal cavity did not express
mMCP-1. The few airway esterase* mast cells
expressing mMCP-1 were, like the great majority
of IMMCs and GMMCs, located intraepitbelially.
In conclusion, mMCP-1 is predominantly ex-
Dressed by intraepitbelial mucosal mast cells but
not in all sites; the immunological stimulus asso-
ciated with intestinal nematodiasis substantially
up-regulates mMCP-1 expression by mast cells in

the jejunum but not in the stomach; IMMCs and
GMMCs in BALB/c mice are pbenotypically and
possibly functionally distinct. (Am J Patbol
1997, 150:1661-1672)

Mast cell secretory granule proteases (MCGPs) are
selectively expressed in a tissue- and sometimes
strain-specific fashion.”2 The functional significance
of the tissue-specific expression of MCGPs is sug-
gested from recent studies on rat mast cell pro-
tease-Il (rMCP-II), which is predominantly expressed
by intestinal mucosal mast cells (IMMCs).2 Local
release of this chymase, which is observed during
nematode expulsion from the intestine,* is also as-
sociated with the rapid development of increased
permeability to macromolecules with minimal disrup-
tion of epithelial architecture.>¢ The intraepithelial
location of a high proportion of the IMMCs in nema-
tode-infected rodent jejunum means that locally re-
leased rMCP-Il is ideally placed to alter paracellular
permeability by acting on proteins in the epithelial
junctional complex or receptors in the basolateral
membrane.

The suggested homologue for rMCP-II in mouse
intestine is mouse mast cell protease-1 (MMCP-1)
with which it shares 74% amino acid sequence ho-
mology.” Like rMCP-Il, mMCP-1 is predominantly ex-
pressed in IMMCs.2~"° Analyses using RNA blot-
ting,"" polyclonal-antibody-based enzyme-linked
immunosorbent assays (ELISAs), and immunohisto-
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chemistry have shown that mMCP-1 is also up-reg-
ulated in nematode-infected intestine.’® These ob-
servations suggest that mMCP-1 is likely to be the
functional homologue of rMCP-II, and it is therefore
important to confirm that each protease is similarly
distributed in their respective hosts.

The expression of MCGPs in the gastric mucosa is
of particular interest because of the involvement of
gastric mucosal mast cells (GMMCs) in stress-in-
duced gastric ulcers,'? in increased gastric mucosal
permeability at weaning,'® and in electrophysiologi-
cal changes associated with type 1 hypersensitivi-
ty. " Importantly, GMMCs have been partially repop-
ulated in mast-cell-deficient W/WY mice by
intragastric injection of single peritoneal mast cells
from +/+ littermates.’® The latter result has been a
key finding, supported by a number of recent in vitro
and in vivo studies on the expression of MCGPs in the
development of the hypothesis that mast cell pheno-
type is regulated by tissue microenvironment.'®
However, the question as to whether mouse GMMCs
and IMMCs express the same proteases under some
or all circumstances has not been addressed.

Here we report the development of a mMCP-1-
specific monoclonal antibody (MAb) and its use in
ELISA, immunohistochemistry, and Western blotting
to quantify and immunolocalize mMMCP-1 in different
tissues. Our results show that mMCP-1 is expressed
by a proportion of IMMCs but not by GMMCs in
normal BALB/c mice. However, after nematode-in-
duced hyperplasia of IMMCs and GMMCs, all of the
IMMCs express mMCP-1 whereas expression of
mMCP-1 is more variable in the gastric mucosa.

Materials and Methods
Monoclonal Antibody to MMCP-1

Wistar rats were immunized with three subcutaneous
injections of purified mMMCP-1'7 (9 to 10 ng/injection)
given at monthly intervals. Complete Freunds adju-
vant was used for the first inoculation and incomplete
Freunds adjuvant was used subsequently. At varying
intervals after the third inoculation, the rats were
injected intraperitoneally with 25 ug of mMCP-1 in
phosphate-buffered saline (PBS). Three days after
challenge, rats were euthanized and spleen cells
were harvested and fused with the mouse myeloma
cell line NSO using polyethylene glycol 4000 and a
centrifugation method.’® Supernatants from wells
containing viable cells after hypoxanthine, amino-
pterin, and thymidine selection were screened for
specific antibody by ELISA on microtiter plates
coated with purified mMCP-1 at 1 pug/ml. Antibody-
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Figure 1. Mean fecal egg counts from mice infected with either the rat-
or mouse-adapted strain of N. brasiliensis (experiment 2).

producing cells were cloned three times by limiting
dilution to give three mMCP-1-specific monoclonal
cell lines. Supernatant from one clone, RF6.1, gave
optical densities on ELISA of >75% of a positive
control (positive control was a 1:200 dilution of serum
taken from the immune rat immediately before har-
vest of the spleen) and the secreted MAb RF6.1 was
identified as a rat IgG1 (rat monoclonal isotyping kit,
Serotec, Kidlington, UK).

Specificity of the mMCP-1 Monoclonal
Antibody

Two identical immunoblots were prepared by sepa-
rating purified mMCP-1 glycoforms A-E'7 (0.4 to 0.7
wugllane), mMCP 4 (0.3 ug/lane), and purified mouse
peritoneal cells (3 X 10° cells/lane extracted and
boiled in sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis sample buffer containing
10% 2-mercaptoethanol) as described previously'”
by 12% SDS-polyacrylamide gel electrophoresis fol-
lowed by transfer to nitrocellulose. The blots were
then probed using maximal MAb RF6.1 supernatant
diluted 1:1 with PBS/0.5% Tween 20 or non-cross-
absorbed rabbit anti-mMCP-1 serum diluted 1:50
with PBS/Tween 20. The blots were then developed
using the appropriate conjugate (optimally diluted
goat anti-rat IgG-horseradish peroxidase or goat an-
ti-rabbit IgG-horseradish peroxidase) and diamino-
benzidene substrate.

Infection with Nippostrongylus brasiliensis

Two strains of the nematode parasite N. brasiliensis
were maintained as described previously'™ and
used to infect mice. The rat-adapted strain of the
parasite caused a transient infection of the mice with
no eggs detectable in the feces in experiment 1 and
a low number of eggs detectable on days 6, 7, and
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Figure 2. Worm counts (mean * SEM) from mice (n = 3/group)
infected with the rat- or mouse-adapted strain of N. brasiliensis.

8 in experiment 2 (Figure 1). The mouse-adapted
strain (kindly supplied by Dr. J. Urban) produced a
more prolonged infection resulting in measurable
fecal egg counts from day 6 persisting to the end of
experiment 2 (Figure 1). In support of these data,
worms were detected in the intestines of mice (n =
3) 5 days after infection with either strain, but on day
10 there was a residual worm burden only in the mice
infected with the mouse strain (Figure 2).

Tissue Collection and Preparation for
mMCP-1 Assay and Histology

Twelve-week-old BALB/c mice (Bantam and King-
man, Grimston, Hull, UK) were exsanguinated under
terminal anesthesia either before (day 0, n = 5
experiments 1 and 2) or 10 days after infection (day
10, n = 5) with 400 to 500 third-stage N. brasiliensis
larvae (L3; rat-adapted strain, experiments 1 and 2,
and mouse-adapted strain, experiment 2). Two ad-
jacent pieces of jejunum (2-cm length) from each
mouse were fixed in 4% paraformaldehyde in PBS
(4% PF/PBS)?° or snap frozen by immersion in liquid
nitrogen. A section of stomach taken from the greater
curvature of the fundic region, an ear pinna, and one
lung lobe were also fixed in 4% PF/PBS, and the
remaining stomach, lung lobe, and ear pinna were
snap frozen.

Tissues were fixed in 4% PF/PBS for 6 hours and
transferred to 70% ethanol for storage before trim-
ming, processing, and embedding in paraffin wax.
Frozen tissue was stored at —50°C until homoge-
nized. Frozen tissues were weighed and immediately
homogenized in 1 ml of 20 mmol/L Tris/HCI, pH 7.5,
1 mol/L NaCl on ice.’® The homogenate was then
centrifuged at 12,000 X g for 30 minutes at 4°C. The
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supernatants were stored at —50°C until analyzed for
mMCP-1 and soluble protein content. Soluble protein
in homogenate supernatants was estimated using
the bicinchoninic acid method (Pierce and Warriner,
UK).

ELISA for mMCP-1

mMCP-1 concentrations were assayed in serum
samples using a commercially available ELISA kit
(comELISA; Moredun Animal Health, Edinburgh, UK)
based on a sandwich technique using a sheep anti-
mMCP-1 polyclonal capture antibody and a rabbit
anti-mMCP-1 polyclonal antibody for detection.'®'”
The recommended protocol was followed except
that 3,3',5,5'-tetramethylbenzidine (TMB; Kirkegaard
and Perry Laboratories, Gaithersburg, MD) was used
as the substrate. The results obtained for serum
concentrations of MMCP-1 using the comELISA were
compared with those obtained when the monoclonal
anti-mMCP-1 was incorporated into the ELISA
(MADELISA) as follows. The same sheep anti-
mMCP-1 was used as a capture antibody, and
pooled MAb RF6.1 supernatant was used for detec-
tion of bound mMCP-1. Finally, goat anti-rat 1gG
horseradish peroxidase conjugate (Sigma Chemical
Co., Poole, UK) was used diluted 1:2000 to detect
the bound antibody (MAbELISA). Purified mMCP-1
was used as a standard for all ELISAs, and compa-
rable standard curves were obtained from both the
comELISA and MADBELISA techniques with the linear
range between 0.25 and 4 ng/ml. Subsequently, the
MADBELISA was used to measure mMCP-1 levels in
tissue homogenates.

Esterase Histochemistry for Detection of
Mast Cells

Detection of mast cell granule esterase shows excel-
lent correlation with toluidine blue staining of mast
cells in mouse intestine and identifies all IMMCs.?"
This was the method of choice to allow optimal com-
parison of mast cell detection by histochemical and
immunohistochemical techniques. Paraformalde-
hyde-fixed tissue sections (4-um sections) were de-
waxed in xylene, rehydrated, and then stained for
esterase using Fast Garnet GBC salt (Sigma) and
naphthol AS-D chioroacetate (Sigma)?? and then
mounted using Vectashield (Vector Laboratories,
Bretton, UK).
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Detection of mMCP-1 by
Immunohistochemistry

Preliminary studies showed an unacceptable level of
nonspecific connective tissue staining when stan-
dard fixation in Carnoy’s was used for immunodetec-
tion of MMCP-1 with MAb RF6.1; therefore, paraform-
aldehyde-fixed tissue was used as described above.
Sections were dewaxed in xylene, washed in 100
and 95% ethanol, and then treated with 1% hydro-
gen peroxide in methanol for 20 minutes (3 ml of 30%
H,0, in 97 ml of methanol) to block endogenous
peroxidase activity. The sections were incubated in
PBS plus 0.5 mol/L NaCl with 0.5% Tween 80 (PBS/
NaCl/T80; also used for all antibody dilutions) for 30
minutes before incubation for 1 hour with either MAb
RF6.1 (maximal supernatant diluted 1:10) or rat IgG1
(10 ng/ml; Serotec) as a negative control. Finally, the
sections were incubated with biotinylated anti-rat
IgG (Vector) diluted 1:100 for 30 minutes before
detection using an avidin-biotin complex technique
(Vectastain Elite ABC kit, Vector). Specific binding
was visualized using diaminobenzidine substrate
(Vector), and the sections were counterstained with
hematoxylin. Slides were washed three times in PBS
for 5 minutes each between each step.

Enumeration of Mast Cells

Adjacent tissue sections were stained for esterase or
immunohistochemically for mMCP-1, and mast cells
were counted at X250 magnification; for ear pinna,
lung, and stomach, the number of cells in a given
number of graticule fields (0.24 mm?) was counted.
Esterase- or mMCP-1-positive mast cells in 20 villus
crypt units were counted in the jejunum, and results
are expressed as IMMCs/villus crypt unit.2® Total
mast cells were counted in 5 adjacent fields in lon-
gitudinal sections of ear (1.2-mm? area) and 20 sec-
tions of lung parenchyma (4.8-mm? area). Sections
from major airways were examined, but mast cells
were not counted. In sections of stomach, 5 adjacent
fields (1.2-mm? area) in the glandular area were
scanned with the edge of the graticule aligned along
the luminal edge of the mucosa, and the percentage
of intraepithelial and intra-lamina-propria cells posi-
tive for esterase and mMCP-1 was also estimated;
identical areas of the adjacent sections were ana-
lyzed.

Statistics

Minitab statistical software was used to compare
data using the nonparametric Mann-Whitney and
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Figure 3. Western blot analysis of mast cell proteases using monoclo-
nal anti-mMCP-1 (RFG6.1, A) or non-cross-absorbed rabbit anti-
mMCP-1 serum (B). MAb RFG.1 recognizes only purified mMCP-1
glycoforms A to E (lanes 1 to 5), whereas the polyclonal rabbit serum
recognizes mMCP-1 (lanes 1 to 5), purified mMCP-4 (lane 6), and six
protease bands in peritoneal mast cell extracts (lane 7).

Kruskal-Wallis tests with a significance level of P <
0.05.

Results

Specificity of MAb RF6.1 for mMCP-1

A number of MCGPs have been identified in the
mouse by gene or protein expression.? The chy-
mases, mMMCP-1 to -5, are closely related serine
proteases and may carry cross-reacting epitopes;
therefore, the specificity of MAb RF6.1 was evalu-
ated by Western blotting, immunohistochemistry,
and ELISA. On Western blotting, MAb RF6.1 identi-
fied all five glycoforms of mMCP-1 (Figure 3A) but
did not recognize any protein in lanes containing
purified mMCP-4 or peritoneal cells (which are
known to preferentially express mMCP-4, -5, and
-6)." In contrast, the polyclonal rabbit anti-mMCP1
serum® identified not only purified mMCP-1 and
mMCP-4 but also at least six protein bands in peri-
toneal mast cell extracts (Figure 3B).

The specificity of the MAb RF6.1 was also tested
immunohistochemically on peritoneal cells and jeju-
num and ear pinna from normal BALB/c controls or
from mice infected 10 days previously with N. brasil-
iensis (rat strain). IMMCs in the jejunum were stained,
but peritoneal mast cells and connective tissue mast
cells (CTMCs) in the ear pinna were not (Figure 4).
mMCP-4 and -5 are strongly expressed and
mMCP-2 (along with mMCP-7) is expressed at low
levels in CTMCs in the ear of BALB/c mice’; there-
fore, the complete absence of immunostaining sug-
gests that MAb RF6.1 does not cross-react with any
of these chymases. In addition, in N. brasiliensis-
infected mice in which the gene for mMCP-1 has
been deleted,?* MAb RF6.1 does not identify any
cells in the jejunal mucosa (J. M. Wastling, J. Ure, J.
Mason, P. Knight, A. Smith, E. M. Thornton, S. M.
Wright, C. L. Seudamore, and H. R. P. Miller, unpub-
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Figure 4. Immunoperoxidase detection of mMCP-1 in ear pinna (), jejunal mucosa (b), and gastric mucosa (C) of BALB/c mice, infected 10 days
Ppreviously with the rat strain of N. brasiliensis and gastric mucosa (d) of BALB/c mice, infected 10 days previously with the mouse strain of N.
brasiliensis. Adjacent sections of ear pinna (e) and parasitized jejunal (f) and gastric (§ and h) mucosa were stained for esterase using Fast Garnet
GBC salt and naphthol AS-D chloroacetate. Note that esterase® mast cells in ear pinna are mMCP-1", whereas the abundant intraepitbelial esterase™
mast cells in jejunum are mMCP-1". Staining of mast cells in the gastric mucosa is bighly variable depending on individual animals and strain of
parasite used. Esterase* mast cells (arrows; Q) in the gastric mucosa of a mouse infected with the rat-strain of N. brasiliensis in which all are
mMCP-1" (¢) in contrast to intraepitbelial esterase* mast cells (h) in gastric mucosa of a mouse infected with the mouse strain of N. brasiliensis,
which are all mMCP-1* (d). Immunoperoxidase-labeled sections were counterstained with bematoxylin. Magnification, X 550.
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Table 1. Comparison of Mouse Mucosal Mast Cell Protease (mMCP-1) Concentration in Mouse Serum Measured Using

Two ELISA Techniques

mMCP-1 (ng/ml)

Day of
Experiment infection n comELISA MAD ELISA
1 0 5 127.4 (77-189) 125.2 (85-194)
10 (rat) 5 6490 (5065-8690) 6885 (6105-7450)
2 0 5 90.3(62.1-198.3)
10 (rat) 5 4682 (3640-11818)
10 (mouse) 5 9362 (2568-24493)

Data are expressed as median (range). Serum was taken from mice before (day 0) or 10 days after infection with a rat-adapted
(experiment 1) or mouse-adapted (experiment 2) strain of N. brasiliensis. ELISA techniques were used as described in Materials and
Methods. No significant difference was found between the two techniques for measuring serum mMCP-1 concentrations.

lished observations), providing further evidence that
the antibody does not cross-react with any other
mast cell protease.

The suitability of MAb RF6.1 for detection and
quantification of mMMCP-1 was further investigated
by comparing protease concentrations in serum
samples assayed using either the commercial
ELISA kit (comELISA) or an adaptation of the kit
incorporating MAb RF6.1 (MADELISA; see Materi-
als and Methods). mMMCP-1 concentrations in sera
from mice on day O or 10 of infection were not
significantly different when compared by the two
ELISA methods (Table 1).

Taken together, the Western blotting, immunohis-
tochemical, and ELISA data suggest that MAb RF6.1
is highly specific for mMCP-1.

Immunohistochemical Localization of
mMCP-1: Comparison with Esterase
Staining

The precise tissue distribution of mMCP-1 in the
gastrointestinal tract and lungs of normal and para-
site-infected BALB/c mice was analyzed using MAb
RF6.1 to detect the intracellular localization of the
protease. The results were quantitatively compared
with mast cell distribution identified histochemically
by esterase staining.

When the numbers of esterase* mast cells in the
gastrointestinal tract were compared with the num-
ber of MMCP-1* mast cells in normal BALB/c mice,
approximately 4 to 20% of IMMCs and an occasional
intraepithelial GMMC (<10% in 2 of 10 mice) but no
esterase™ submucosal mast cells were mMCP-1*
(Table 2). These results are entirely consistent with
the ELISA data (see below) and suggest that the
constitutive release of mMMCP-1 into plasma is from
the IMMC population.

Infection with the rat strain of N. brasiliensis in
experiment 1 resulted in comparable increases in
esterase*/mMCP-1* mast cells in the jejunal mu-
cosa (Table 2), but a more variable picture was seen
in the gastric mucosa. An eightfold increase in es-
terase™ mast cells occurred in the gastric mucosa,
but the majority were mMCP-1~ (Table 2). Only a
small number of mMMCP-1* GMMCs, which were all
intraepithelial, were detected in two of five mice (Ta-
ble 2). To investigate whether this apparent differ-
ence in mMCP-1 expression in different mucosal
sites in the gastrointestinal tract was due to the tran-
sient nature of infection with the rat-adapted strain of
N. brasiliensis, the experiment was repeated and was
compared with an infection using a mouse-adapted
strain of N. brasiliensis, which produced a heavier
and more prolonged infestation (Figure 1). In this
second experiment, the increase in esterase™/

Table 2. Median (Range) Mast Cell Counts from Adjacent Tissue Sections Stained for Esterase or mMCP-1

Experi Esterase™ mMCP-1*
-
ment Tissue n Day 0 Day 10 (rat) Day 10 (mouse) Day 0 Day 10 (rat) Day 10 (mouse)
1 Jejunum 5 0.95 (0.45-1.8) 9.75* (5.1-10.9) 0.2 (0.1-0.45) 9.1* (6.35-10.5)
Stomach 5 6.7 (4.2-10.8) 55* (31.7-102.5) 0(0-5) 0(0-7.5)
Ear 5 41.7 (30.0-45.8) 31.7 (23.3-33.3) 0(0) 0(0-0.8)
Lung 5 0(0-0.4) 0.6 (0-0.8) 0(0-0.4) 0.2(0-1.3)
2 Jejunum 5 0.35 (0-1.35) 8.1(6.5-11.8) 9.3 (5.7-13.65) 0(0-0.1) 5.75(3.35-12) 6.45 (3.7-13.95)
Stomach 5 53.3(24.2-76.7) 55.8 (12.75-81.7) 87.5 (60.8-183.3) 0 0(0-138.3) 5.8(0-47.5)
Ear 5 45.8 (25.8-70.8) 30 (28.3-59.2) 47.5(23.3-75) 0 0 0
Lung 5 0 0.21(0-0.42) 0 (0-0.63) 0 0(0-0.42) 0

Counts are expressed as mast cells/mm? except for jejunum where figures represent IMMC/vcu. Sections were stained with naphthol
AS-D chloroacetate (esterase™) or using immunoperoxidase with the monoclonal RF6.1 anti-mMCP-1 antibody (mMCP-1*). Tissues were
taken from mice before (day 0) or 10 days after infection with rat-adapted N. brasiliensis (experiment 1) or mouse-adapted N. brasiliensis

(experiment 2).
*Significantly different from day 0; P = 0.01.



mMCP-1* mast cells in the jejunum was consistent
with experiment 1 regardless of the strain of parasite
used (Table 2). However, there was still a variable
response in the stomach. The number of esterase™/
mMCP-1~ mast cells in the control mice (day 0) was
similar to that seen after infection in experiment 1,
and there was no increase in esterase™ cells after
infection with the rat strain of the parasite, but again
two of five mice had some mMCP-1" GMMCs. In the
mice infected with the mouse strain of the parasite
there was a tendency toward greater mMCP-1 ex-
pression. These mice showed a slight (not statisti-
cally significant) increase in esterase™ cells, and in
four of five mice there were some esterase*/
mMCP-1* GMMCs. In an additional experiment us-
ing the mouse strain of N. brasiliensis, 100% of the
esterase GMMCs (median and range of counts, 77
and 49.9 to 155/mm?) were found to be mMCP-1+
(median and range of counts, 72.8 and 33.2 to 156/
mm?; Figure 4), suggesting that there can be con-
siderable variability between batches of mice and
infections. In this additional experiment, very high
fecal egg counts (30,000 eggs per gram on day 7)
were noted, and it is therefore possible that in this
particular instance mMCP-1 expression is related to
both persistence and level of infection. In all of the
mice studied, none of the esterase™ submucosal
mast cells expressed mMCP-1 protein, emphasizing
that this protease is expressed exclusively at muco-
sal sites.

Esterase* mast cells in the ear pinna of all mice
studied were uniformly mMCP-1~ (Figure 4). Ester-
ase™ mast cells in the lungs were grouped around
the major airways and were again mMCP-1~ (Figure
5). The only mMCP-1*/esterase* cells found in the
lungs were either intraepithelial (Figure 5) or, in one
infected mouse, associated with a small parasitic
granuloma.

mMCP-1 Distribution in Normal and
Nematode-Infected Mice: ELISA
Measurement

Protease concentrations in tissue homogenates from
normal mice and from mice infected with the mouse-
and rat-adapted strains of N. brasiliensis were also
compared using the MAb RF6.1-adapted ELISA. In
uninfected animals, mMCP-1 was present in the in-
testine (Table 3) and in serum (Table 1), confirming
previous observations that mMCP-1, like rMCP-II,® is
secreted constitutively in normal animals (reviewed
by Miller et al®). On day 10 after infection with either
strain of N. brasiliensis, mMMCP-1 concentrations had
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significantly increased (P = 0.01) in serum (Table 1)
and increased levels of mMMCP-1 were detected in all
tissues assayed (Table 3), in agreement with previ-
ous studies using Trichinella spiralis.® Increases in
mMCP-1 concentration were most apparent in the
serum and jejunum where there was a 20- to 279-fold
increase in the median concentration (Table 3).
mMCP-1 levels in the gastric homogenates from nor-
mal (day 0) mice were 6 (experiment 1) to 13 (ex-
periment 2) times lower on a per wet weight basis
than in the jejunum. After infection with either strain of
N. brasiliensis, mMMCP-1 levels in the stomach were
significantly (P = 0.01) increased, but in contrast to
the jejunum the concentrations were only 5 to 14
times that seen in controls. This modest increase in
mMCP-1, when compared with that seen in the jeju-
num, may in part be attributable to the increased
level of plasma mMCP-1 (Table 1) at this time be-
cause mast cells positive for mMMCP-1 were virtually
absent from the gastric mucosa (Table 2). Western
blotting of homogenates from infected and unin-
fected mice also confirmed this pattern, with little or
no observable mMCP-1 on day 0 but clearly visible
immunoreactive bands in jejunal but not gastric ho-
mogenates on day 10 (experiment 1; Figure 6).

Concentrations of mMCP-1 were very low in ho-
mogenates of ear pinna and lung from control mice
but were slightly increased after infection with either
strain of N. brasiliensis (Table 3). These increases
may, similarly, be due to increased levels of MMCP-1
in plasma, as reported previously,'® and this is sup-
ported by the absence of mMMCP-1* cells in these
tissues (Table 2).

Discussion

Mast cell heterogeneity has historically been defined
on the basis of proteoglycan and protease compo-
sition of the cytoplasmic granules and, using these
criteria, IMMCs are phenotypically distinct from
CTMCs in a number of species.?® In the mouse,
expression of proteases has previously been identi-
fied by RNA blotting and through the use of poly-
clonal anti-peptide and anti-protein antibodies.™ 7 In
this study, we have, for the first time, used a MAb
(RF6.1) that is highly specific for mature mMCP-1
protein. It has clearly demonstrated the highly re-
stricted localization of mMMCP-1 immunoreactivity to
intraepithelial mast cells in the jejunum, gastric mu-
cosa, and major airways and its complete absence
from mast cells in the submucosa, peritoneum, and
ear pinna. The results are consistent with RNA blot-
ting" and with previous ELISA studies'® and provide
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Figure 5. 1 operoxidase labeling demonstrating the intraepithelial expression of mMCP-1 by mast cells in the glandular part of the stomach (a) and
a main stem bronchus (b) from a BALB/c mouse infected with the mouse strain of N. brasiliensis. Abundant mMCP-1* GMMCs (arrow) are located
intraepithelially in the glandular tissue of the stomach (@), which is confirmed by esterase staining (aIrow) in C. In the section of bronchus, an mMCP-1*
mast cell is located intraepithelially (arrow inb), as is an esterase* mast cell (arrow ind) in an adjacent section. Note that esterase® mast cells(arrowheads)
are present in the submucosa of the nonglandular part of the stomach (€) and in the submucosa of the bronchus (d), but none is detected immunobis-
tochemically (a and b). Immunoperoxidase-labeled sections were counterstained with hematoxylin. Magnification, X 550.
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Table 3.  Comparison of Mouse Mast Cell Protease-1 (mMCP-1) Concentrations Measured by ELISA in Different Tissue
Homogenates
mMCP-1 (ng/mg soluble protein)
Experiment Tissue n Day O Day 10 (rat) Day 10 (mouse)

1 Jejunum 5 56.5 (41.9-85) 15740* (12972-25643)
Stomach 5 9.4 (4.9-19.3) 134.5* (34.6-419.4)
Ear 5 0.27 (0.19-3.34) 18.3* (15.4-23.2)
Lung 5 0.22(0.14-0.42) 16.8* (12.7-46.3)

2 Jejunum 5 223.8 (55.7-982.8) 4649 (4287-7169) 12380* (4914-19018)
Stomach 5 16.7 (6.2-39.2) 97.5" (31.8-899.8) 246.6" (71.2-1917)
Ear 5 ND 8.6 (2.2-9.8) 16.5 (4.3-62.8)
Lung 5 ND 10.4 (2.4-13.7) 18.4 (4.6-35.5)

Data are expressed as median (range). Tissues were taken from mice before (day O) or 10 days after infection with rat-adapted

(experiments 1 and 2) or mouse-adapted (experiment 2) N. brasiliensis.

Significantly different from day 0; *P = 0.01; TP = 0.02.

supporting evidence that this chymase is likely to be
active at epithelial barriers. However, in contrast to
previous studies using polyclonal antibodies,®'” the
present results show that not all IMMCs in normal
BALB/c mice store detectable quantities of mMMCP-1
in their granules; nor is this protease detectable in
the great majority of GMMCs. Some of the differ-
ences between this and previous studies can be
ascribed to differences in antibody specificity and/or
fixation technique. For example, comparison of
mMCP-1 concentrations in tissue homogenates from
experiment 1 using the commercial ELISA kit based
on the polyclonal antibody versus the adaptation us-
ing the MAb clearly indicated that the polyclonal
antibody overestimated mMCP-1 concentrations in
the jejunum (110 versus 56 ng/ml) and stomach (194
versus 9.4 ng/ml) of normal mice and in the stomach
of infected mice (3261 versus 134 ng/ml). These data
highlight the increased specificity of MAb RF6.1

1 2 3

kD

31- - “

Figure 6. Western blot analysis using MAb RF6.1 of purified mMCP-1
(lane 1; 0.24 pg of mMCP-D and jejunal (lane 2; 50 pg of soluble
protein) and gastric (lane 3; 50 ug of soluble protein) homogenates
taken from a mouse 10 days after infection with the rat-adapted strain
of N. brasiliensis. Note the bigh level of expression of mMCP-1 in the
Jejunal compared with the gastric hbomogenate (distinct band clearly
visible in lane 3 of original blot).

when compared with the polyclonal antibody. Our
original study® using polyclonal anti-mMCP-1 on
Carnoy-fixed tissues was not able to distinguish
mMCP-1 from the other mouse chymases, although
in a subsequent study'” using affinity-purified cross-
absorbed polyclonal antibodies, the specificity was
greatly improved. However, MAb RF6.1 not only
demonstrates a more highly restricted distribution of
mMCP-1 by immunohistochemistry but its specificity
is further confirmed in N. brasiliensis-infected,
mMCP-1 knockout mice®* in which no immunoreac-
tivity is detected in the intestine by immunohisto-
chemistry or by ELISA in intestinal homogenates or
serum (J. M. Wastling, J. Ure, J. Mason, P. Knight,
A. Smith, E. M. Thornton, S. M. Wright, C. L. Scud-
amore, and H. R. P. Miller, unpublished observa-
tions).

The current experiments also demonstrated that
GMMCs can be recruited to the mucosa during in-
testinal nematode infection and remain mMCP-1".
Taken together, the results suggest that MMC pop-
ulations, based on their protease content, can be
subdivided into additional phenotypes. This is in
agreement with a recent publication®® describing the
presence of mMCP-1*/mMCP-2*/mMCP-5~ and
mMCP-1~"/mMCP-2*/mMCP-5* IMMCs in BALB/c
mice 2 and 4 weeks after infection with T. spiralis.

Although the existence of heterogeneity within
mast cell populations is not disputed, the origin of
the different populations is not understood. Mast
cells are known to be derived from pluripotent bone
marrow stem cells,2”28 but the stage of differentia-
tion and site at which their phenotype is committed is
unknown. Mature mast cells are not found in the
circulation, although circulating mast cell precursors
in fetal blood do contain mRNA transcripts for
mMCP-4 and carboxypeptidase A.2° This would
suggest that CTMCs may have a committed precur-
sor population during fetal development. However, it
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is also likely that final differentiation is triggered by
the local tissue microenvironment. This still leaves
the question of whether the ultimate phenotype is
defined in the bone marrow (and that the predes-
tined cells enter specific tissues due to homing mol-
ecules on the cell surface®®) or once the cell has
entered a tissue and been exposed to local growth
factors and cytokines. Evidence for the latter view is
supported by a number of in vivo and in vitro studies.
In vivo, the repopulation of W/WY mast-cell-deficient
mice with mouse bone marrow cells suggested that
mast cells could differentiate in an animal lacking the
ability to produce its own normal mast cell popula-
tion.2"32 More specifically, the ability of CTMCs to
transdifferentiate into MMCs in the gastric mucosa
when injected into W/WY mice has also been dem-
onstrated.'®*® Recently, careful studies involving the
transplantation of readily identifiable v-abl-immortal-
ized immature mast cells into BALB/c mice have
shown that the grafted cells localize to the spleen,
liver, and intestine where protease expression be-
comes modified dependent on the tissue.®* In vitro
studies have shown that the transcription of protease
genes in cultured mouse BMMCs can be modulated
by the presence of fibroblasts, cytokines (IL-3, -4, -9,
and -10) and kit ligand (reviewed by Springman and
Serafin®). In particular, mMCP-1 transcription in
mBMMCs grown in the presence of IL-3 is up-regu-
lated by IL-9%% and IL-10,'"3® and the control of
chymase expression, at least in vitro, is dependent
on post-transcriptional regulation.3” In the current
study, the pattern of mMMCP-1 protein expression in
tissues differed in individual animals. In addition,
there was a tendency for more mMMCP-1* GMMCs in
mice infected with the mouse strain of the parasite,
and it is possible that alterations in the time course of
a parasite infection could alter the recruitment pat-
tern of mast cells as it is known that with bone mar-
row reconstitution of W/WY mice the repopulation of
different organs occurs at different times.® It also
has to be noted, as has been pointed out for human
IMMCs,®® that the apparent absence of a particular
chymase in a given population of mast cells may be
due to different function or stage of maturation. The
current results, however, indicate that in normal
BALB/c mice GMMCs and IMMCs are phenotypi-
cally distinct and that mMCP-1 probably does not
play a functional role in the normal gastric mucosa.
Given that there are strain differences in the expres-
sion of MCGPs in mice," it will be interesting to
determine whether other mouse strains in which
GMMC function has been studied*® vary in their
gastric expression of mMMCP-1.

This study has demonstrated that both mMCP-1*
and mMCP-1~ MMCs can be found in the gastroin-
testinal tract of BALB/c mice and that the localization
of mMMCP-1* cells may be altered in different para-
site infections. Additional studies are required to fol-
low the establishment of MMC populations with var-
ied protease phenotypes during the course of
parasite infections and to determine the relationship
of these changes in vivo to other factors such as
cytokine production.

Acknowledgments

We gratefully acknowledge the assistance of the
staff of the Histopathology Laboratory (Department
of Veterinary Pathology, University of Edinburgh). We
also wish to thank Dr. J. Urban for kindly supplying
the mouse-adapted N. brasiliensis culture.

References

1. Stevens RL, Friend DS, McNeil HP, Schiller V, Ghildyal
N, Austen KF: Strain-specific and tissue-specific ex-
pression of mouse mast cell secretory granule pro-
teases. Proc Natl Acad Sci USA 1994, 91:128-132

2. Hunt JE, Stevens RL: Mouse mast cell proteases. Bio-
logical and Molecular Aspects of Mast Cell and Baso-
phil Differentiation and Function. Edited by Y Kitamura,
S Yamamoto, SJ Galli, MW Greaves. New York, Raven
Press, 1995, pp 149-160

3. Miller HRP, Huntley JF, Newlands GFJ: Mast cell chy-
mases in helminthosis and hypersensitivity. Mast Cell
Proteases in Immunology and Biology. Edited by GH
Caughey. New York, Marcel Dekker, 1995, pp 203-235

4. Woodbury RG, Miller HRP, Huntley JF, Newlands GFJ,
Paliser AC, Wakelin D: Mucosal mast cells are function-
ally active during the spontaneous expulsion of primary
intestinal nematode infection in the rat. Nature 1984,
312:450-452

5. Scudamore CL, Thornton EM, McMillan L, Newlands
GFJ, Miller HRP: Release of the mucosal mast cell
granule chymase, rat mast cell protease-Il, during ana-
phylaxis is associated with the rapid development of
paracellular permeability to macromolecules in rat je-
junum. J Exp Med 1995, 182:1871-1881

6. Scudamore CL, Pennington AM, Thornton E, McMillan
L, Newlands GFJ, Miller HRP: Basal secretion and ana-
phylactic release of rat mast cell protease-Il (RMCP-II)
from ex vivo perfused rat jejunum: translocation of
RMCP-II into the gut lumen and its relation to mucosal
histology. Gut 1995, 37:235-241

7. Le Trong H, Newlands GFJ, Miller HRP, Charbonneau
H, Neurath H, Woodbury RG: Amino acid sequence of
a mouse mast cell protease. Biochemistry 1989, 28:
391-395

8. Newlands GFJ, Gibson S, Knox DP, Grencis R, Wakelin



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

D, Miller HRP: Characterisation and mast cell origin of
a chymotrypsin-like proteinase isolated from intestines
of mice infected with Trichinella spiralis. Immunology
1987, 62:629-634

. Miller HRP, Huntley JF, Newlands GFJ, Mackellar A,

Lammas DA, Wakelin D: Granule proteinases define
mast cell heterogeneity in the serosa and the gastroin-
testinal mucosa of the mouse. Immunology 1988, 65:
559-566

Huntley JF, Gooden C, Newlands GFJ, Mackellar A,
Lammas DA, Wakelin D, Tuohy M, Woodbury RG, Miller
HRP: Distribution of intestinal mast cell proteinase in
blood and tissues of normal and Trichinella-infected
mice. Parasite Immunol 1990, 12:85-95

Ghildyal N, McNeil HP, Stechschulte S, Austen KF,
Silberstein D, Gurish MF, Somerville LL, Stevens RL:
IL-10 induces transcription of the gene for mouse mast
cell protease-1, a serine protease preferentially ex-
pressed in the mucosal mast cells of Trichinella spiralis-
infected mice. J Immunol 1992, 149:2123-2129
Wong D, Ogle CW: Chronic parenterally administered
nicotine and stress-induced or ethanol-induced gastric
mucosal damage in rats. Eur J Pharmacol 1995, 292:
157-162

Catto-Smith AG, Ripper JL: Mucosal mast cells and
developmental changes in gastric absorption. Am J
Physiol 1995, 268:G121-G127

Crowe SE, Perdue MH: Gastrointestinal food
hypersensitivity: basic mechanisms of pathophysiol-
ogy. Gastroenterology 1992, 103:1075-1095

Sonoda S, Sonoda T, Nakano T, Kanayame Y, Ka-
nakura Y, Asai H, Yonezawa T, Kitamura Y: Develop-
ment of mucosal mast cells after injection of a single
connective tissue-type mast cell in the stomach mu-
cosa of genetically mast cell-deficient W/WY mice. J Im-
munol 1986, 137:1319-1322

Springman EB, Serafin WE: Secretory endo- and ex-
opeptidases of mouse mast cells: structure, genetics,
and regulation of expression. Mast Cell Proteases in
Immunology and Biology. Edited by GH Caughey. New
York, Marcel Dekker, 1995, pp 169-201

Newlands GFJ, Knox DP, Pirie-Shepherd SR, Miller
HRP: Biochemical and immunological characterization
of multiple glycoforms of mouse mast cell protease 1:
comparison with an isolated murine serosal mast cell
protease (MMCP-4). Biochem J 1993, 294:127-135
Harlow D, Lane E: Monoclonal antibodies. Antibodies:
A Laboratory Manual. Edited by D Harlow, E Lane. Cold
Spring Harbor Laboratory, NY, Cold Spring Harbor
Laboratory Press, 1988, pp 139-243

Nawa Y, Miller HRP: Protection against N. brasiliensis by
adoptive immunisation with immune thoracic duct lym-
phocytes. Cell Immunol 1978, 37:51-60

Newlands GFJ, Huntley JF, Miller HRP: Concomitant
detection of mucosal mast cells and eosinophils in the
intestines of normal and Nippostrongylus-immune rats:
a re-evaluation of histochemical and immunocyto-

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Intestinal Mast Cell Proteases 1671
AJP May 1997, Vol. 150, No. 5

chemical techniques. Histochemistry 1984, 81:585-
589

Huntley JF, Newlands GFJ, Gibson S, Ferguson A,
Miller HRP: Histochemical demonstration of chymo-
trypsin-like serine esterases in mucosal mast cells in
four species including man. J Clin Pathol 1985, 38:
375-384

Seppa HEJ: Rat skin main neutral protease: immuno-
histochemical localization. J Invest Dermatol 1987, 71:
311-315

Miller HRP, Jarrett WFH: Immune reactions in mucous
membranes. |. Intestinal mast cell responses during
helminth expulsion in the rat. Immunology 1971, 20:
227-288

Wastling JM, Ure J, Knight P, Mason J, Smith A, Miller
HRP: Deletion of the mouse mast cell granule pro-
tease-1 allele by homologous gene targeting. Immunol-
ogy 1996, 89:14

Miller HRP: Mast cells: their function and heterogeneity.
Allergy and Immunity to Helminths: Common Mecha-
nisms or Divergent Pathways. Edited by R Mogbel.
London, Taylor and Francis, 1992. pp. 228-248
Friend DS, Ghildyal N, Austen KF, Gurish MF, Mat-
sumoto R, Stevens RL: Mast cells that reside at differ-
ent locations in the jejunum of mice infected with
Trichinella spiralis exhibit sequential changes in their
granule ultrastructure and chymase phenotype. J Cell
Biol 1996, 135:279-290

Kitamura Y, Shimada M, Hatanaka K, Miyano Y: Devel-
opment of mast cells from grafted bone marrow cells in
irradiated mice. Nature 1977, 268:442-444

Galli SJ: New insights into 'the riddle of mast cells’:
microenvironmental regulation of mast cell develop-
ment and phenotypic heterogeneity. Lab Invest 1990,
62:5-33

Rodewald HR, Dessing M, Dvorak AM, Galli SJ: Iden-
tification of a committed precursor for the mast cell
lineage. Science 1996, 271:818-822

Smith TJ, Weis JH: Mucosal T cells and mast cells
share common adhesion receptors. Immunol Today
1996, 17:60-63

Nakano T, Sonoda T, Hayashi C, Yamatodani A, Ka-
nayama Y, Yamamura T, Asai H, Yonezawa T, Kitamura
Y, Galli SJ: Fate of bone marrow-derived cultured mast
cells after intracutaneous, intraperitoneal and intrave-
nous transfer into genetically mast cell-deficient W/WY
mice. J Exp Med 1985, 162:1025-1043

Kitamura Y, Go S, Hatanaka K: Decrease of mast cells
in W/WY mice and their increase by bone marrow trans-
plantation. Blood 1978, 52:447-452

Kobayashi T, Nakano T, Nakhata T, Asai H, Yagi VY,
Tsuji K, Komiyama A, Akabane T, Kojima S, Kitamura Y:
Formation of mast cell colonies in methylcellulose by
mouse peritoneal cells and differentiation of these
cloned cells in both the skin and the gastric mucosa of
W/WY mice: evidence that a common precursor can
give rise to both connective tissue-type and mucosal
mast cells. J Immunol 1986, 136:1378-1384



1672

Scudamore et al

AJP May 1997, Vol. 150, No. 5

34.

35.

36.

37.

Gurish MF, Pear WS, Stevens RL, Scott ML, Sokol K,
Ghildyal N, Webster MJ, Hu X, Austen FK, Baltimore D,
Friend DS: Tissue-regulated differentiation and matu-
ration of a v-abl-immortalized mast cell-committed pro-
genitor. Immunity 1995, 3:175-186

Eklund KK, Ghildyal N, Austen KF, Stevens RL: Induc-
tion by IL-9 and suppression by IL-3 and IL-4 of the
levels of chromosome 14-derived transcripts that en-
code late-expressed mouse mast cell proteases. J Im-
munol 151:4266-4273

Ghildyal N, Friend DS, Nicodemus CF, Austen KF,
Stevens RL: Reversible expression of mouse mast cell
protease 2 mRNA and protein in cultured mast cells
exposed to interleukin 10. J Immunol 1993, 151:3206-
3214

Xia ZN, Ghildyal N, Austen KF, Stevens RL: Posttran-

38.

39.

40.

scriptional regulation of chymase expression in mast
cells: a cytokine dependent mechanism for controlling
the expression of granule neutral proteases of hema-
topoietic cells. J Biol Chem 1996, 271:8747-8753

Du T, Friend DS, Austen KF, Katz HR: Tissue-depen-
dent differences in the asynchronous appearance of
mast cells in normal mice and in congenic mast cell-
deficient mice after infusion of normal bone marrow
cells. Clin Exp Immunol 1996, 103:316-321
Aldenborg F, Enerback L: The immunohistochemical
demonstration of chymase and tryptase in human in-
testinal mast cells. Histochem J 1994, 587-596
Wershil BK, Furuta GT, Wang ZS, Galli SJ: Mast cell-
dependent neutrophil and mononuclear cell recruit-
ment in immunoglobulin E-induced gastric reactions in
mice. Gastroenterology 1996, 110:1482-1490



