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Concomitant airway expression of granulocyte-
macrophage colony-stimulating factor and decorin,
a natural inhibitor of transforming growth factor-§,
breaks established inhalation tolerance
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We previously showed that granulocyte-macrophage colony-stimulating factor (GM-CSF)
breaks tolerance induction. The objective of this study was to determine whether GM-CSF
breaks established inhalation tolerance. To induce tolerance, BALB/c mice were exposed to
aerosolized ovalbumin (OVA) for 10 consecutive days. A control group was exposed to saline.
Subsequently, tolerant and control animals were exposed to OVA in a GM-CSF-enriched
airway microenvironment. Tolerant animals, unlike control animals, did not develop airway
and peripheral blood eosinophilia, had diminished levels of OVA-specific IgE, and reduced
airway hyper-responsiveness. While tolerant animals did not express IL-4, IL-5 and IL-13,
levels of the regulatory cytokines IL-10, IFN-y and transfoming growth factor (TGF)-p were
similar between tolerant and non-tolerant animals. Lung CD4* Tcells were activated
according to CD69, CD25 and T1/ST2 expression, but systemic responses characterized by
splenocyte proliferation and Th2 effector function were dramatically reduced. Concurrent
expression of GM-CSF and decorin, a natural inhibitor of TGF-B, reversed eosinophilic
unresponsiveness. Our study suggests that the breakdown of tolerance and, by extension,
the emergence of eosinophilic inflammation, requires two signals: one that triggers
sensitization and one that interferes with negative regulation. Moreover, our study shows
that dysregulated expression of an extracellular matrix protein may break established

tolerance and lead to eosinophilic airway inflammation.
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1 Introduction

Accumulating evidence suggests that the immune
system has evolved powerful regulatory mechanisms
that control responsiveness to innocuous agents [1, 2].
Such regulatory mechanisms are crucial for survival since
unwarranted inflammation may compromise the primary
function of a specific organ. The effectiveness of these
mechanisms is underscored by the observation that, in
spite of universal exposure to aeroallergens, the majority
of the population does not develop allergic disease [3, 4].
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Under experimental conditions, intranasal or aerosol
exposure to OVA does not lead to inflammation but
induces a state of antigen-specific unresponsiveness,
termed inhalation tolerance. If these animals are subse-
quently subjected to protocols of antigen-induced airway
inflammation, decreased airway eosinophilia, attenuated
airway hyper-responsiveness (AHR) and reduced anti-
gen-specific IgE are observed [5-8]. Studies by Akbari et
al. [7] suggest that intranasally induced tolerance is
mediated by IL-10-producing regulatory cells that
develop via the inducible costimulator (ICOS)-ICOS
ligand pathway. It is unclear whether tolerance induced
with ten daily OVA aerosol exposures is bound by this
mechanism, although other mechanisms are likely, given
that neither IL-10 [6] nor IFN-y [6, 8] are necessary. TGF-
B, a molecule important in the regulation of oral tolerance
[9, 10] and organ-specific autoimmune disease [10, 11],
may be involved, but its role remains largely unexplored
[12, 13].
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We previously reported that GM-CSF expression in the
airway microenvironment of mice breaks tolerance
induction and allows for allergic mucosal sensitization
to OVA [14]. The ensuing inflammatory response is
characterized by a Th2-associated cytokine profile,
airway eosinophilia, goblet cell hyperplasia and bronchial
hyper-responsiveness, all of which are hallmarks of
human asthma. GM-CSF acts in an antigen-dependent
manner since exposure of mice to GM-CSF alone does
notleadto eosinophilic airway inflammation. Furthermore,
the inflammatory process critically required the interaction
between MHC class Iland T cells; we observed no airway
eosinophilia in mice that are deficient in MHC class II.
Hence, the development of allergies may reflect in part the
failure to induce tolerance; antigen is initially encountered
in the context of a signal that triggers allergic sensitization.
However, the development of allergies may also reflect a
breakdown of established tolerance.

The objective of this study was to determine under what
conditions established tolerance is broken. While we
were unable to break tolerance with GM-CSF alone,
concurrent expression of GM-CSF and decorin, a
proteoglycan associated with human asthma [15] and
a natural inhibitor of TGF-$ [16], broke tolerance in the
airway. Our study shows for the first time that increased
expression of decorin is associated with dysregulated
airway responses that lead to eosinophilic inflammation.
Although tolerance has been transferred before, this
study is the first to show, to our knowledge, that
established inhalation tolerance can be broken in vivo.
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Furthermore, we provide evidence that two signals are
required to break established tolerance: one that allows
for sensitization and one that interferes with regulatory
pathways.

2 Results

2.1 Cellular response in the bronchoalveolar
lavage fluid and the peripheral blood of
tolerant mice exposed to OVA in a GM-CSF-
enriched airway environment

To address whether GM-CSF breaks established inhala-
tion tolerance, BALB/c mice were exposed for 10
consecutive days to either OVA (tolerance induction) or
saline aerosol (control). After 2 days of rest, both groups
were then exposed to aerosolized OVA for a period of
9 days in a GM-CSF-enriched airway environment. GM-
CSF was expressed using an adenovirus (Ad)-mediated
gene transfer approach. We previously reported that
intranasal delivery of 3x10” PFU leads to expression of
GM-CSF for 8-10 days, reaching peak levels of 80 pg/ml
7 days post-instillation [17]. Twenty-four hours after the
last exposure animals were killed and BAL fluid was
collected.

We observed a significant increase in total cell number as
well as mononuclear cells and eosinophils in the BAL fluid
and peripheral blood of animals initially exposed to saline
only and subsequently to OVA with GM-CSF (Fig. 1). Prior
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Fig. 1. BAL fluid and peripheral blood cellular response in tolerant mice exposed to OVA in the context of GM-CSF. BALB/c mice
were exposed to OVA (tolerance induction) or saline aerosol on 10 consecutive days. Both groups were then subjected to OVA in
the context of GM-CSF. Panel (A) depicts BAL fluid cellular data; panel (B) shows peripheral blood. Data represent means + SEM;

n=8 for BAL fluid, n=4 for peripheral blood; *p<0.05.
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exposure to OVA alone resulted in striking reduction of
total cells in the BAL fluid and peripheral blood when
compared to animals initially exposed to saline. In both
compartments, the difference was owing to a significant
reduction of eosinophils (>80%), with only a modest and
statistically insignificant reduction of the mononuclear
cell population in the BAL fluid. These findings suggest
that expression of GM-CSF did not break established
airway tolerance.

2.2 Cytokine expression in the bronchoalveolar
lavage fluid

Given the preeminent status of cytokines in orchestrating
and regulating the central features of allergic airway
inflammation, we measured expression levels of Th2-
associated (IL-4, IL-5, IL-13) and regulatory (IL-10, IFN-v,
TGF-B) cytokines in the BAL fluid. BALB/c mice were
exposed for 10 consecutive days to either OVA (tolerance
induction) or saline aerosol. Both groups were then
exposed to aerosolized OVA for a period of 9 days in a
GM-CSF-enriched airway environment. Twenty-four
hours after the last exposure mice were killed and BAL
fluid was collected. Cytokines were measured by ELISA.
While IL-4, IL-5 and IL-13 were secreted at high
concentrations in animals initially exposed to saline
and then to OVA in a GM-CSF-enriched airway environ-
ment, expression of these cytokines was significantly
decreased in animals initially exposed to OVA, reaching
levels comparable to those observed in naive mice
(Fig. 2). Conversely, the expression of IL-10, IFN-y and
TGF-B was unaffected by initial exposure to OVA, since
levels of these cytokines were similar in both groups.
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2.3 Impact of initial OVA exposure on humoral
responses in animals exposed to OVA in
context of GM-CSF

To assess whether expression of GM-CSF breaks IgE
unresponsiveness in tolerant mice, we measured serum
levels of OVA-specific IgE and IgG1. BALB/c mice were
exposed for 10 consecutive days to either OVA (tolerance
induction) or saline aerosol. Both groups were then
exposed to aerosolized OVA for a period of 9 days in a
GM-CSF-enriched airway environment. Twenty-eight
days after the last exposure, both groups were exposed
for 3 consecutive days to OVA (in vivo recall challenge)
and killed 2 days later. Their serum was collected and
antibody titers were assessed. Our results show a
divergent expression pattern of these Th2-associated
Ig, whereas animals initially exposed to OVA and then to
OVA in the context of GM-CSF secreted nearly
undetectable levels of IgE when compared to mice
initially exposed to saline and then to OVA with GM-CSF;
IgG1 expression was similar in both groups and
significantly higher than in naive mice (Fig. 3). Negligible
levels of both Ig were detected immediately following
initial OVA exposure.

2.4 Impact of initial OVA exposure on lung
physiology in animals exposed to OVA in
context of GM-CSF

We next assessed airway responsiveness to increasing
intravenous doses of methacholine (MCh) during in vivo
recall challenge, as described above. Fig. 4 demon-
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Fig. 2. Cytokine expression in the BAL fluid of tolerant mice exposed to OVA in context of GM-CSF. BALB/c mice were exposed to
OVA (tolerance induction) or saline aerosol on 10 consecutive days. Both groups were then subjected to OVA aerosol in the
context of GM-CSF. Cytokine expression was assessed in the BAL fluid. Data represent means + SEM, n=4-9, *p<0.05.
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Fig. 3. OVA-specific IgE and IgG1 levels in the serum of
tolerant mice exposed to OVA in context of GM-CSF. BALB/c
mice were exposed to OVA (tolerance induction) or saline
aerosol on 10 consecutive days. Both groups were then
subjected to OVA aerosol in the context of GM-CSF. Twenty-
eight days after the last exposure, mice were challenged with
aerosolized OVA. OVA-specific IgE and IgG1 levels were
measured in the serum following the initial 10 days of OVA
exposure and after challenge. Data displayed represent
means + SEM; n=5 for naive, n=8 for all other groups;
*p<0.05.

strates significantly increased airway responsiveness in
mice that were initially exposed to saline and then to OVA
in the context of GM-CSF expression, as compared to
naive controls. This responsiveness was significantly
reduced in mice initially exposed to OVA. At no MCh dose
measured we did observe differences in airway respon-
siveness between naive animals and animals initially
exposed to OVA. BAL fluid cellular data obtained at this
time point were similar to findings observed during the
acute phase of OVA exposure in the context of GM-CSF
expression, as documented in Fig. 1 (unpublished data).

2.5 Activation status of CD4"* T cells in the lung

Because CD4" T cells are indispensable to the develop-
ment of allergic airway inflammation, their phenotypic
profile was assessed. CD4*CD3" T cells from animals
subjected to two sets of daily OVA exposures for 10 days
each, both times in the absence of GM-CSF, expressed
low levels of the activation markers CD69 (9.8%) [18] and
CD25 (6.5%) [19, 20], and negligible levels of the Th2
effector marker T1/ST2 (4.4%) [21-23] (Fig. 5). In
contrast, animals initially exposed to saline and then

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2004. 34: 2375-2386

—— Maive
—— Sal - GM-CSF/OVA
—— OVA - GM-CSFAOWA

;-
\' .
\<

] 10 33 (LE]

Methacholine dose (paka)

Fig. 4. Impact of GM-CSF expression on AHR in tolerant
mice. Mice were exposed to OVA (tolerance induction) or
saline aerosol on 10 consecutive days. Both groups were
then subjected to OVA aerosol in the context of GM-CSF.
Twenty-eight days after the last exposure, mice were
challenged with aerosolized OVA and airway function was
assessed. Data represent means + SEM; n=5 for naive; n=8
for all other groups. Statistical analysis was performed using
ANOVA with Newman-Keuls post-hoc test. *RRS was
significantly greater compared to naive control mice
(p<0.05), *RRS was significantly greater compared to
sensitized and challenged mice initially exposed to OVA
(p<0.05).

subjected to OVA in the context of GM-CSF had
dramatically increased levels of CD69 (28.4%), CD25
(13.0%) and T1/ST2 (13.8%). In animals initially exposed
to OVA and then subjected to OVA with GM-CSF, the
expression of CD69 (26.3%), CD25 (13.1%) and T1/ST2
(10.7%) remained high and similar to levels observed in
animals initially exposed to saline.

2.6 Ex vivo T cell effector function

To gain insight into effector activity of Tcells in the
systemic compartment, mice were initially exposed
either to OVA (tolerance induction) or saline, and then
subjected to OVA in the context of GM-CSF. Twenty-four
hours after the last OVA exposure, mice were killed and
splenocytes were isolated and placed in culture. Fig. 6A
shows significantly increased proliferation of splenocytes
from animals initially exposed to saline compared to the
other groups. In contrast, modest proliferation was
observed in animals initially exposed to OVA, not differing
significantly from those of naive animals.

Fig. 6B shows expression of the Th2-associated

cytokines IL-4, IL-5 and IL-13 and the regulatory
cytokines IL-10, IFN-y and TGF- by splenocytes
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Fig. 5. T cell activation status in the lungs of tolerant mice
exposed to OVA in context of GM-CSF. Mice were exposed
to OVA (tolerance induction) or saline aerosol on 10
consecutive days. Both groups were then subjected to
OVA aerosol in the context of GM-CSF. Another group of
animals was subjected to two blocks of OVA exposure only.
Data show the expression profile of CD69, CD25 and T1/ST2
on CD3"CD4* Tcells 24 h after the last exposure. Five
animals were pooled per experimental group. One of two
representative experiments is shown.

cultured for 5 days in the presence of OVA. IL-4, IL-5, IL-
13 and IL-10 levels were significantly reduced in animals
initially exposed to OVA and then to OVA in the context of
GM-CSF, when compared to animals initially exposed to
saline and then to OVA in the context of GM-CSF, while
the levels of IFN-y and TGF-f remained similar between
the groups. Although splenocytes from naive animals
cultured with medium alone did not express any
cytokines measured (unpublished data), some expres-
sion of IFN-y and TGF-f3 was observed in splenocytes
from naive animals cultured with OVA (1,615+218 and
640+229 pg/ml, respectively). Splenocytes from animals
initially exposed to either OVA or saline and then cultured
in medium alone did not express IL-4 or IL-5 but
expressed ~60 pg/ml IL-13, ~25 pg/ml IL-10, ~2 ng/
ml IFN-y and ~100 pg/ml TGF-p.

2.7 Impact of concomitant expression of decorin
and GM-CSF in the lungs of tolerant mice on
airway and systemic responses

To mechanistically address how unresponsiveness is
maintained, mice were initially exposed to saline or OVA;
both groups were then exposed to either adenovirally
encoded GM-CSF and decorin, or GM-CSF and empty
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controlvirus [replication-deficient Ad (RDA)], 1 day priorto
nine daily and consecutive OVA aerosol exposures (GM-
CSF/decorin/OVA and GM-CSF/RDA/OVA, respectively).
Decorin, a proteoglycan and a component of the
extracellular matrix, has previously been shown to
sequester TGF-f in the airways [24]. Fig. 7A shows that
animals initially exposed to OVA and then exposed to OVA
in the context of GM-CSF and decorin mount an
eosinophilic response that is comparable to animals
initially exposed to saline and then subjected to OVAin the
context of GM-CSF and RDA. As a control, tolerant mice
exposed to OVA in the context of GM-CSF and RDA
maintained a state of airway unresponsiveness. Addi-
tionally, tolerant mice exposed to GM-CSF and decorin in
the absence of OVA, or tolerant mice exposed to decorin
and RDAinthe absence of GM-CSF, did notdevelop airway
eosinophilia (Fig. 7B). Moreover, mice initially exposed to
saline and then to OVA in the context of GM-CSF and
decorin mounted an eosinophilic response that was
comparabletoanimalsinitially exposedto OVAandthento
OVA in the context of GM-CSF and decorin (Fig. 7B).

To address whether this reversal of tolerance was
accompanied by a systemic effect, splenocyte prolifera-
tion and IL-5 production to OVA was assessed. Fig. 8
shows that splenocytes proliferated poorly in animals
initially exposed to OVA, regardless of the presence of
decorin. This is in contrast to the robust proliferation of
splenocytes from animals initially exposed to saline and
then to OVA in the context of GM-CSF and RDA. Low
levels and insignificant differences were observed when
splenocytes were cultured in medium alone. Expression
of IL-5 remained low in animals initially exposed to OVA
and then exposed to OVA in the context of GM-CSF and
decorin, compared to animals initially exposed to saline
and then exposed to OVA in the context of GM-CSF and
RDA. To ensure that administration of decorin seques-
tered TGF-$, we measured TGF-§ in the BAL fluid. In
accordance with previous findings, neither active nor
total TGF-3 was detected in decorin-treated animals ([24]
and unpublished data).

3 Discussion

Allergic diseases likely arise because mechanisms
governing homeostasis break down or are subverted.
Therefore, a comprehensive understanding of allergic
diseases requires the elucidation of mechanisms that not
only lead to allergic sensitization but also break
tolerance. To date, investigators have identified a number
of ways by which the immune system maintains apparent
unresponsiveness to a harmless antigen, but many
questions remain. Within this framework, our study
addressed the regulatory potential of GM-CSF, a growth
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Fig. 6. Splenocyte proliferation and cytokine production. Mice were exposed to OVA or saline aerosol for 10 consecutive days.
Both groups were then subjected to OVA aerosol in the context of GM-CSF. Twenty-four hours after the last exposure, splenocytes
were isolated. (A) Data show [°H]thymidine incorporation to increasing doses of OVA after three days of culture. (B) Data show
expression of cytokines measured by ELISA after 5 days of culture with 80 ug/ml OVA (means + SEM, n=3-5).

factor and pro-inflammatory cytokine associated with
human asthma and experimental airways inflammation,
and decorin, a small leucine-rich proteoglycan of the
extracellular matrix and a natural TGF-§ inhibitor [16].

An extensive body of work in human asthma and
experimental allergic inflammation demonstrates in-
creased production of GM-CSF at both the RNA and
protein levels in allergic asthma. Initially described as a
hematopoietic growth factor, GM-CSF is currently known
to enhance antigen presentation by inducing prolifera-
tion, activation and maturation of DC (reviewed in [25]).
Hence, GM-CSF may play a more prevalent role in the
expression of the allergic phenotype than previously
assumed. Indeed, there is a close association between
GM-CSF expression and the breakdown of tolerance
induction to innocuous antigen. We have previously
reported that sustained but transient expression of GM-
CSF in the respiratory mucosa breaks induction of
inhalation tolerance. The ensuing inflammatory response
encompasses all the hallmarks of allergic inflammation,

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

including airway eosinophilia and bronchial hyper-
reactivity. Therefore, GM-CSF provides a context that
privileges Th2 sensitization, thereby subverting tolerance
induction [6].

In this study, we asked whether GM-CSF breaks
established tolerance. We exposed animals to OVA
alone, and subsequently exposed animals to OVA in a
GM-CSF-enriched airway environment. We show dimin-
ished airway and blood eosinophilia and negligible levels
of Th2-associated cytokines. During in vivo long-term
recall, we observed diminished OVA-specific IgE ex-
pression and reduced responsiveness to methacholine
challenge. We argue, therefore, that the context of initial
exposure is remarkably important, especially given that
GM-CSF breaks tolerance induction [14]. However, that a
small population of eosinophils is observed suggests that
Ad/GM-CSF may partially reverse tolerance, especially
given that exposure to OVA alone does not lead to
eosinophilia [14]. This may be indicative of the plasticity
or ‘leakiness’ of the immune regulatory system.
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Fig. 7. BAL fluid cellular profile in tolerant mice exposed to OVA in the context of GM-CSF and decorin. Mice were exposed to OVA
or saline aerosol for 10 consecutive days. (A) Mice exposed to OVA were then subjected to OVA aerosol in the context of GM-CSF
and decorin or OVA in the context of GM-CSF and empty control virus (RDA). Mice initially exposed to saline were subjected to
OVA in the context of GM-CSF and RDA. Animals were killed 24 h after the last of 9 consecutive daily exposures to OVA. Data
represent the cellular profile in the BAL fluid (means + SEM, n=6-8, *p<0.05). (B) Mice initially exposed to saline were then
subjected to OVA in the context of GM-CSF and decorin, while mice initially exposed to OVA were subjected either to GM-CSF and
decorin in the absence of OVA or decorin and RDA in the presence of OVA. Additionally, naive mice were exposed to decorin and
OVA. Animals were killed 24 h after the last of 9 consecutive daily exposures to OVA. Data represent the cellular profile in the BAL
fluid (means + SEM, n=3, *p<0.05 as compared to all other groups).

Our data also show that CD4* T cells are activated in the
lungs, as assessed by the early activation marker CD69
[18], the IL-2 receptor CD25 [19, 20] and T1/ST2, a
marker of Th2 effector cells [21-23]. The high titers of
Th2-associated IgG1 point to a T cell-dependent and
OVA-specific isotype switch, and argue that T cells of
tolerant mice retain some activity related to humoral
immunity. Alternatively, the differential effect on IgE and
IgG1 may be a consequence of different half-lives.
Specifically, reduced IgE levels may result from the short
half-life of this isotype, whereas IgG1 remains enhanced
due to a half-life of about 21-25 days. This scenario
implies that the initial 10 days of OVA exposure induced
IgG1 and IgE levels, while the following treatment may
have shut off OVA-specific antibody production. This,
however, is not supported by our data, since we did not
observe elevated levels of OVA-specific IgG1 and IgE
following initial OVA exposure.

The attenuation of ex vivo effector function in tolerant
mice, as documented with proliferation and cell culture
experiments, suggests that surface expression of
activation markers observed in the lung is not synon-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ymous with inflammation, a discrepancy on which we
have previously reported [6]. Alternatively, the observa-
tion that CD4™ T cells of tolerant mice express markers of
Th2 activation and effector function but remain refractive
to OVA-specific proliferation and Th2-associated cyto-
kine expression may be reflective of a regulatory moiety
actively suppressing OVA-specific effector responses. In
this regard, it has been proposed in a protocol utilizing
intranasal exposure to OVA that IL-10 plays a vital role in
suppressing airway inflammation [26]. However, previous
studies from our laboratory in knockout mice with inhaled
OVA argued that IL-10 was redundant [6]. Although IFN-y
has long been associated with inhalation tolerance,
several relatively recent studies, including our own, have
shown intact tolerance in the absence of this cytokine [6,
8, 27]. Nonetheless, these data do not negate a role for
IL-10 or IFN-y in tolerance but draw attention to the
redundancy of the immune system, and suggest that
other regulatory mechanisms may be compensating.

Studied as much for its fibrogenic as for its anti-

inflammatory properties, TGF-f is an important, if not
defining, cytokine in Tr1 and Th3 regulatory cell-
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Fig. 8. In vitro proliferation and IL-5 production in tolerant
mice exposed to OVA in the context of GM-CSF and decorin.
Mice were exposed to OVA or saline aerosol for
10 consecutive days. Mice exposed to OVA were then
subjected to OVA aerosol in the context of GM-CSF and
decorin or OVA in the context of GM-CSF and empty control
virus (RDA). Mice initially exposed to saline were subjected to
OVA in the context of GM-CSF and RDA. Animals were killed
24 h after the last of nine consecutive daily exposures to
OVA. Data represent proliferation of splenocytes and IL-5
production from splenocytes cultured in medium (gray bars)
or OVA (black bars) (means + SEM). For proliferation,
statistical analysis was performed using one-way ANOVA
with Fisher LSD post-hoc test (*p<0.05); for IL-5 production,
statistical analysis was performed using Kruskal-Wallis one-
way ANOVA on ranks (*p<0.05); n=6-8.

dependent suppression [28, 29]. Although TGF-B-de-
pendent regulation has been described in oral tolerance
and organ-specific autoimmune disease [9-11], its role in
inhalation tolerance is still largely unknown [12]. In this
study we exposed tolerant animals to OVA in the context
of concomitant expression of decorin and GM-CSF. Our
rationale for utilizing a viral vector carrying the decorin
transgene is twofold. First, it is well established that
decorin binds to and inactivates the activity of TGF-f in
murine and human airways [30-32]. Moreover, adminis-
tration of an RDA carrying the decorin transgene
introduces an attractive alternative to mouse transgenics
and protein-based interventions: TGF-B-null mice die
early of multiple causes [33], Smad knockouts may not
exhaust complete TGF-B-mediated activity [34, 35], and
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antibody treatments may lead to serum sickness and are
expensive, especially when multiple administrations are
required. A single delivery of adenovirally-encoded
decorin, on the other hand, ensures continuous expres-
sion of the protein for the entire exposure period to
antigen and, by extension, disruption of TGF-3-depen-
dent activity in the airways [24].

Our data show that exposure of tolerant animals to OVA
in a GM-CSF- and decorin-rich airway environment
reverses eosinophilic unresponsiveness and leads to
robust airway inflammation. The event is localized to the
lung compartment because OVA-specific proliferation of
splenocytes and the associated IL-5 production remains
ablated. Despite the observation that TGF-f was
undetectable in decorin-treated animals, it is yet to be
determined whether this reversal of airway tolerance is
TGF-B-sufficient or whether TGF-B-independent mech-
anisms are also involved. The observation that decorin
reduces experimental pulmonary fibrosis by a TGF-§-
mediated mechanism [24, 32], combined with recent
studies in patients with rhinitis and asthma depicting
that unresponsiveness to house dust mite and birch
pollen allergens can be reversed by neutralizing TGF-
[36], is compelling corroborative evidence that the
molecule is critical to the airway changes we observe
following decorin administration, and further supports
the notion that fibrosis and inflammation may be
inversely related.

Not unlike IL-10 or IFN-v, the similar expression of TGF-3
in BAL fluid and culture supernatants in both tolerant and
non-tolerant animals may be indicative of immune
plasticity; TGF-f is known to be vastly pleiotropic [37].
Alternatively, the similar levels may be indicative of a
decorin-dependent, TGF-B-independent mechanism.
Indeed, decorin has recently been shown to affect
expression of several molecules in cultured human
gingival fibroblasts, including metalloproteinases, tissue
inhibitors of metalloproteinases, IL-1, IL-4 and TNF-a
[38], while human glioma cells engineered to express the
proteoglycan have been shown to stimulate alloreactive
immune responses independently of TGF-f [39]. That
increased expression of decorin has been observed in
human asthma further solidifies a role of this molecule in
allergic diseases [15]. We propose that the combined
expression of GM-CSF and decorin generates an airway
microenvironment with compromised regulatory activity
likely by disrupting TGF-B-mediated suppression. GM-
CSF may not be unique in its ability to break established
tolerance in the presence of reduced immune suppres-
sion. It remains to be elucidated whether other immune-
stimulatory molecules would suffice, such as LPS or
heat-labile toxins. That OVA was necessary to establish
robust eosinophilia argues for antigen dependence. That
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decorin alone was unable to break tolerance argues that
a pro-inflammatory environment must accompany dec-
orin expression if these changes are to take place.

Together, these data suggest a broader context in which
decorin contributes to biological processes. The data
also suggest that airway tolerance is overcome by two
interventions: one that allows for allergic sensitization
(GM-CSF) and one that inhibits regulatory activity
(decorin). It remains to be elucidated whether such
intervention permanently changes the phenotype of the
response to OVA.

Our study is the first to document that GM-CSF alone
cannot break already established tolerance, a process
that may be governed by TGF-B and other decorin-
related mechanisms. It is also the first observation that
expression of decorin affects airway inflammation. As
decorin typically is a negative regulator of TGF-f-
dependent fibrosis, this new role for decorin cautions
against narrowly defined intervention strategies. Indeed,
while decorin plays an important role in regulating
fibrosis, it may be effective at eliciting airway inflamma-
tion. The inability to break tolerance with GM-CSF, a
cytokine with well-defined pro-inflammatory properties,
argues that the context of initial exposure to antigen has
significant and remarkably persistent influence on
subsequent intervention, a notion we have previously
explored in a model of chronic exposure [40]. The
concomitant expression of decorin, however, shows that
airway unresponsiveness breaks under conditions where
regulatory activity is suppressed. These findings serve to
further situate tolerance as an active and resilient process
governed by a network of diverse mediators.

4 Materials and methods
4.1 Animals

Female BALB/c mice (6-8 weeks old) were purchased from
Harlan (Indianapolis, IN). Mice were kept in a 12-h light-dark
cycle with unlimited access to food and water. Cages, food
and bedding were autoclaved, and gloved, gowned and
masked personnel carried out all animal manipulations in a
laminar flow hood. The Animal Research Ethics Board of
McMaster University approved all experiments.

4.2 Tolerance induction

Mice were exposed for 20 min daily over a period of 10
consecutive days to aerosolized OVA (1% wt/vol in 0.9%
saline; Sigma Chemicals, St. Louis, MO) [6]. Control mice
were exposed to saline only.
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4.3 Delivery of adenoviral constructs

Adenoviral constructs carrying the transgenes for mouse
GM-CSF (Ad/GM) [41] or human decorin (Ad/Dec) [32] were
delivered intranasally in a total volume of 30:1 of PBS vehicle
(two 15:1 administrations 5 min apart) into animals anaes-
thetized with isoflurane (Baxter Corporation, Toronto,
Canada). As control, we utilized an RDA carrying no
transgene [42].

4.4 Allergic mucosal sensitization

Mice were exposed to OVA in a GM-CSF-enriched airway
microenvironment using an Ad-mediated gene transfer
approach (3x10” PFU Ad/GM). In some experiments, a
concurrent dose of 3x10” PFU Ad/Dec or 3x10° PFU RDA
was delivered. Mice were exposed to OVA aerosol (1% wt/
volin 0.9% saline) for 20 min daily for 9 days. In experiments
involving AHR and Ig measurements, mice were rested for a
period of 28 days and re-challenged with OVA aerosol daily
for 20 min over a period of 3 days.

4.5 Collection and measurement from
specimens

For BAL, dissected lungs were cannulated and lavaged twice
with PBS (0.25 ml followed by 0.2 ml) [43]. Approximately
0.25 ml of the instilled fluid was consistently recovered. Total
cell counts were determined using a hemocytometer. After
centrifugation cell pellets were resuspended in PBS and
slides were prepared by cytocentrifugation. HEMA 3 Stain
Set (Biochemical Sciences Inc., Swedesboro, NJ) was used
to stain smears. Differential counts were determined from at
least 500 leukocytes using standard hemocytological pro-
cedures. Peripheral blood was obtained utilizing heparin-
coated capillaries (Fisher Scientific, Pittsburgh, PA). Total
white blood cell counts were determined after lysing red
blood cells, and cell differentials were assessed on smears
stained with the Hema 3 Stain Set. For serum, animals were
bled with non-heparin capillary tubes. Serum was prepared
by incubating whole blood for 30 min at 37°C and spun for
15 min at 4°C.

4.6 Cytokine and immunoglobulin
measurements

ELISA kits for IL-4, IL-5, IL-13, IL-10, IFN-y and TGF-$ were
purchased from R&D Systems (Minneapolis, MN). The
threshold of detection for IL-4, IL-13 and IFN-y was
<2 pg/ml; for IL-10, <4 pg/ml; for TGF-B, <7 pg/ml; for
IL-5, <5 pg/ml. To obtain total TGF-f levels, samples were
incubated with HCI prior to ELISA, as directed by the
manufacturer. Serum levels of OVA-specific IgG1 and IgE
were assessed by ELISA [6, 43].
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4.7 Airway hyper-responsiveness

Airway responsiveness was measured based on the
response of total respiratory system resistance (RRS) to
increasing internal jugular vein doses of MCh, as described
[44]. Evaluation of airway responsiveness was based on the
peak RRS measured in the 30 s following the saline and MCh
challenges.

4.8 Lung cell and splenocyte isolation

Splenocytes were isolated using a protocol described
previously [6]. For isolation of lung cells, lungs were flushed
via the right ventricle with 10 ml of warm (37°C) HBSS. The
lungs were then cut into small pieces and shaken at 37°C for
1h in 15ml of 150 U/ml collagenase | (Worthington
Biochemical, Freehold, NJ) in Hanks’ balanced salt solution
(HBSS). Using a plunger, the lung pieces were triturated and
filtered through a nylon mesh. Cells were washed twice and
mononuclear cells were isolated by density centrifugation
over a 30% and 60% Percoll gradient (Pharmacia, Uppsala,
Sweden).

4.9 Splenocyte cell culture

Splenocytes were cultured in medium alone or with 80 pg
OVA/ml at 8x10° cells/well in a 96-well flat-bottom plate
(Becton Dickinson, Lincoln Park, NJ). After 5 days of culture,
supernatants were harvested for cytokine measurement. For
proliferation, splenocytes were cultured in medium alone or
with 40, 80 and 160 ug OVA/mI at 8x10° cells/well in a 96-
well round-bottom plate (Becton Dickinson). After 2 days of
culture, 1 uCi of [*H]thymidine (Perkin Elmer Life Sciences,
Boston, MA) in 20 ul of RPMI was added to each well.
Twenty-four hours later, [°H]thymidine incorporation was
assessed with TopCount NXT microplate scintillation and
luminescence counter (Packard BioScience Company,
Meridan, CT).

4.10 Flow cytometry

The following antibodies and reagents were used: anti-CD3,
PE-conjugated 145-2C11 (PharMingen); anti-CD3, Cy-
chrome-conjugated 145-2C11 (PharMingen); anti-CD4,
FITC-conjugated L3T4 (PharMingen); anti-CD4, Cy-
chrome-conjugated RM4-5 (PharMingen); anti-CD69, PE-
conjugated H1 2F3 (PharMingen); anti-CD25, PE-conju-
gated PC61 (PharMingen); anti-T1/ST2, FITC-conjugated
3E10 (kindly provided by A. J. Coyle, Millenium Pharma-
ceuticals, Inc., Cambridge, MA) labeled in-house according
to a standard protocol [17]; and Streptavidin-Cy-chrome
(PharMingen). The experiment was controlled with appro-
priate isotypes (PharMingen). To minimize nonspecific
binding, 10° cells were incubated with 0.5 ug Fc Block
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(CD16/CD32; PharMingen, Mississauga, Canada) at 4°C for
15 min and subsequently with first-stage monoclonal anti-
bodies at 4°C for 30 min. Cells were washed and treated with
second-stage reagents. Data were collected using a
FACScan and analyzed using WIN-MDI software (The
Scripps Research Institute, La Jolla, CA).

4.11 Data analysis

Data are expressed as mean + SEM. Statistical interpreta-
tion of results was performed using one-way analysis of
variance (ANOVA) with the Fisher least significant difference
(LSD) post-hoc test unless stated otherwise in the figure
legends. Differences were considered statistically significant
when p<0.05.
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