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The Journal of Immunology

Genetic Variation Determines Mast Cell Functions in
Experimental Asthma

Marc Becker,* Sebastian Reuter,” Pamela Friedrich,* Fatma Doener,* Anastasija Michel,*
Tobias Bopp,* Matthias Klein,* Edgar Schmitt,* Hansjorg Schild,* Markus P. Radsak,*
Bernd Echtenacher,” Christian Taube,”' and Michael Stassen*’!

Mast cell-deficient mice are a key for investigating the function of mast cells in health and disease. Allergic airway disease induced as
a Th2-type immune response in mice is employed as a model to unravel the mechanisms underlying inception and progression of
human allergic asthma. Previous work done in mast cell-deficient mouse strains that otherwise typically mount Th1-dominated
immune responses revealed contradictory results as to whether mast cells contribute to the development of airway hyperrespon-
siveness and airway inflammation. However, a major contribution of mast cells was shown using adjuvant-free protocols to achieve
sensitization. The identification of a traceable genetic polymorphism closely linked to the Kit""" allele allowed us to generate
congenic mast cell-deficient mice on a Th2-prone BALB/c background, termed C.B6-Kit"*". In accordance with the expectations,
C.B6-Kit"*" mice do not develop IgE- and mast cell-dependent passive cutaneous anaphylaxis. Yet, unexpectedly, C.B6-Kit"*"
mice develop full-blown airway inflammation, airway hyperresponsiveness, and mucus production despite the absence of mast
cells. Thus, our findings demonstrate a major influence of genetic background on the contribution of mast cells in an important
disease model and introduce a novel strain of mast cell-deficient mice. The Journal of Immunology, 2011, 186: 000-000.

ast cell-deficient mice with mutations in the white
M spotting (W) locus are valuable tools for studying mast

cell biology in vivo. The use of such mice extended
our knowledge of mast cell functions in innate and adaptive im-
munity (1).

Mutations of the W locus in mice have been investigated in
detail due to their marked effects on hematopoiesis, melanogen-
esis, and spermatogenesis. Eventually, mutated alleles of the gene
encoding the stem cell factor receptor tyrosine kinase c-Kit
(CD117) were shown to be responsible for the observed pheno-
types (2). Among these mutations, Kir" encodes a nonfunctional
soluble receptor (3), and the Kir"™ allele bears a point mutation in
the kinase domain of c-Kit, leading to reduced activity (4). The
genotype Kit"/Kit"™ causes severe mast cell deficiency and thus
has been widely used to investigate mast cell biology (5). Yet,
a major disadvantage of these mice is their mixed genetic back-
ground resulting from the cross of WB/Rel-Kir" with C57BL/6-
Kit"™, leading to WBB6F1-Kir"/Kit"", which are mast cell-
deficient, infertile, black-eyed albinos. Complex genetic back-
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ground and infertility restricts the application of these F1 hybrids
in models involving breedings with genetically engineered mice.

Recently, these limitations were overcome by using mast cell-
deficient Kir"*"/Kir"*" (“sash™) mice (6). Initially, the Kir"*"
mutation arose spontaneously in a C3H/HeH X 101 H progeny
exhibiting a white sash around its midsection, which is the typical
phenotype of heterozygous Kir*/Kit"*" mice with an otherwise
dark coat color (6, 7). Further studies revealed that Kir"*" does
not affect the c-kir gene itself but represents an inversion of a 3 cM
segment on chromosome 5 ~72 kbp upstream of the c-kir tran-
scriptional start site (8-10). This chromosomal inversion was
suggested to impair regulatory elements controlling c-kit expres-
sion. Other observations imply that additional deletions of cis-
acting control elements within the upstream 200 kbp of c-kit cause
the observed phenotype and not position effects based on DNA
inversion (11). However, in mice bearing the homozygous sash
mutation, mast cell expression of c-Kit is severely impaired, and
adult mice are devoid of mast cells (6, 9, 12). Kit"*"/ Ki"*" mice
are fertile, lack anemia, and are available on a uniform C57BL/6
background. It should be noted that in both strains, mast cell-
deficient progenies can easily be identified as black-eyed albinos
originating from black colored parents, which circumvents the
need for sophisticated genotyping procedures.

Taken together, our knowledge about mast cell functions in vivo
originates exclusively from murine models on either a mixed or
uniform C57BL/6 background. Especially with regard to models
for allergic diseases and parasite infections, it should be desirable to
investigate the role of mast cells in a Th2-prone BALB/c envi-
ronment.

We identified an easily traceable DNA polymorphism linked to
the Kit"" mutation, which allowed us to transfer this allele into
albinotic BALB/c mice, generating the strain C.B6-Kit""*". This
novel strain is also profoundly mast cell deficient and resistant to
passive cutaneous anaphylaxis (PCA). Yet, comparing mast cell-
deficient C.B6-Kir"*" mice with their mast cell-competent litter-
mates, we found that mast cells do not contribute to the devel-
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opment of allergic airway disease, a model for human allergic
asthma. This is in sharp contrast to previous findings demon-
strating that mast cells are required to elicit airway inflammation
and airway hyperresponsiveness (AHR) in WBB6F1-Kir"/Kit"™
and C57BL/6-Kit"*"/Kir"*" mice. Thus, in complex disease
models, the function of mast cells can be dictated by the genetic
environment.

Materials and Methods
Mice

Genetically mast cell-deficient Kir™*""*" mice on a C57BL/6 background
were kindly provided by Marcus Maurer (Department of Dermatology,
Charite, Berlin, Germany) and bred in our own animal facility. Congenic
mast cell-deficient C.B6-Kir"™" were generated by backcrossing hetero-
zygous Kir™”"*" mice at least nine times on BALB/c. Mast cell-deficient C.
B6-Kir""*" mice and wild-type littermates were obtained by intercrossing
heterozygous mice from the 9th and 10th backcrosses. Mice were used at
the age of 10-12 wk, and the animal procedures were conducted in ac-
cordance with the institutional guidelines.

PCR and DNA sequencing

To detect the polymorphism linked to Kit"**", specimens of biopsies were

genotyped by PCR using Phusion DNA Polymerase (Finnzymes, Espoo,
Finland) and the following oligonucleotides: Kit.for, 5'-ACG TGA ATT
CCT GGT CTA CAG AGC AAG ATC C-3' and Kit.rev 5'-ACG TGA ATT
CAT TAA TGC AGT TCT CAT GAG ACC-3'. The polymorphism that is
linked to the Kir™*" mutation was identified by DNA sequencing of the
PCR products.

Passive cutaneous anaphylaxis

Induction of PCA was conducted as previously described (13). In brief,
C.B6-Kir"™*" mice and congenic wild-type littermates were sensitized by
intradermal injection of 1 g murine monoclonal anti-DNP IgE (clone
SPE-7; Sigma-Aldrich) in 50 wl PBS into the right ear. The left ears re-
ceived injections of 50 wl PBS as control. Mice were challenged 24 h later
by i.v. injection of 50 wg DNP-HSA in 100 pl PBS, including 0.5% Evans
blue, into the tail vein (all reagents from Sigma-Aldrich). Mice were killed
30 min after i.v. injection, ears were removed and weighted, and after
extraction with formamide (Sigma-Aldrich), dye content was determined
by photometric analysis.

Histology

To assess mast cell numbers in murine skin, ears were removed, fixed, and
embedded in paraffin. Sections were used for fluorescence staining of tissue
mast cells with avidin-Alexa 488 (Molecular Probes, Invitrogen, Karlsruhe,
Germany) as detailed previously (14). Avidin is a heparin-binding protein
that specifically binds to mast cell granules. Mast cell numbers were
counted over the entire ear and expressed as mast cells per millimeter ear
cartilage. To assess mast cell numbers in lung tissue, lungs were fixed by
inflation (I ml) and immersion in formalin and embedded in paraffin.
Tissue sections were stained as described above. Numbers of mast cells are
expressed as cells per millimeter basement membrane (BM) of the air-
ways. Alternatively, lung sections were stained with H&E or periodic acid-
Schiff (PAS). Peribronchial and perivascular inflammation was graded
with a semiquantitative score (no inflammation = 0—4). The numbers of
PAS-positive mucus-producing cells per millimeter BM was determined
(15).

Flow cytometric analysis

Single-cell suspensions from different organs of the mice were blocked
with unconjugated anti-FcyRII/IIT and stained with the following Abs for
analysis by flow cytometry (all Abs from eBioscience, San Diego, CA):
FITC-conjugated anti-Ly6G (clone RB6-8CS5), PE-conjugated anti-CD11b
(M1/70), PE-Cy7-conjugated anti-CD117 (ACK2), PE-conjugated anti-
FceRI (MAR-1), allophycocyanin-conjugated anti-CD49b (DXS5), FITC-
conjugated anti-CD4 (GK1.5), PE-Cy7—conjugated anti-CD4 (GKI1.5),
allophycocyanin-eFluor780-conjugated anti-CD8 (53-6.7), PE-Cy7—con-
jugated anti-CD19 (eBiolD3), allophycocyanin-conjugated anti-F4/80
(BMS), and allophycocyanin-eFluor780—conjugated anti-CD11c (N418).
Propidium iodide was used to exclude nonviable cells. All analyses were
performed with an LSRII flow cytometer and FACSDiva software (BD
Biosciences, Heidelberg, Germany).

MOUSE STRAIN-DEPENDENT MAST CELL FUNCTIONS

Induction of allergic airway inflammation

Mice were sensitized by i.p. injection of 10 pg OVA in 0.1 ml PBS on days
0, 2, 4, 6, 8, 10, and 12. On days 40, 43, and 46, mice were challenged
intranasally with 20 pl PBS containing 200 pg OVA (Sigma-Aldrich) or
20 wl PBS alone (16). Twenty-four hours after the last challenge, airway
resistance in response to methacholine (MCh), lavage, and fixation of the
lungs were assessed. Additionally, serum was obtained for determination
of OVA-specific Ig titers.

Measurement of airway reactivity and bronchoalveolar lavage

Measurements of airway resistance were performed on anesthetized, in-
tubated, and mechanically ventilated mice (FlexiVent; Scireq, Montreal,
QC, Canada) in response to increasing doses of inhaled MCh (3.125, 6.25,
12.5, 25, and 50 mg/ml for BALB/c; 6.25, 12.5, 25, 50, and 100 mg/ml for
C57BL/6). Measurements of airway resistance were performed every 15 s
after each nebulization step until a plateau phase was reached. After as-
sessment of airway reactivity, lungs were lavaged with PBS (1 ml), and
differential and total cell counts were made as previously described (17).
For differential cell counts, cytocentrifuged preparations were fixed and
stained with the Microscopy Hemacolor set (Merck, Darmstadt, Germany).

Statistical analysis

In the vertical scatter plots, medians are represented by black bars in
figures. Statistical differences were determined using Student’s ¢ test.
Differences in responsiveness to MCh were assessed by repeated-measures
ANOVA. Comparisons for all pairs were performed by the Tukey—Kramer
honest significant difference test. The numbers of eosinophils, histology
score, and PAS-positive cells were initially analyzed by nonparametric
ANOVA (Kruskal-Wallis Test) for overall differences. A p value <0.05
was considered to be significant. Values for all measurements are ex-
pressed as the means * SD.
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FIGURE 1. Identification of a traceable DNA polymorphism linked to
Kit™". A, PCR with a single primer pair yields products of distinct sizes
upstream of c-kit in C57BL/6, BALB/c, and C57BL/6-Kit"*" mice. B,
Schematic representation (not to scale) of the Kit"*" mutation on chro-
mosome 5. Arrows indicate 5’ and 3’ breakpoints leading to the inversion
of ~3 Mbp upstream of c-kit and interruption of corin, as published re-
cently (18). The length polymorphism of PCR products maps to a region
very close to the 3’ breakpoint and is based on the integration of short
repetitive sequences in Kir""*". An additional base exchange is indicated
by an asterisk.
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Results

Identification of a traceable polymorphism linked to the Kit
mutation and generation of congenic mast cell-deficient
C.B6-Kit"™*" mice

W-sh

In an attempt to establish a PCR procedure discriminating Kir""*"

and wild-type Kit" alleles, we used a primer walking strategy to
identify the 3’ breakpoint of the Kir""™ inversion in C57BL/6-
Kir"" mice. This breakpoint was previously reported to be ~72
kbp upstream of the c-kit transcriptional start side. We discovered
a length polymorphism that maps very closely (<1 kbp) to the 3’
breakpoint of Kir"*" recently located by Nigrovic et al. (18). The
length polymorphism observed in PCR reactions amplifying
a 0.8-1.1 kbp fragment of genomic DNA is based on additional
motifs GGA and GAA found adjacent to the 3’ breakpoint of Kir™""
(Fig. 1).

Interestingly, the size of this PCR product also differs between
BALB/c and C57BL/6 strains, which allowed us not only to follow
the fate of the Kir"*" allele in backcrosses from C57BL/6 to
BALB/c but also to distinguish it from the autochthonous wild-
type allele in BALB/c. Unfortunately, due to its highly repetitive

>

character, we were not able to get reliable data from the corre-
sponding sequence in BALB/c (data not shown). However, based
on this genotyping strategy, we were able to generate the con-
genic strain designated C.B6-Kir"*". Histological examinations
revealed that these mice are indeed devoid of mast cells and do not
show passive cutaneous anaphylaxis (Fig. 2).

Influence of the Kit"™™*" mutation and the genetic background
on hematopoietic cell populations

Despite the absence of mast cells, the presence of CD117-
expressing cells in bone marrow and spleen is not impaired by
the Kit"™*" mutation, yet the marrow of C57BL/6 mice shows
a marked increase in CD117-positive cells in general (Fig. 3A).
This strain-specific increase is also evident in the spleens of
C57BL/6 mice, although less impressive. In accordance with
previously published findings (18), the percentage of CD117-
positive cells is increased in the spleens of C57BL/6 mice bear-
ing the Kir"*" mutation (Fig. 3A). A slight but statistically sig-
nificant expansion of CD117-expressing cells is also found in
C.B6-Kit"*" spleens. However, this increase in CD117-positive

w
s
o
E 154 p=0.00407
a L ]
s .
g 104
E .o a
2 L
8 5 e® i A
g .
b -
= . n.d. A nd p=0.001
0 r 4 " 40 - H
S ‘&\o \&s.a’ é@& ‘g,é' 3
] < O © ® A
FIGURE 2. C.B6-Kit"*" mice are devoid of mast o 6‘®> 3 11—
cells and do not develop passive cutaneous ana- © ‘g .
phylaxis. A, Paraffin-embedded ears and lungs, o ;.’, 20 .
previously fixed with formaldehyde, were used for = . :-
fluorescence staining of mast cells with avidin- pe0L014 . % e
Alexa 488. For the detection of peritoneal mast = 154 104
cells, peritoneal lavage was performed and stained b f aag g
, tive cells. B. Mi g A o d o
for FceRI and CD117 double-positive cells. B, Mice E 104 —— 0 ' r . ; - :
were sensitized by intradermal injection of DNP- g oo Aa Strain C57BL/6 BALB/c C.B6-Kit-sh
. . . = [ I ]
specific IgE in the right ear and challenged 24 h & 05 —e A PCA + - + - +
later by i.v. injection of 0.5% Evans blue in com- ’ we
bination with DNP-HSA. Animals were killed 30 n.d. nd.
min after the injection of dye and Ag, ears were 0.0 T T T ™
. . =] £
removed and weighted, and after extraction, dye v{,?} +§3 ,@\)‘o @é\
content was determined by photometric analysis. k2 & & N
Shown are five to eight mice per group. n.d., not o 003\%
detectable.
60 <
@
2 .
z
8
Pl o
g 40 eee, Aaa
B s
E L el
2
& 204
g
=
n.d. n.d.
0 T T L] e
\O £ o F
K & & §
%' é” ()b @
P 59

TTOZ ‘ST A2\ uo 6o jounwiw:mMAmM WO papeo jUMod


http://www.jimmunol.org/

4
A, N e
8 20 VY 8 '
2 1, o 244 p=00212
g 15 . e 7 v
I3 H v g . vy
&0 S W ~ ol RAAS
5 s ; g
o o | &
® 0d— T r T R 0dl— T T T
\© A & \© A £
S A SN I
T 5 ¢ ¢ T g & ¢
o Q 9 Q
& &
B g0 ]
€15 §15 "
g g o " po0.0211
O &}
g 1o . ¢ 104 _ee . .
L - , £ vee a v
805 -.:.._ _"u. N vy 305 o* ‘“"“A vy
g el v
X *
< 0 T T T T s 0 T T T
N EER & o EER I
v & ¢ © & @ ¢
Q < ed 3 Q < & <
& A @ '
(<2 Q o Q
A A
d d
C
p=0.0053 p=0.0053
30 50 p=0.0002
2 ®e Ala 2 n.s.
8 . e 8409 ¢ 1N v
A M
2 20 o ' . 2 o » — Ty
3 K . M £ 307 & “‘ v
o gt s oY 3 . = . ¥v
Q Q Ad
g 10 N wv:"—w';' > 20 . Tane _..v_r:v
8 g
L) E)
o EEIK & ® &P s
& & @ g & o &
Q £ A h X PAA £
AN & R
o L [ 2
8] [¢]
- p=0.0024 Lymph nodes
» 807 p<0.0001 T ) 0 40
3 — 3
3 o i . 3 .
Sofwe W T Swf
Z 3z s oo
3 40 vyv S 204 &, M= as
Q . x v
cc: ] = ':. i M
5 20 z 10 v
8 S
o 0 v v T e 0dl— T T T
\© & £ \© £ A
S A S A
R2 o & < Q < &> ©
5 <@ 3
o Q 9 Q
& &
D ;
8 60 " 8
g . - Y ¢ 30 -
2 oo T 3 e .
T 401 323 ma "' b= . .
a 3o, H v 5204 ag— mma
o . - d o o o H
€ 20 I R
& R voE10 i T
5} 5] gk
2 2 o M
0 T T T T ° T T T
o R & oF ;S &
¢ & & ¢ v & e 8
X > PA 3 X ) A >
& SN & SN
[} G\Q’ O 6\0
& J
»
@ p<0.0001
g0 [ La
& L
Tz 20
3
.
@ L
210 an w
9 A'i)-:- N o~
2 1% iis s
© @ © &
S A
A < fed &
& »
9 &L
J

FIGURE 3. Hematopoietic cells in Kit**" mutant mice and congenic
wild-type littermates on BALB/c and C57BL/6 backgrounds. A, Percen-
tages of cells expressing CD117 in bone marrow and spleen are shown. n =
8-13 mice per group. B, Percentages of basophils defined as FceRI and
CD49b double-positive cells in bone marrow and blood are depicted. n =
5-13 animals per group. C, CD19-positive B cells; n = 5-21 mice per
group. D, Cells coexpressing Gr-1 and CD11b; n = 10-23 animals per
group.
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cells does not apply to the bone marrow. Furthermore, the percen-
tages of FceRI and CD49b-positive basophils in the marrow of all
strains are comparable (Fig. 3B). Interestingly, this does not hold
true for the blood, in which the Kir"*" mutation leads to a sig-
nificant increase in basophil counts in BALB/c but to a decrease
in C57BL/6.

Further analyses of Kir mutant mice on BALB/c and
C57BL/6 background, compared with their respective congenic
littermates, revealed no differences in the composition of CD4 and
CD8 T cell compartments in thymus, spleen, lymph nodes, and
blood. In addition, CD11c-expressing dendritic cells were also
present in comparable proportions (data not shown). With regard
to CD19" B cells and in agreement with available data (mouse
phenome database at http://phenome.jax.org), we found slightly
elevated numbers in bone marrow, blood, lymph nodes, and
spleens from C57BL/6 compared with BALB/c mice. Yet, the
Kit"*" mutation moderately decreases the numbers of CD19-
positive cells in both strains (Fig. 3C).

Analyses of cells coexpressing Gr-1 and CD11b revealed that
this population is generally expanded in BALB/c mice as com-
pared with C57BL/6 (Fig. 3D). On the C57BL/6 background,
the Kit"*" mutation causes a higher percentage of Gr-1/CD11b
double-positive cells in spleen but not in blood and marrow. This
situation is comparable in C.B6-Kir"" mice, yet the expansion of
Gr-1/CD11b double-positive cells in spleen is even more pro-
nounced (Fig. 3D).

Taken together, these results suggest: 1) higher numbers of
neutrophils in the blood of BALB/c mice as compared with C57BL/6;
2) in both strains, the numbers of neutrophils in marrow and blood
are hardly affected by the Kir"™" mutation; and 3) massive ex-
pansion of splenocytes coexpressing Gr-1 and CD11b caused by
the Kir""*" mutation on both genetic backgrounds.

W-sh

C.B6-Kit"*" mice develop full-blown airway inflammation and
AHR despite the absence of mast cells

We deployed an established mast cell-dependent murine model
for allergic airway disease based on i.p. immunization with Ag in
the absence of adjuvant (16, 19). Repeated challenge of the lungs
with the Ag then ultimately leads to cellular infiltration, enhanced
mucus production, and AHR to bronchoconstrictors, renowned
hallmarks of allergic asthma.

In the following experiments, we compared BALB/c mice with
their congenic mast cell-deficient C.B6-Kit""*" littermates. Control
animals were immunized i.p. but received PBS instead of the Ag
for challenge. In parallel, all experiments were performed using
the C57BL/6-Kir""*" strain and wild-type littermates. This served
as an internal control, and indeed, sensitized and challenged
C57BL/6-Kir"*" showed less airway reactivity and inflammation
compared with sensitized and challenged C57BL/6. This is in line
with already published work (15-17, 19).

As depicted in Fig. 4A, immunization and Ag challenge elicits
a strong influx of inflammatory cells into the lungs as demonstrated
by increased cell counts in bronchoalveolar lavage (BAL). Infil-
trating cells mainly consist of eosinophils and neutrophils. Impor-
tantly, there is no difference between mast cell-deficient C.B6-Kir"*"
and mast cell-sufficient BALB/c mice, neither quantitatively nor
qualitatively. H&E staining of fixed lung slices to score tissue in-
flammation also reveals inflammatory infiltrates surrounding air-
ways and blood vessels, indiscriminate of whether mast cells are
present in mice with BALB/c background (Fig. 4B). In contrast, and
as previously reported (16, 17), cellular infiltration of BAL and lung
tissue is strongly reduced in mast cell-deficient C57BL/6-Kir""*"
mice as compared with their wild-type littermates (Fig. 44, 4B).
Analyses of Ag-specific production of Igs and Th2 cytokine

TTOZ ‘ST A2\ uo 6o jounwiw:mMAmM WO papeo jUMod


http://phenome.jax.org
http://www.jimmunol.org/

The Journal of Immunology

A BALB/c vs C.B6-Kit#sh C57BL/6 vs C57BL/G-KitWsh
600+ 300
[ BALB/ PBS O cs7eLs PBS
[l BALB/c OVA Il Cs57BL6 OVA
7 N C.B6-Kit"s" PBS = _Kitwsn
% 4ol Pé P [N cs7BL6-Kit*=» PBS
x [ c.Bs-kitvs" OVA e O cs57BUG-Kit#s" OVA
5 H =
8 8 * ke
T T i
© 2004 © 400+
0
2
”}c?
ey
B | BALB/c vs C.B6-Kit"-sh |

PBS
T

b A
BALB/c ;A YU

FIGURE 4. Mast cells are not required
to develop airway inflammation in C.B6-
Kit"*" mice. A, Sensitized mice of the
indicated strains were challenged intra-
nasally three times with the Ag OVA or R G «
received PBS. Twenty-four hours after the [ BALB/c PBS
last Ag challenge, BAL was taken, and B BALB/c OVA

OVA

{ , |
[N C.B6-Kit"< PBS
B c.Bs-Kitvs" OVA

Eh i 8 =

[0 csvBue PBS [N C57BUG-Kitv=" PBS
B cs57BULs OVA
p<0.01

B c57BUG-Kit#sh OVA

total and differential cell counts were p=001
made. B, Lung tissue sections were stained 34 5l
with H&E, and perivascular and peri-
bronchial inflammation was graded with ) e,
a semiquantitative score from 0—4. C, The ® c%
w
number of mucus-producing goblet cells & £
on PAS-stained lung tissue sections was " b
determined per millimeter of BM. Original
magnlﬁcatlon XIOO n = 4*8 mice per ? Perivascular Peribronchial E Perivascular Peribronchial
group. *p < 0.01, **p < 0.05. n.d., not
detectable. C
| BALB/c vs C.BB-Kit"sh | C57BL/6 vs C57BL/B-KitWsh |
PBS OVA PBS OVA
P o
o
BALBlc ':?'s‘ Ci GC57BLIG
C.BE-Kithsh & C57BLIE-Kif=
[k
120+ 1204
g 100 = g 100+
£ E
~ 804 < 801
8 3
e 60 2 60
2 a0 g 404
1] L]
£ 204 & 204
5 n.d. n.d. .
& e & k & o 3
¢ ) & S & \@5\ < S
A A A A
& . <
& o ,\@F L
& <

expression of ex vivo-restimulated CD4" T cells revealed no dif-
ferences between BALB/c and C.B6-Kir"" (data not shown). This
is in agreement with previous reports showing that mast cells are not
required for allergen-specific B cell and T cell responses in both
WBBG6F1-Kir"/Ki™™ and C57BL/6-Kit"" mice (17, 19).

PAS staining for mucus-producing goblet cells lining the
airways also shows comparable metaplasia following sensitiza-
tion and Ag challenge in BALB/c and C.B6-Kir""*" mice (Fig. 4C).

Yet, from the data shown in Fig. 4C, it can also be concluded that
mucus production in this model strongly depends on the presence
of mast cells in C57BL/6 mice (15).

Besides these inflammatory parameters, we also investigated
the reactivity of sensitized mice to inhalation with MCh (Fig. 5).
Increasing doses of MCh augment airway reactivity in both
BALB/c and C.B6-Kit"*" mice (Fig. 5A). In comparison, C57BL/
6 mice require higher doses of MCh, and the overall response is
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lower (Fig. 5B). However, the absence of mast cells abrogates
AHR in C57BL/6-Kir"™*" mice in agreement with published work
(16, 17).

Discussion
Asthma is a complex syndrome with heterogeneous clinical
characteristics; common symptoms are chronic inflammation with
reversible airway obstruction and AHR. Besides allergen exposure,
genetic factors, viral infection, air pollution, and tobacco smoke
can contribute to the different phenotypes of the disease (20, 21).
Thus, it appears unlikely that single animal models reflect all
aspects of human disease, yet the dependence on CD4* T lym-
phocytes required to deliver the Th2-type cytokine milieu is com-
monly accepted (22, 23). A critical variable contributing to
disparate experimental outcomes in animal models surely is the
lack of standardized protocols to elicit airway disease. In this
context, the role of mast cells has been a matter of debate, as
murine models employing OVA as Ag have shown contradictory
results. Based on a number of studies, it can be concluded that the
contribution of mast cells depends on the strength of sensitiza-
tion to the Ag and subsequent provocation. In general, weaker
immunizations without additional adjuvant i.p. or by inhalation
followed by a minimal number of challenges depend on the
presence of mast cells necessary for airway inflammation and
AHR in both WBB6F1-Kit"/Kit"™ and C57BL/6-Kit"™" mice
(15-17, 19, 24-26). These results fit to observations in humans
with active asthma in whom mast cells are predominantly local-
ized within bronchial smooth muscle bundles and exhibit a
degranulated (i.e., activated) phenotype (27, 28). Yet, mast cell
numbers in the lungs are very low in naive mice as compared with
humans, and infiltration of airway smooth muscle with mast
cells is not found in these animals. However, pharmacological
approaches targeting mast cells have not always been successful
in the treatment of human asthma. Indeed, sodium cromoglycate
used as a mast cell stabilizer has little effect in the treatment of
asthma; however, this might be attributed to the low mast cell-
inhibiting capacity of these drugs (29, 30). In addition, targeting
mast cells with a mAb against IgE results in reduction of airway
inflammation (31) and acute exacerbations (32). Even in highly
selected patients with allergic asthma, this treatment is only ef-
fective in ~60% of the patients. Again, these findings illustrate
the heterogeneity of asthma and further illustrate that mast cell-
dependent and -independent pathways may play important roles.
In murine models for airway disease, the mouse strain used also
critically determines the results. Regarding AHR, strains can be
genetically predisposed toward or against development of AHR,
which is possibly an inherited trait regulated separately from the

metacholine [mg/ml]

inflammatory response (33, 34). BALB/c and C57BL/6 are
widely used strains, showing polarized Th cell responses. BALB/c
mice typically develop Th2-skewed immune responses, whereas
C57BL/6 are prone to Thl-dominated immunity. In general, it has
been reported that OVA challenge in sensitized mice induces
higher levels of IgE and more pronounced AHR in BALB/c; con-
versely, C57BL/6 accumulate more eosinophils (35). In BALB/c,
eosinophils typically accumulate around the airways, whereas in
C57BL/6, they infiltrate the parenchyma (36, 37).

Mast cell-deficient BALB/c mice have not yet been reported but
appeared to be advantageous to study the functions of these cells
in an allergy-prone strain. Contrary to our expectations, mast cell
deficiency has no effect on the development of airway disease in
congenic BALB/c mice. This suggests that either mast cell func-
tions differ between strains and/or other mechanisms compensate
for the absence of mast cells. Indeed, it was shown that strain
background (C57BL/6 versus 129/Sv) can influence mast cell ac-
tivation in vitro and in vivo (38). Mast cells derived from BALB/c
mice were reported to release higher amounts of mediators such
as PGD, and IL-6 as compared with C57BL/6. Conversely, mast
cells from the latter strain release higher amounts of preformed
mediators in vitro (39). With respect to our own data reported in
this study, C57BL/6 mice show slightly greater reactivity in IgE-
mediated PCA, which cannot be due to higher mast cell numbers
as these are comparable in the ear skin of C57BL/6 and BALB/c.
Yet, increased release of preformed mediators upon mast cell
degranulation in C57BL/6 mice might explain this apparent dis-
crepancy. In the lungs, mast cell numbers are even slightly ele-
vated in BALB/c, whereas these mice display a modest reduction
in peritoneal mast cell numbers in comparison with C57BL/6.
Obviously, strain-specific differences in the local tissue micro-
milieu and/or in the targeted migration of mast cell precursors
have an influence on mast cell numbers. It should also be noted
that we do not see increased levels of mast cells after sensitization
and challenge in either strain (data not shown). However, strain-
specific contribution to airway disease was also reported for
eosinophils, which are crucial for the development of AHR and
inflammation in C57BL/6 but not in BALB/c (40—43). In addition,
the airway epithelium was shown to be critical in OVA-induced
airway inflammation in BALB/c mice but not in C57BL/6 (44).
This also leads to the question of whether epithelial-derived
cytokines such as IL-33 and IL-25, which are able to initiate the
release of Th2-type cytokines by recently discovered natural Th
cells, may compensate for the absence of mast cells. Compensa-
tory functions are also conceivable for basophils as inducers of
a Th2 response (45, 46). Mast cell-deficient mice on a BALB/c
background might be a useful tool to investigate these partly
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redundant and variable cellular and molecular mechanisms un-
derlying allergic airway disease.

In conclusion, animal models for asthma seem to mirror the
complexity seen in the human disease, and results from such
experiments should be interpreted carefully, as they may reflect
borderline cases depending on both the model and the mouse strain
used.
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