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Transgenic expression of human S100A12 induces structural airway
abnormalities and limited lung inflammation in a mouse model of allergic
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Summary

Background The calcium-binding protein S100A12 is highly up-regulated in the serum and
sputum of patients with allergic asthma and is suggested to be a biomarker and pathologic
mediator of asthma.
Objective To test the role of S100A12 in mediating airway inflammation in a mouse model of
allergic lung inflammation.
Methods Transgenic (TG) mice that express human S100A12 and wild-type (WT) littermates
were sensitized and challenged with ovalbumin (OVA) and assessed for inflammation, lung
structure, and function.
Results Following OVA sensitization and challenge, S100A12 TG mice showed reduced
peribronchial and perivascular inflammation, mucus production, and eosinophilia as well as
attenuated airway responsiveness to contractile agonist compared with WT sensitized and
challenged animals. This is explained, at least in part, by remodelled airways in S100A12 TG
mice with thinning of the airway smooth muscle. S100A12 exposure induced Fas expression
and activation of caspase 3 in cultured airway smooth muscle cells, suggesting that airway
smooth muscle abnormalities observed in S100A12 TG mice may be mediated through
myocyte apoptosis.
Conclusion and Clinical Relevance S100A12 is one of the most abundant proteins found in the
airways of human asthmatics, and it was postulated that S100A12 could mediate the
inflammatory process. Our study shows for the first time that TG expression of S100A12 in the
lung of mice does not exacerbate lung inflammation in a model of OVA-induced allergic
inflammation. We speculate that the high levels of S100/calgranulins found in
bronchoalveolar lavage fluid of asthmatics and of OVA-treated TG S100A12 mice do not
significantly mediate pulmonary inflammation.
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Introduction

Asthma is a chronic lung disease characterized by airway
inflammation, excessive mucus production, airway hy-
perresponsiveness (AHR), and lung remodelling. Differen-
tial proteomic analysis of bronchoalveolar lavage fluid
(BALF) identified S100A12 as one of the most up-regu-
lated proteins in response to allergen stimulation in
patients with allergic asthma, but not in healthy controls

[1]. Members of the S100/calgranulins family such as
S100A8 (myeloid-related protein-8, calgranulin A),
S100A9 (myeloid-related protein-14, calgranulin B), and
S100A12 (EN-RAGE, calgranulin C) are Ca21-binding pro-
teins implicated in the regulation of a variety
of cellular activities [2]. S100/calgranulins proteins are
endogenously expressed in myeloid cells and found at an
increased concentration in the sera of subjects with chronic
inflammatory diseases such as rheumatoid arthritis, chronic

Clinical & Experimental Allergy, 1–12 doi: 10.1111/j.1365-2222.2011.03714.x

�c 2011 Blackwell Publishing Ltd

mailto:mhofmann@medicine.BSD.uchicago.edu
mailto:mhofmann@medicine.BSD.uchicago.edu


inflammatory bowel disease, and vascular disease [3–5], as
well as in the sputum of patients with asthma [6], and other
acute and chronic lung diseases [7]. Yang et al. [6] reported
that recombinant S100A12 provokes activation of human
and murine mast cells leading to the release of histamine
and cytokines, and therefore suggest that S100A12 could
amplify inflammatory pathways in asthma. However, direct
studies examining the role of S100A12 in mediating allergic
lung inflammation in vivo have not been performed.

We identified previously receptor for advanced glycation
endproducts(RAGE) as a receptor for S100A12 and reported
that injection of recombinant bovine S100A12 into mice
leads to enhanced inflammation, which was attenuated by
co-treatment with soluble RAGE, the ligand-binding domain
of RAGE [8]. Others have shown that the toll-like receptor 4
is also activated by S100/calgranulins [9]. RAGE was first
isolated from lung tissue [10] and is expressed abundantly in
alveolar type I cells [11]. While RAGE mediates vascular
inflammation and atherosclerosis [12, 13], the physiological
role of RAGE in the lung is incompletely understood. Mice
lacking RAGE develop spontaneously pulmonary fibrosis
[14], and interestingly, have an attenuated inflammatory
response to intranasally inoculated Streptococcus pneumo-
niae [15]. This suggests that RAGE is important for the
inflammatory response and tissue remodelling in the lung.

Because S100A12 activates RAGE and is abundantly
expressed in asthma, we examined whether the expression
of S100A12 further augments lung inflammation in an
ovalbumin (OVA) model of lung inflammation. We
exploited the fact that S100A12 is not present in mice
[16] and used transgenic (TG) mice that express human
S100A12 under the control of smooth muscle-specific
promoter SM22a. To our surprise, we found that
S100A12 TG mice subjected to allergen sensitization and
challenge exhibited less airway inflammation, reduced
airway responsiveness, and attenuated lung inflammation
compared with wild-type (WT) littermate animals.

Methods

S100A12 transgenic animals

C57BL/6J mice hemizygous for human S100A12 ex-
pressed in vascular smooth muscle cells driven by the
SM22a promoter [17] were described previously [18].
Hemizygous TG and WT littermates were used for all
experiments. All procedures were carried out with the
approval of the Institutional Animal Care and Use Com-
mittee of The University of Chicago.

Ribonucleic acid isolation and quantitative reverse
transcriptase-polymerase chain reaction

RNA isolation and quantitative RT-PCR (qRT-PCR) was
performed as described previously [18] with the following

primer pairs: S100A12 : 50-AGACACCGAAGCTACTCTCC
TTCA-30 and 50-ATCCCTACTCTTTGTGGGTGTGGT-3 0; GA
PDH: 50-TCAACAGCAACTCCCACTCTTCCA-30 and 50-ACCC
TGTTGCTGTAGCCGTATTCA-30; Caspase 10: 50-AGGGCAGC
TGTGTACAGGATGAAT-30 and 50-TGCAGGACCATCTCCAT
TTCCACT-30; Caspase 3: 50-GCACGATGTGCCAGTCATTCCT
TT-30 and 50-AGGCTGCATCCACCTCAGTTATGT-30; Fas: 50-
GAACACTGTGACCCTTGCACCAAA-30 and 50-CTCTTTGCA
CTTGGTGTTGCTGGT-30; CXCL10: 50-GCTGATATGGGGAT
ATAGGTTC-30 and 50-GCAGGTACAGCGTACAGTTC-30; CC
L9: 50-ATGAAGCCTTTTCATACTGCCC-30 and 50-TTATTGTT
TGTAGGTCCGTGGTT-30.

Total RNA was prepared from three pooled human
airway SMC (HASMC) cultures (all stimulated with cyto-
kines in the presence or absence of S100A12) and after
transcribing into cDNA subjected to an RT2 Profiler PCR
Array for Chemokines (SA Bioscience, Frederick, MD,
USA). Findings were confirmed by qRT-PCR in indepen-
dent derived cDNA samples for CXCL10 and CCL9.

Western analysis

Was performed as described previously [18] with the
following antibodies: mS100A8 (Abcam), S100A12 (Ab-
cam), caspase-3 (active) (Millipore), b-actin (Millipore),
and GAPDH (Sigma). Bands were quantified by densito-
metry and normalized to GAPDH expression.

Ovalbumin sensitization and ovalbumin airway challenge

Mice (8 weeks old) were sensitized with 10 mg OVA (grade
V, Sigma) emulsified in 2 mg alum (AlumImuject, Pierce,
Rockford, IL, USA) i.p, or with phosphate-buffered saline
(PBS) in alum, on days 0, 7, and 14. Mice were challenged
with nebulized OVA (1% in PBS) for 20 min twice daily on
days 19 through 23, and studied on day 25.

Histological analyses

Histological analyses was performed as described pre-
viously [19]. Briefly, the airway was installed with 4%
paraformaldehyde under physiologic pressure of 25 cm
H2O and the lungs were fixed in formalin for 24 h. After
histological processing, three slides from each lung lobe
were stained with haematoxylin and eosin (H&E), Masson
trichrome, Verhoeff van Giessen, or periodic acid Schiff
(PAS), and examined in a blinded fashion. A score of
peribronchiolar and perivascular inflammation was deter-
mined in H&E slides as follow: 0, no cells; 1, few isolated
cells; 2, a ring of inflammatory cells one-cell deep; 3, a
ring of inflammatory cells two to four cells deep; and 4, a
ring of inflammatory cells of more than four cells deep.
Scoring for mucus production within goblet cells was
performed in slides stained with PAS by examining five
consecutive fields from each lobe. Numerical scores were
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determined as follows: 0, o1% goblet cells; 1, 1–5%
goblet cells; 2, 5–25% goblet cells; and 3, 425% goblet
cells [19].

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed as reported
previously and cell count and differentials in BALF were
obtained by flow cytometry for eosinophils (CCR31), T
cells (CD31), and macrophages (size) using an FACS LSR-
II (BD Biosciences, Franklin Lakes, NJ, USA) [19].

Enzyme-linked immunosorbent assay

Serum-specific OVA IgG1 was measured using a commer-
cially available ELISA kit. S100A12 quantities were de-
termined in serum and BALF by double-sandwich ELISA
using hS100A12 IgG (1 mg/mL Abcam, Cambridge, MA,
USA) followed by incubation with biotinylated anti-hu-
man EN-RAGE antibody (R&D Systems Inc.). Recombi-
nant S100A12 was used to prepare the standard curve
(1–500 ng/mL). The lower limit of detection of S100A12
was 30 ng/mL and the intra-assay and inter-assay coeffi-
cients of variation were 12% and 15%, respectively.
CXCL10 was measured in cell culture supernatant of
HASMC by ELISA according to the manufacturer’s in-
struction (R&D Systems).

Determination of respiratory system resistance

Anaesthetized and tracheostomized mice were mechani-
cally ventilated at a rate of 160 breath/min, tidal volume
of 150 mL with a positive end-expiratory pressure of 3 cm
water, using a computer-controlled ventilator (Flexivent,
SCIREQ, Chandler, AZ, USA). Methacholine (MCh) was
administered via a catheter placed into the jugular vein at
increasing doses from 0 to 160 mg. For each intravenous
(i.v.) MCh dose, data were continuously collected for 5 min
and the maximum value of respiratory system resistance
was recorded.

Hydroxyproline assay

Hydroxyproline (HOP) content was determined as de-
scribed previously [20].

Cell culture

Primary cultures of HASMC were established by the
explant method from the trachealis muscle of donors
unsuitable for lung transplantation, and with approval
from the University of Chicago Institutional Review
Board. SMC were characterized by morphology and im-
munofluorescence staining using smooth muscle-a-actin
antibody (Sigma Aldrich, St Louis, MO, USA). Cells from

passage 6 to 7 were used for all experiments. When
indicated, cells were stimulated with recombinant TNF-a
(0.1 ng/mL) and IFN-g (10 ng/mL, Pierce), or with activat-
ing Fas monoclonal antibody (clone CH11, 50 ng/mL,
Millipore, Billerica, MA, USA). HASMC were transiently
transfected with a plasmid expression vector in which
S100A12 is driven by the CMV promoter (in pcDNA3.1,
Invitrogen, Carlsbad, CA, USA) or vector only (control)
using the Neon Transfection System (Invitrogen). Results
of representative experiments are shown.

Statistics

All continuous data are reported as mean�SEM. Experi-
ments were performed in at least seven mice per group;
S100A8 expression in the lung was measured in triplicate;
cell culture experiments were performed in triplicate and
repeated three times. Signal intensity was measured by
densitometry. Independent sample t-test and one-way
analysis of variance were used for mean comparison
between two or multiple groups, respectively. The Bonfer-
roni correction was used to adjust for multiple compar-
isons. Two-tailed P-values o0.01 were considered
statistically significant for each test to ensure an overall
study significance level of P o0.05.

Results

S100A12 is released into bronchoalveolar lavage fluid of
S100A12 transgenic mice during lung inflammation

S100A12 TG mice developed normally, were fertile and as
reported previously, developed aneurysms of the thoracic
aorta [18]. RT-PCR analysis of different organs rich in
smooth muscle myocytes revealed S100A12 mRNA in the
lung, trachea, pulmonary artery, and aorta of TG mice but
not of WT animals (Fig. 1a). S100A12 mRNA was not
detected in the oesophagus and other tissues. Importantly,
endogenous levels of murine S100A8 in myeloid cells and
in lung tissue were not altered by expression of human
S100A12 in TG animals (Fig. 1b).

Because S100A12 is increased in the BALF of asthmatic
patients and directly provokes mast cell degranulation
and cytokine release [6], we tested the hypothesis that TG
mice that express human S100A12 in the lung will exhibit
marked augmentation of pulmonary inflammation com-
pared with WT animals in a model of allergic lung
inflammation. To test this hypothesis, TG and WT mice
were sensitized with OVA/alum (TG-OVA and WT-OVA) or
with PBS/alum (TG-control and WT-control) followed by
allergen challenges with nebulized OVA. All measure-
ments were made 2 days after the last challenge (Fig. 1c).
Because S100A12 in this mouse model is expressed mostly
in the vascular SMC [18], we first determined whether
S100A12 is secreted into the BALF as seen in patients with
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allergic asthma or chronic obstructive pulmonary disease.
As expected, S100A12 was not detected in the BALF or
sera of WT-OVA or WT-control animals but it was present
at high levels in the BALF and in the sera of TG-OVA mice
(120�35 and 50�35 ng/mL, respectively) but not in TG-
control animals (Fig. 1d). These data show that an inflam-
matory milieu facilitates the release of S100A12 into
BALF and sera in TG mice, in a similar manner to what is
observed in patients with asthma [1].

S100A12 transgenic mice show attenuated airway
inflammation and epithelial remodelling in response to
allergic ovalbumin sensitization and challenge

Histological evaluation of TG-OVA mice revealed strikingly
attenuated inflammation in their lungs compared with WT-
OVA mice (Figs 2a and b). Quantification of peribronchial
and perivascular inflammation shows pronounced infiltra-
tion of inflammatory cells in WT-OVA animals, which was
significantly reduced in TG-OVA mice (Figs 2c and d). WT-
control and TG-control mice had no or only minimal
peribronchial and perivascular inflammation. Furthermore,
eosinophils in BALF were less abundant in TG-OVA mice
compared with WT-OVA mice (1.4�105 vs. 6�105 cells/mL,
Po0.001). Although there was no significant difference in T
cell counts or macrophage counts between TG-control and
TG-OVA animals, TG-control mice had more macrophages
in the BALF at baseline than WT mice (2.4�105 vs.
1.2�105 cells/mL, Po0.05, Fig. 2e).

Differences in airway epithelium remodelling between
TG-OVA and WT-OVA mice were also evident. Goblet cell
metaplasia and mucus production were determined in PAS-

stained histological sections. PAS-positive cells were more
abundant in the bronchi of WT-OVA mice than in TG-OVA
animals (Figs 2f–h). At baseline, WT-control and TG-control
mice had a few PAS-positive cells. Taken together, these
findings demonstrate that compared with WT animals,
S100A12TG mice have a reduced inflammatory response to
OVA sensitization and challenge, suggesting that S100A12 is
a negative regulator that attenuates rather than exacerbates
allergen-induced airway inflammation.

S100A12 transgenic mice have undistinguishable
humoural responses to wild-type mice

The reduced airway inflammation seen in OVA-sensitized
S100A12 TG mice after exposure to nebulized OVA could
potentially result from a deficient control of the humoural
immune response during OVA sensitization. Thus, to ex-
amine the effects of S100A12 on antibody production, we
measured OVA-specific IgG1 in the serum of all groups of
mice. OVA-specific serum IgG1 was not detectable in TG
and WT mice at 0 or 12 days after sensitization, but similar
levels were found in both strains 24 days after sensitization
(Fig. 3). These findings indicate that S100A12 TG and WT
mice have equivalent capacity of immunoglobulin produc-
tion after immunization with OVA.

S100A12 transgenic mice exhibit reduced airway
reactivity to bronchoconstriction stimulation

AHR, the exaggerated response to a bronchoconstrictor
agent, is a cardinal feature of asthmatic patients. Airway
inflammation, lung remodelling, and excess abundance of
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Fig. 1. Characterization of S100A12 transgenic (TG) mice. (a) RT-PCR detects S100A12 in the lung, trachea, pulmonary artery, and aorta of TG mice but
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airway smooth muscle are thought to play a key role in the
pathogenesis of AHR. Because we found diminished
inflammation and remodelling of the airway epithelium
in TG-OVA mice compared with WT-OVA mice, we
decided to measure lung function in our four animal
groups. Total airway resistance was measured at baseline
and in response to i.v. MCh, a cholinergic drug that
induces smooth muscle cell (SMC) contraction and
bronchoconstriction. Figure 4 shows that at baseline,
there was no significant difference in airway resistance
between WT-control and TG-control mice, or between
WT-OVA and TG-OVA. As expected, with Mch adminis-
tration, WT-OVA and TG-OVA mice exhibited higher air-
way resistance compared with their control groups.
Although at low doses (10 and 20 mg) of MCh, there was
no significant difference in airway resistance between TG-
OVA and WT-OVA, TG-OVA mice exhibited significantly
lower airway resistance than WT-OVA mice in response to
higher doses of MCh. Furthermore, respiratory resistance
at 40 and 80 mg MCh was also significantly lower in TG-
control mice compared with WT-control animals. Taken
together, these findings indicate that S100A12 TG mice
exhibit innate hypo-responsiveness to bronchoconstrictor
agent MCh, and S100A12 TG animals undergoing allergic
lung inflammation are unable to fully respond to stimula-
tion with a contractile agonist. This is suggestive of
structural defects in the airways and/or in the properties
of the smooth muscle myocytes in S100A12 TG mice that
could render these animals hypo-responsive to MCh.

S100A12 transgenic mice have remodelled airways

We found remodelling of the lung with enlargement of the
central airways and irregular airway structure in S100A12
TG control mice. A representative picture is shown in
Fig. 5a. We speculate that the limited response of TG mice
to contractile stimulation might stem from the presence of

less abundance of smooth muscle in their airways, and/or
might relate to the central airway enlargement. We also
noticed increased fibrosis in S100A12 TG lungs in Masson
trichrome-stained sections, particularly in the perivascu-
lar region (Fig. 5b). Quantification of HOP content in lung
lysates, a measure of collagen deposition and fibrosis,
revealed significantly increased HOP in TG-control lungs
compared with WT-control lungs. Whether there is a
relationship among the appearance of fibrosis, altered
airway smooth muscle layer, and the dilated airways
remains unknown. Interestingly, these abnormalities are
key features of the Mounier–Kuhn syndrome, a rare disease
of tracheobronchomegaly of unkown aetiology [21], and
which is also notably accompanied by atrophy of the
elastic fibres in the airways. Because we reported degrada-
tion of elastic fibres in the aorta of S100A12 TG mice [18],
we examined elastic fibres morphology and found qualita-
tive changes of the elastic fibres in the lungs of S100A12
mice compared with WT mice. A representative histology
image (Fig. 5c) shows thinner elastic fibres in the proximal
airway and an indication of early degradation of elastic
fibres in the distal airway of S100A12TG mice.

S100A12 modulates chemokine expression and apoptosis
in cultured airway smooth muscle cells

We explored whether the reduction of infiltrating inflam-
matory cells into the airway of TG-OVA mice might stem
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from immunomodulatory effects of airway smooth muscle
myocytes expressing S100A12. Towards this goal, we
analysed the global expression of cytokine and chemo-
kines in HASMC that were transiently transfected with a
plasmid encoding S100A12 (or vector alone) and stimu-
lated with TNF-a and INF-g. Co-exposure to TNF-a and
INF-g is known to activate HASMC to produce important
cytokines and chemokines such as CXCL10 (also known as
interferon-inducible protein-10), CXCL9, and others [22,
23], and thereby may orchestrate the homing of infiltrat-
ing cells to the lung in asthma [24, 25]. We analysed
changes in mRNA expression using a chemokine RT2

Profiler polymerase chain reaction array, and found many
genes differentially expressed (data not shown). We vali-
dated the results for CXCL10 and CCL9. Levels of
CXCL10 mRNA were increased 2.9-fold in the vector alone
transfected HASMC in response to TNF-a and INF-g
stimulation. This increase was attenuated by 78% in cells
that expressed S100A12 (Fig. 6a). Similarly, TNF-a and
INF-g exposure enhanced CCL9 mRNA levels, which were
reduced by 82% in HSMC expressing S100A12 (Fig. 6a).
This effect was also observed at the protein level. At
baseline, there were no detectable amounts of CXCL10 in
either S100A12 or control HASM-transfected cells. How-
ever, in response to TNF-a and INF-g stimulation, secre-
tion of CXCL10 increased to 430�47 and 4230�402 pg/
mL in S100A12 and control HASMC, respectively (Fig.
6b). These data indicate that S100A12 attenuates chemo-
kine secretion in stimulated HASMC, and may thereby
have anti-inflammatory activity in certain conditions.

Next, we investigated the effect of S100A12 on apopto-
sis of HASMC as a potential cellular mechanism for the
airway remodelling and reduced respiratory function that
we found in S100A12 TG mice. Previously, it was shown
that S100/calgranulins induced cell death in a variety of
mammalian cell lines [26, 27]. Moreover, recently it was
demonstrated that S100B mediates myocyte apoptosis in
vivo by interacting with its receptor RAGE [28]. We there-
fore exposed HASMC to S100A12 and measured the
expression of genes relevant to apoptosis pathways using
first the RT2-PCR profiler assay (data not shown). This
screening assay revealed increased mRNA for Fas, caspase
10, and caspase 3. Quantitative RT-PCR confirmed a four-
fold, 2.5-fold, and 1.7-fold increase, respectively, of Fas,
caspase10, and caspase 3 mRNA expression in S100A12-
transfected cells compared with mock-transfected control
cells (Fig. 6c). We next examined the protein levels of
active caspase 3, an enzyme known to play a central role
in the execution phase of cell apoptosis. Figure 6d shows
that control treated smooth muscle myocytes express no
active caspase 3. However, the expression of S100A12
induces active caspase 3 in smooth muscle airway cells.
Importantly, ligation of Fas with Fas antibody markedly
augmented the expression of active caspase 3 in control
cells and even further in S100A12 expressing airway

myocytes. These findings indicated that S100A12 is pro-
apoptotic for airway smooth muscle because it induces
Fas and active caspase 3. The apoptotic effect of S100A12
was not limited to SMCs because treatment of airway
epithelial cells with S100A12 also induced Fas and cas-
pase 3 expression (data not shown).

Discussion

In this study, we show for the first time that TG expression
of human S100A12 results in multiple pulmonary ab-
normalities, including dilated airways, abnormal airway
smooth muscle, and increased fibrosis in mice. These
pathological features resemble those described in patients
with Mounier–Kuhn syndrome, a rare disease of profound
remodelled airway leading to tracheobrochomegaly, and
for which no animal model exists. Altered expression of
S100A12 in different cell types such as bronchiolar
epithelia, reactive pneumocytes, macrophages, and poly-
morphonuclear granulocytes has been described in com-
mon non-neoplastic lung disorders ranging from smoke-
induced bronchial damage to granulomatous disease. This
suggests that S100A12 could be relevant for sustained
inflammation and lung remodelling [29]. Moreover,
S100A12 is increased in sputum from patients with
asthma [6] and is among the most up-regulated proteins
in the BAL fluid of asthmatics following segmental anti-
gen challenge [1]. Interestingly, the S100 gene cluster on
chromosome 1q21 has been linked to atopic dermatitis
[30] and to increased IgE serum levels in patients with
atopic asthma [31]. However, it is not clear how S100
polymorphisms affect S100 protein levels and/or activity.
Despite an established role of S100A12 in activating
inflammatory pathways in endothelial cells, macrophages
[8], and mast cells [6], definite evidence that S100A12
directly mediates allergic inflammation in the lung is
missing. Because S100A12 constitutes up to 5% of neu-
trophil cytosolic proteins and is released upon activation
of protein kinase C [32], it is difficult to establish whether
augmented levels of S100A12 in subjects with asthma are
simply reflecting an increased cellular inflammatory mili-
eu, or whether S100A12 is directly involved in the
exacerbation process, and therefore, could represent a
candidate for anti-inflammatory intervention as sug-
gested previously [1, 33, 34].

We were surprised to find decreased airway inflamma-
tion and blunted augmentation of constrictor responsive-
ness in S100A12 TG mice in response to allergic
immunization and challenge. Moreover, decreased native
airway responsiveness (i.e. in the absence of airway
inflammation) was also observed. The interrelationship of
these observations is difficult to dissect. We can speculate
that the decreased airway responsiveness might stem from
the dilation of the airway itself – as narrowed bigger
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airways still have less resistance than narrowed smaller
airways – and/or from abnormal airway smooth muscle
with reduced contractile function. In OVA-sensitized and
OVA-challenged mice, a diminished respiratory response
might stem in addition, from the lesser inflammation that
they develop. The mechanism by which S100A12 dam-
pens OVA-induced lung inflammation and airway resis-
tance is unknown, but could involve at last in part,
modulation of the immune response from airway smooth
muscle that results in reduced production of CXCL10, as
well as augmented apoptosis of airway SM myocytes. We
speculate that deficient abundance of airway smooth
muscle could further dampen the inflammatory response
in S100A12 TG mice because it is increasingly recognized
that airway SMC are active participants in the pathophy-

siology of asthma. Exaggerated airway smooth muscle
mass present in asthmatics [35, 36] is not only a central
player of the abnormal narrowing of the airways but is
also a source of a plethora of biologically active agents
such as pro- and anti-inflammatory mediators, cell-adhe-
sion molecules, lipid mediators, chemokines, and cyto-
kines [37]. For these reasons, there is growing interest in
manipulating airway smooth muscle abundance in order
to reduce bronchoconstriction and lung inflammation
[38]. For example, mice lacking pro-inflammatory mast
cell protease (MCP) 4 exhibit, paradoxically, enhanced
lung inflammation because of impaired proteolytic clea-
vage of SMC growth factors leading to an exaggerated
SMC expansion with thickened and inflamed airway SMC
layers [39]. Thus, it is intriguing that our S100A12 TG
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mice have reduced airway smooth muscle (presumably via
apoptosis) accompanied with reduced pulmonary inflam-
mation. Consistent with previous findings showing a pro-
apoptotic role of the homologue S100A8/9 in a variety of
cell lines, we found that S100A12 mediates apoptosis in
vitro. Moreover, cultured epithelial cells also underwent
an increased expression of Fas and caspase 3 after
exposure to S100A12. Because we observed only minor
abnormalities in the airway epithelium of S100A12 TG
lung, we speculate that the regenerative/proliferative
capacity of epithelial cells might compensate, at least in
part, for this pro-apoptotic effect of S100A12. In addition,
we cannot exclude the possibility of apoptosis of selective
subpopulations of inflammatory cells, which could have
resulted in attenuation of lung inflammation. However,
IgG1 production in response to OVA was not impaired in
S100A12 TG mice.

By virtue of its ability to activate RAGE and to induce
reactive oxygen species and expression of cytokines such
as IL-6 and TNF-a, S100A12 is widely accepted to be a
‘pro-inflammatory’ mediator. Our unexpected finding of
attenuated allergic lung inflammation in mice expressing
S100A12 underscores a complex and pleiotropic role of
S100A12 in modulating inflammation. We suggest that
the elevated levels of S100/calgranulins seen in human
asthma are likely a consequence of increased inflamma-
tory cells in the lung, and that S100A12 could rather
oppose lung inflammation. In support of this hypothesis,
S100A8/9, the murine homologue of human S100A12,
was found elevated in the BALF in mouse models of
allergic [40] and lipopolysaccharide (LPS) [41] triggered
inflammation. However, treatment with neutralizing anti-
bodies to S100A8/9 had no effect on AHR (and induced a
slight reduction of eosinophils in BALF) in the allergic
model, and had minimal effect on LPS triggered inflam-
mation. There are conflicting reports about the other
members of the S100 family. While S100A8, S100A11,
and S100A6 were shown to be elevated in experimental
models of allergic lung inflammation [42, 43], suppressed
levels of S100A8, S100A9, and S100A11 were found by
Wong et al [44]. A possible explanation for this discre-
pancy could be related to the chronic nature of lung
inflammation in the Wong study. These findings support
a complex role for S100 proteins in orchestrating acute
and chronic inflammation, affecting both pro-inflamma-
tory and anti-inflammatory pathways.

Limitations of our study include the fact that mouse
models of allergic pulmonary inflammation do not ex-
actly replicate human asthma [45] and that the C57BL/6
mouse strain poorly develops airway smooth muscle
remodelling in experimental asthma models [46] and
might condition the airway inflammation and smooth
muscle remodelling outputs. Nevertheless, it was shown
that mice of C57Bl6/J background exhibited increased

S100A9 in the BALF after allergen challenged [40], and
we reported that S100A12 is functionally active in
S100A12-TG animals of C57Bl6 background [18, 47].
Furthermore, although forced expression of S100A12 in
smooth muscle is not the ‘physiological’ source of ele-
vated S100A12 seen in human asthmatics, S100A12 is
induced in cells that are ultimately linked to lung disease
such as the inflammatory cells, bronchiolar epithelia, and
reactive pneumocytes [29]. Most importantly, the
S100A12 levels present in the BALF of our TG-OVA mice
are comparable with those present in patients with
asthma. The fact that S100A12 is functionally active in
mice [6, 18] is not surprising given that there exists over
90% homology between mouse and human splice var-
iants of RAGE [48], a cell surface receptor that mediates
some responses of S100A12 [8]. An alternative approach
of using intranasal administration of recombinant
S100A12 is less optimal because S100A12 biological
function is variable and is greatly affected by intracellu-
lar zinc and calcium concentration, as well as by the
oxidation state [49]. Recent studies utilizing recombinant
S100A12 failed to induce cytokine production in human
peripheral blood mononuclear cells [50], although the
same authors observed mast cell-dependent oedema
when recombinant S100A12 was injected into the food
pad of mice [6].

Clinical relevance

We showed that TG expression of human S100A12 in
smooth muscle of mice resulted in remodelling of the
large airways and blunted lung inflammation after OVA-
sensitization and challenge. We suggest that S100A12
may play a pleiotropic role in human asthma and further
studies are needed to understand the precise role of
elevated S100A12 found in asthmatics.
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