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Allergic asthma is a chronic inflammatory disorder characterizedby eosinophilia andThelper type 2 (Th2) cell activation.

However, little information is available on themechanisms leading to this pathology.Wepreviously showed that alveolar

macrophages (AM) fromratswith experimental asthma lose their ability toprevent asthmasymptoms. Tounderstand the

implication of AM in lung immunity, we investigated the influence of AM sensitization status on lung dendritic cell (DC)

activation induced by allergen challenge in vivo. Rat sensitized to ovalbumin developed airway inflammation

(eosinophils and Th2 cells) and demonstrated myeloid DC (mDC) activation following allergen exposure. The

replacement of AM of sensitized animals by AM from naive animals did not affect allergen-triggered eosinophilia but

completely abolished lung mDC allergen capture and migration to the lymph nodes, as well as Th2 cell polarization.

Moreover, immunosuppressive functions of naive AM occurred in conjunction with low engulfment of allergens but

without variation of major histocompatibility complex II and CD23 expression. Interestingly, sensitized AM that were

withdrawn from the inflammatory environment regained their immunosuppressive functions when transferred to

sensitized rats. Thus, these are the first in vivo evidences showing that dysregulation of AM functions is sufficient to

induce DC-triggered allergic response.

INTRODUCTION

Lung homeostasis is achieved by complex interactions between
resident and infiltrating immune cells, leading to either
immune ignorance or tolerance toward innocuous antigens.
Dysregulation of these processes induces inadequate immune
response leading to pathologies, such as asthma. Chronic T
helper type 2 (Th2) inflammatory response, airway hyper-
responsiveness (AHR), and remodelling are the hallmarks of
allergic asthma.1,2 Although the roles of dendritic cells (DCs),
mast cells, eosinophils, and lymphocytes in asthma pathogen-
esis are extensively documented, the implication of alveolar
macrophages (AM) is still misunderstood.3

This lack of information is surprising given that AM are the
first immune cells in contact with inhaled particles.4 Strikingly,
our laboratory5–7 and others8–11 showed that AM are essential
to maintain lung homeostasis and dampen airway inflamma-
tion. For instance, AM depletion causes inflammation in naive
mice,12 increases inflammation in animals with experimental

asthma,8–10,13 and causes asthma symptoms in a strain of rat
resistant to asthma.7 Although AM functions are by default
protective, multiple studies showed that AM from chronic
asthmatic patients have shifted towards a pro-inflammatory
phenotype,14 suggesting that AM homeostatic functions are
altered in asthma. Interestingly, replacing AM of asthmatic
animals with AM from naive animals, but not from sensitized
rats, inhibits AHR and reduces inflammatory cytokines in
bronchoalveolar lavage (BAL), independently of eosinophi-
lia.5,6 Moreover, the protective capacities of AM can be
restored. Indeed, AM from rats with experimental asthma
can be reprogrammed to a naive phenotype, when withdrawn
from the asthmaticmicroenvironment.15Hence, AM in asthma
lose their capacity to prevent immunopathological responses.
Yet, themechanisms used by AM tomaintain lung homeostasis
remain poorly understood.

DCs are likely targets for AM to maintain lung homeostasis.
Indeed, DCs are sentinels of the airways and critical activators
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of immune responses. They are found throughout the lung
epithelium and have a central role in allergic airway inflamma-
tion. At least twoDC subsets are found in the lung,myeloidDCs
(mDCs) and plasmacytoidDCs (pDCs), but their respective role
in immunity is poorly delineated. Although pDCs are scarcer
than mDCs in lung mucosa,16 both subsets are recruited to the
lung and BAL of asthmatic subjects after allergen exposure.17,18

In asthma pathogenesis, DC activation has a central role as they
capture and present antigens locally and in draining lymph
nodes (dLN).19,20 In addition, DCs produce soluble mediators
that polarize and induce chemotaxis of Th2 cells.21 Thus,
inhibition of DCs represents a potential mechanism by which
AM could prevent the development of allergic disease.

Circumstantial as well as in vitro evidences suggest that AM
may be central to positively and negatively modulate DC
activation.22,23 Indeed, AM are in close proximity with DCs22

and, in asthma, AM produce soluble mediators involved in DC
activation.24 Conversely, AM reduce the number of DCs into
the airway lumen of naive animals25 and inhibit DC-induced
proliferation of T cells in vitro.22 In addition, a recent study
showed that local environment, for which AM are significant
contributors, is essential to control allergen uptake by DCs.26

Given that DCs are central in allergic asthma pathogenesis19,20

and that asthma can be prevented by grafting naive AM (nAM)
into sensitized rats,5 our general hypothesis is that the ability of
AM to prevent DC activation is impaired in the context of
allergic airway inflammation.

Our goal was thus to determine whether restoration of AM
functions would interfere with DC activation and DC-
associated mechanisms of pulmonary T-cell response in the
early events following allergen exposure. To reach this goal, we
used an extensively validatedmodel of asthma,26 i.e., ovalbumin
(OVA)-induced allergic airway inflammation in Brown Nor-
way rats. This model reflects many features of human asthma,
including lung eosinophilia, immunoglobulin E response,
airway inflammation, and AHR.27–29 In addition, rat DC
subsets are similar to those observed in human.30 To look into
AM functions in lung allergic airway inflammation, we took
advantage of an experimental system enabling in vivo replace-
ment of AMof sensitized animals with AM from either naive or
sensitized rats. The present study shows, for the first time, that
AM dysregulation in asthma is sufficient to induce DC-
mediated antigenic allergic response. Most importantly, we
determined that AM withdrawn from the asthmatic environ-
ment could regain those homeostatic functions, supporting that
they could be targeted to interfere with lung inflammation. As a
whole, our study supports that AM are dysregulated in asthma
pathogenesis, which enables mDC activation. Thus, the
restoration of AM regulatory functions could be a promising
strategy to interfere with allergic airway inflammation.

RESULTS

Frequency of eosinophils is not affected by the
sensitization status of AM

The influence of AM sensitization status on the inflammatory
response induced by allergen challenge was first determined.

We collected BAL cells 2 h following allergen challenge in four
different groups of animals: naive animals (Control), sensitized
animals (Asthmatic), and sensitized animals depleted of AM
and reconstituted with AM derived from either sensitized
(Asthmaþ sAM)or naive animals (Asthmaþ nAM).Naive rats
displayed a homeostatic response, whereas asthmatic animals
showed airway inflammation and AHR in response to
aerosolizedOVA.27The total number of cells and thedifferential
cell counts in the BALwere then characterized (Figure 1). Total
cell count was similar in all the groups (Figure 1a), which is
consistent with the early time point after challenge used in this
study.27,31 Although there was no difference in total cell count,
the percentage of eosinophils was significantly increased in the
asthmatic group (13.3±3.9%) comparedwith the control group
(0.4±0.3%) (Figure 1b). nAM and sAM transfer did not alter
eosinophil recruitment compared with the asthmatic group
(Figure 1b). In addition, more neutrophils were observed in the
transfer groups (Figure 1b), but the difference was not
significant and was independent of AM sensitization status,
as previously documented.32 Therefore, AM did not affect early
eosinophil influx.

Figure 1 Sensitization status of alveolar macrophages (AM) does not
modulate early eosinophil recruitment in the airways. Asthmatic rats were
sensitized intraperitoneally with ovalbumin (OVA)/Alum. AM were
depleted and replaced with AM from sensitized rats (Asthmaþ sAM) or
naive rats (Asthmaþ nAM). Bronchoalveolar lavage (BAL) were
performed 2 h after OVA challenge. (a) Total cell counts and (b) cellularity
were measured after Trypan blue and DiffQuick stainings, respectively.
Total cell numbers were similar in all the groups and eosinophilia was
present in the asthmatic, Asthmaþ sAM, and Asthmaþ nAM groups.
Asterisk indicates significant differences (Po0.05) compared with the
naive group. Mean±s.e.m.; n¼4–7 per group.
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Naive AM control mDC allergen uptake but not their
recruitment

Before addressing the modulation of DC functions, we
enumerated lung DC subsets, given that both mDCs and
pDCs are recruited in the airways of asthmatic patients.17major
histocompatibility complex (MHC) IIhigh/CD11bþ mDCs
represented around 90% (ranging from 87% to 94%) of the
total MHC IIhigh/autoflorescence– DCs in naive rats, whereas
MHC IIþ /CD11b–/CD4þ pDCs accounted for the other 10%
(ranging from 6% to 13%) (Figure 2). When compared with
the control group, allergen challenge induced more than a
twofold increase of mDC number in the asthmatic group,
reaching 1.6±0.4� 106 cells per g of lung (Figure 2a,b),
whereas pDC number was not affected in any condition, with
approximately 0.14±0.02� 106 cells per g of lung
(Figure 2c,d). nAM and sAM transfer did not alter the
recruitment of DCs in the lungs, when compared with the
asthmatic group (Figure 2). Thus, the sensitization status of

AM did not affect early DC recruitment in this model of
asthma.

We then studied the capacity of DCs to capture allergen
in vivowith intranasal delivery of fluorescentOVA.mDCswere
the main DC population capturing allergen. Indeed, in naive
rats, 13±6� 103 mDCs per g of lung were OVAþ , compared
with 0.23±0.09� 103 for OVAþ pDCs (Figure 3).
Furthermore, mDC allergen capture was enhanced by 3.9-
fold in the asthmatic group (51±18� 103 OVAþ mDCs per g
of lung) compared with naive rats. Asthmatic and
Asthmaþ sAM groups had similar number and frequency
of OVAþ mDCs, whereas transfer of nAM completely
abolished the increase of OVA uptake by mDCs, bringing it
back to the baseline level (Figure 3a,b). By contrast, the
frequency of OVAþ pDCs remained at the control level,
averaging 0.25±0.08� 103OVAþ pDCs per g of lung tissue in
all the conditions. These data suggest thatmDC is themajorDC
subset sampling lung antigen in this asthmamodel and that the

Figure 2 Dendritic cell (DC) recruitment in asthma is enhanced but not modulated by alveolar macrophages (AM). Single-cell suspensions were
prepared from lungs 2h after ovalbumin challenge. DCs were identified by flow cytometry using major histocompatibility complex (MHC) II and CD11b
expression in either whole-cell suspensions for the myeloid DCs (mDCs) or after gating on CD4þ cells for the plasmacytoid DCs (pDCs). (a, c) mDC
and pDC fractions; (b, d) number per g of lung. mDC numbers were increased in the asthmatic, Asthmaþ sAM, and Asthmaþ nAM (AMwere depleted and
replaced with AM from sensitized rats (Asthmaþ sAM) or naive rats (AsthmaþnAM)) groups compared with the naive, whereas pDC population was not
affected in any condition. Asterisk indicates significant differences (Po0.05) compared with the naive group. Mean±s.e.m.; n¼ 4–7 per group.
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dysregulation of AM functions can profoundly affect antigen
uptake by mDCs.

Transfer of nAM to rats with experimental asthma reduces
accumulation of antigen-bearing DCs in dLN

ActivatedDCsmigrate from lungs to dLN to activate T cells. To
confirm that reduced antigen uptake in the lungs correlates
with a lower accumulation of antigen-loaded DCs in the dLN,
we characterized OVAþ DC subsets in dLN. In contrast to the
lungs, dLN mDC and pDC subsets were almost equally
represented in naive rats, and their number remained the same
in all the groups (Figure 4). However, allergen-loaded DCs that
migrated from the lungs to dLN were mainly mDCs. Indeed,
o5% of OVAþ DCs were OVAþ pDCs in all the conditions
tested, and this frequency was not modulated between any
group (data not shown). In asthmatic rats, OVAþ mDC
number increased 3.4-fold compared with naive rats, reaching
8.2±2.3� 104 cells per dLN (Figure 5). Although the transfer

of sAM did not reduce the number of OVA-bearing DCs when
compared with asthmatic rats, nAM transfer reduced the
number of OVAþ mDCs in the dLN to that of the level of naive
rats (Figure 5). Thus, nAM transfer inhibited the accumulation
of OVAþ DCs in dLN of asthmatic rats, in agreement with
reduced OVA uptake in the lungs.

AM from sensitized rats fail to dampen Th2 cell polarization
in the lungs

A critical step in allergic airway inflammation is the establish-
ment of a Th2 response. The control of local T-cell activation is
not only mainly orchestrated by DCs,31 but also influenced by
other immune cells, including AM.33 Thus, lymphocyte
populations were quantified in the lungs. Total lung Th cell
(CD3þ /CD4þ ) number was not modulated in the four groups
studied, neither was the number of anti-inflammatory
Foxp3þ /CD25þ regulatory T cells (data not shown).
However, the numbers of interleukin (IL)-4þ /STAT6þ (signal

Figure 3 Dendritic cell (DC) allergen capture is decreased by alveolar macrophages (AM) from naive rats. Single-cell suspensions were prepared
from lungs 2h after instillation of ovalbumin (OVA)-AlexaFluor647 challenge. Allergen capture was assessed by measuring the frequency of
AlexaFluor647þ cellsonDCsubsets, using flowcytometry. (a,c)MyeloidDCs (mDCs)andplasmacytoidDCs (pDCs)OVAþ frequency; (b,d) numberper g
of lung. Compared with naive rats, allergen uptake was increased in the asthmatic and Asthmaþ sAM groups but not in the Asthmaþ nAM group
(AM were depleted and replaced with AM from sensitized rats (Asthmaþ sAM) or naive rats (Asthmaþ nAM)). Allergen uptake was also significantly
lower in the Asthmaþ nAMgroup comparedwith the Asthmaþ sAMgroup. pDC allergen uptakewas low in all the groups tested. *Po0.05. Mean±s.e.m.;
n¼ 4–7 per group.
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transducer and activator of transcription factor 6þ ) Th2 cells
increased by 2.4- and 1.8-fold in asthmatic and Asthmaþ sAM
rats, respectively, compared with naive animals (Figure 6),
supporting an early local polarization of T cells toward a Th2
phenotype. Strikingly, nAM transfer reduced Th2 cell number
to control level. These data suggest that AM inhibit local
polarization of Th2 cells in the lung, either directly or via DC
modulation.

Reduced antigen uptake by DCs is not caused by AM
elimination of antigens

As AM are the first professional phagocytes to encounter
allergens, we evaluated whether the reduction of DC allergen
capture observed in the Asthmaþ nAM group could be
explained by antigen scavenging by AM in vivo. AM were
identified as high autofluorescence and CD172aþ (ED9) cells.
The number of AMwas not affected in any condition (data not
shown), but allergen uptake was modulated. Indeed, AM
phagocytosis capacity in vivo was enhanced in the asthmatic
group (2.2±0.3� 105 OVAþ AM) compared with naive rats
(0.8±0.2� 105 OVAþ AM) (Figure 7). Expectedly, sAM or
nAM transfer groups had similar level of AM allergen capture
compared with asthmatic and naive AM, respectively
(Figure 7). Hence, low allergen uptake by AM correlates
with reduced DC activation (data not shown), and thus, AM
allergen scavenging cannot explain the reduced allergen uptake
by DCs observed in the Asthmaþ nAM group.

AM dysregulation in asthma is not associated with the
modulation of MHC II and CD23

AM activation is well known in asthma. Previous studies
reported that treatment of AM with granulocyte macrophage
colony-stimulating factor (GM-CSF) was associated with an
increasedMHC II expression and an induction of DC-triggered
T-cell activation.34,35 Given that AM homeostatic functions are

altered in our model of asthma, we investigated whether the
GM-CSF/MHC II axis is modified. At this early time point after
allergen exposure, GM-CSF levels in lung homogenate were
similar between naive and asthmatic rats (2.0±1.7 vs.
2.5±0.7 ng of GM-CSF per g of lung, respectively) and the
expression of MHC II on AM was not modulated 2 h after
allergen challenge in any of the condition (Figure 8a). In
addition, similar expression of the low immunoglobulin E

Figure 4 Dendritic cell (DC) accumulation in draining lymph nodes (dLN)
is not modulated. Single-cell suspensions were prepared from dLN 2h
after ovalbumin challenge. Myeloid DCs (mDCs) and plasmacytoid DC
(pDCs) were identified by flow cytometry using major histocompatibility
complex II and CD11b expression. Proportion of mDCs and pDCs in dLN
was similar and their numbers were notmodulated in any group. *Po0.05.
Mean±s.e.m.; n¼4–7 per group. Asthmaþ sAM and Asthmaþ nAM,
alveolar macrophages (AM) were depleted and replaced with AM from
sensitized rats or naive rats.

Figure 5 Ovalbuminþ (OVAþ ) myeloid dendritic cells (mDCs)
accumulation in draining lymph nodes (dLN) is inhibited by alveolar
macrophages (AM) from naive rats. Single-cell suspensions were
prepared from dLN 2h after instillation of OVA-AlexaFluor647. Allergen
capture was assessed by measuring the frequency of AlexaFluor647þ

cells on mDC subsets, using flow cytometry. (a) OVAþ mDCs/dLN
frequency; (b) number of OVAþ mDCs/dLN. Allergen uptake was
increased in the asthmatic group compared with naive rats. Allergen
uptake was similar between the asthmatic and Asthmaþ sAM groups, but
was strongly reduced in the AsthmaþnAM group (AM were depleted and
replaced with AM from sensitized rats (Asthmaþ sAM) or naive rats
(AsthmaþnAM)). *Po0.05. Mean±s.e.m.; n¼ 4–7 per group. MHC,
major histocompatibility complex.
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receptor CD23, which is involved in allergen uptake, was
measured on AM (Figure 8). These data suggest that AM
dysregulation in acute airway inflammation is independent of
GM-CSF, MHC II, and CD23 expression.

AM homeostatic functions can be restored ‘ex vivo’

We previously demonstrated that sAM can be reprogrammed
by withdrawal from the asthmatic environment and that those
AM could reinstate lung homeostasis.15 As a follow-up to these

observations, we investigated the modulation of DC functions
by replacing AM of sensitized rats with sAM withdrawn from
the asthmatic environment for 24 h (Asthmaþ cAM). Strik-
ingly, mDC allergen capture in Asthmaþ cAM animals was
markedly decreased compared with asthmatic controls
(Figure 9a). Furthermore, allergen uptake by AM
(Figure 9b) as well as lung Th2 cell number (Figure 9c)
returned to baseline values in animals transferred with cAM.
Thus, AMwithdrawn from the asthmatic environment showed

Figure 6 T helper type 2 (Th2)-polarized cell accumulation is enhanced
locally after allergen challenge and modulated by alveolar macrophages
(AM) transfer. Single-cell suspensions were prepared from lungs 2h after
ovalbumin challenge. Th2 cells were identified by flow cytometry using
CD4,CD3,STAT6 (signal transducer andactivator of transcription factor6),
and interleukin (IL)-4 expression. (a) Th2 cell frequency and (b) number per
g of lungwerehigher in the asthmatic andAsthmaþ sAMgroups compared
with naiveandAsthmaþ nAMgroups (AMweredepletedand replacedwith
AM from sensitized rats (Asthmaþ sAM) or naive rats (Asthmaþ nAM)),
respectively. *Po0.05. Mean±s.e.m.; n¼4–7 per group.

Figure 7 Alveolar macrophages (AM) allergen capture is enhanced in
asthma but is notmodulated by adoptive transfer. Bronchoalveolar lavage
(BAL) were performed 2 h after instillation of ovalbumin (OVA)-
AlexaFluor647. Allergen capture was assessed by measuring the
frequency of AlexaFluor647þ cells in autofluoresentþ /CD172aþ AM,
using flow cytometry. (a) AM OVAþ frequency; (b) number of AMOVAþ .
Allergen capture was higher in the asthmatic and Asthmaþ sAM groups
compared with the naive and Asthmaþ nAM groups (AM were depleted
and replaced with AM from sensitized rats (Asthmaþ sAM) or naive rats
(AsthmaþnAM)). *Po0.05. Mean±s.e.m.; n¼ 4–7 per group.

ARTICLES

160 VOLUME 7 NUMBER 1 | JANUARY 2014 |www.nature.com/mi

http://www.nature.com/mi


properties similar to that of AM from naive animals, suggesting
that AM functions can be targeted to restore the homeostatic
balance of the lung.

DISCUSSION

AM are often forgotten in lung immunity even though they
have enhanced anti-inflammatory capacities compared with
resident macrophages elsewhere.11,36 AM are central to lung
homeostasis and their depletion in asthma-resistant rats results
in increased AHR and airway inflammation.7 Interestingly,
depletion of AM in rats with established asthma does not
worsen the disease, suggesting that the homeostatic functions of
AM are lost in the course of asthma pathogenesis. In
accordance with this idea, the transfer of AM from naive
rats into asthmatic rats reinstates homeostasis by reducing
AHR and restoring a naive cytokine profile.5 Here, we show for
the first time that AM are able to control mDC allergen capture
in vivo and that the dysregulation of AM functions in asthma is
sufficient to induce DC-triggered allergen inflammatory
cascade. Indeed, AM abrogate DC allergen uptake and blunt
the accumulation of Th2-polarized cells in the lungs. This is in
agreement with the theory that AM insure the lack of response
against innocuous antigen by increasing the immune activation
threshold. Importantly, we determined that the control of DC

functions could be restored by AM withdrawn from the
asthmatic environment, supporting that AM could be targeted
to short-circuit the early events following allergen exposure. In
addition, we found that mDCs, not pDCs, are the prominent
lung DC subset and that they are the first DC subtype uptaking
and carrying the allergen to dLN. This supports their critical
involvement in allergic airway disease.

Our data strongly argue for a central role of AM to maintain
lung homeostasis by limiting DC allergen uptake. This in vivo
study design allowed the validation of previous findings
obtained in vitro that suggested that AM can inhibit T-cell
proliferation induced by DCs.22 However, this is in contra-
diction to the recent report of Bedoret et al.,37 which showed
that interstitial macrophages (IM), and not AM, have an
important role in lung homeostasis in allergic asthma. This
discrepancy could be explained, at least in part, by the
experimental design of their study. Instead of challenging
animal with nebulized or instilled allergens, they administered
allergen-loaded DCs (bone marrow DCs primed with lipo-
polysaccharide (LPS) and OVA) to induce asthma, which
bypasses many immunological processes, including DC aller-
gen capture. Given that naive AM reduced allergen uptake by
DCs, this could explain why their study overlooked AM
immunosuppressive functions. Furthermore, IM mechanisms
of action are likely different from the ones used by AM. Indeed,
IM produce IL-10 in a Toll-like receptor 4–dependent
fashion,37 whereas our study used an LPS-free model of
allergy, and no increase of IL-10 level is detected in the BAL of
Asthmaþ nAM rats compared with Asthmaþ sAM and
asthmatic animals.5 Thus, the protective effects of AM in
the current model are likely independent of IL-10.

To further investigate the mechanisms involved in AM
regulation of mDCs, we explored a likely mechanism described
under generic inflammatory condition (LPS exposition), i.e.,
the alteration of AM phenotype by GM-CSF.34,35 Indeed, the
increase of GM-CSF in LPS-exposed lungs blunted the
protective functions of AM on DC activation and increased
AM expression of MHC II.34,35 The current model addresses
early steps of asthma, and no modulation of GM-CSF level was
observed, even though increased production is observed in
adult patients with a history of asthma.38 Given that neither
modulation of GM-CSF in lung tissue nor MHC II expression
on AM was observed, it is unlikely that AM dysregulation is
caused by GM-CSF at this early stage of the disease.
Furthermore, CD23 (pro-inflammatory) involvement may
also be discarded to explain AM dysregulation, as it was
notmodulated in the conditions studied here. Thus, our asthma
model enabled the study of early steps involved in asthma
exacerbation, including natural DC activation, which allowed
the identification of a novel role of AM in lung homeostasis: the
early inhibition of allergen uptake by mDCs.

Our study shows for the first time that, rapidly after allergen
exposure, mDCs are the main DC subset capturing allergens in
the lung and that this capacity is drastically increased in
asthmatic animals. This observation is in agreement with the
preferential uptake of house-dust mite by lung mDCs in a

a

b

Figure 8 Major histocompatibility complex (MHC) II and CD23
expression are not modulated on alveolar macrophages (AM) early on
asthma development. Bronchoalveolar lavage (BAL) were performed 2 h
after instillation of ovalbumin.MHC II andCD23expressionwasmeasured
on autofluoresentþ /CD172aþ AM, using flow cytometry. AM expression
of (a) MHC II and (b) CD23 is depicted as the ratio of mean fluorescence
intensity over naive rats. No modulation was observed. *Po0.05.
Mean±s.e.m.;n¼ 3–5per group. Asthmaþ sAMandAsthmaþ nAM,AM
were depleted and replaced with AM from sensitized rats or naive rats.
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mouse model of inflammation.39 However, the capacity of
pDCs to capture allergens is somewhat more controversial. A
first study showed a strong accumulation of OVAþ pDCs in
dLN 36 h after allergen challenge,40 whereas another study
showed no lung or dLN pDCs positive for house-dust mite 3
days after exposition.41 The different types of allergens could
explain this discrepancy, but in our hand pDCs did not capture
allergens. Given that allergen capture is a rapid process16,42 and
that allergen can be transferred between DC populations,43 this
discrepancy is more likely to be the result of timing. Thus, our
data support that, early after allergen exposure, resident mDCs,
but not pDCs, quickly sample allergens from the airways and
then migrate to the dLN.

In a previous work,5 we reported the dissociation between
eosinophilia and AHR, as observed in several experimental
models, as well as in humans.44–46 Interestingly, the present
study showed that Th2 cell accumulation, rather than

eosinophilia, could be linked with AHR. These observations
are in agreement with Venkayya et al.47 who showed that Th2
cell–conditioned media can induce AHR via IL-4 and/or IL-13.
The present study thus unravels that AM could control allergic
airway disease–associated AHR by interfering with the Th2
cellular response. Secondarily, our study strengthens the
observation that AM can shift between different pheno-
types.15,48,49 Indeed, we showed that the plasticity of AM
allows the restoration of the homeostatic functions of sAM,
when they are withdrawn for the inflammatory environment.
AM plasticity is an interesting point for future therapeutic
options but complicates the identification of key mechanisms
using in vitro studies.

Overall, these findings are the first to show in vivo that AM
are dysregulated in asthma, which is sufficient to unleash mDC
allergen sampling andTh2 cell accumulation in the lungs. Thus,
AM immunomodulatory functions are essential to short-circuit

Figure 9 Alveolar macrophages (AM) withdrawal from the asthmatic environment restores their protective functions. Asthmatic rats were sensitized
intraperitoneally with ovalbumin (OVA)/Alum and AMwere replaced with ex vivo cultured sAM (AMwere depleted and replaced with AM from sensitized
rats) (Asthmaþ cAM). The effect of cAM on allergen capture by (a) myeloid dendritic cells (mDCs) and (b) AM, as well as on (c) T helper type 2 (Th2)
response were measured 2 h after instillation of OVA-AlexaFluor647. (a) Frequency (left panel) and number (right panel) of OVAþ mDCs per g of lung
were lower in the Asthmaþ cAM group compared with asthmatic rats. (b) OVAþ AM in bronchoalveolar lavage (BAL) were less frequent in
Asthmaþ cAM than in asthmatic rats. (c) cAM transfer reduced considerably the number of Th2 cells in the lungs compared with asthmatic animals.
*Po0.05. Mean±s.e.m.; n¼ 3–5 per group. IL, interleukin; STAT, signal transducer and activator of transcription factor 6.
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the pathogenesis of allergic airway diseases. We showed that
AMprotective functions aremediated, at least in part, by effects
on mDCs (not pDCs), rather than by their ability to scavenge
allergens. In addition, asthmatic AM lose their capacity to
inactivate DCs, but AM plasticity enables them to regain their
homeostatic functions, making AM an interesting target for
novel therapies. Current studies in our laboratory are
performed to evaluate how AM functions could be controlled
to reduce DC activation and asthma pathogenesis in patients.

METHODS

Animals, treatments, and allergen exposure. Eight- to-twelve-week-
old pathogen-free Brown Norway rats from Harlan Laboratory
(Indianapolis, IN) were used. They were maintained at the animal
facility of the IUCPQ on a 12-h light/dark cycle in filter top cages to
ensure virus/pathogen-free conditions. Food and water were given
ad libitum. The protocol was approved by Laval University Animal
Care Committee. OVA (Sigma Chemical, St Louis, MO) sensitization
was performed once by intraperitoneal injection of 1mg OVA/10mg
aluminum hydroxide (Sigma Chemical), and rats were challenged
21 days later by intranasal instillation of 75 mg of OVA-Alexa647
(Invitrogen, Grand Island, NY) in 100 ml of saline. All the groups
were challenged with OVA, and tissues were harvested 2 h after
exposure.

AM elimination and grafting. AM depletion was achieved by Clo-
dronate liposome (Clodrosome; Encapsula, Nashville, TN) admin-
istration as previously described.6 Briefly, 17 days after sensitization,
100 ml of 5mgml� 1 Clodrosome was instilled in each lobe (right and
left). At the maximal depletion time, 3 days later (day 20), these
animals received AM intratracheally, which were obtained from
sensitized (Asthmaþ sAM) or naive (Asthmaþ nAM) rats. Also, in
some experiments, AM-depleted rats received sAM kept ex vivo in
serum-free complete RPMImedium (Gibco BRL, Burlington, Canada)
in non-adherent tubes for 24 h (Asthmaþ cAM).15

Cell isolation and preparation. To identify cell types and to measure
AM allergen capture, BAL were performed as previously described,6

with 50mL of phosphate-buffered saline–EDTA. Cell types were
identified using cytospins stained with Diff-Quik (Gibco BRL). Lung
tissue and dLN were prepared as previously reported.26 Briefly, tissues
were digested with Collagenase IV and DNase I (Worthington
Biochemical, Lakewood, NJ) to obtain single-cell suspension. Iden-
tification of cell populations was performed using monoclonal
antibodies (Biolegend, San Diego, CA; BD Pharmingen, San Diego,
CA; R&D, Minneapolis, MN) directed against cell-surface antigens
and intracellular markers. mDCs are CD11bþ /MHC IIhigh, pDCs are
CD11b–/MHC IIþ /CD4þ , and AM are CD172aþ (ED9)/auto-
fluorescencehigh. T-cell populations were identified using CD4, CD3,
IL-4, FoxP3, STAT6, and CD25 expression. Allergen capture was
measured by AlexaFluor647 fluorescence, and AM activation was
assessed with MHC II and CD23 expression. Data were acquired on a
BD FACSAria II (BectonDickinson, Franklin Lakes, NJ) and analyzed
using Flowjo software (Tree star, Ashland, OR).

Lung digestion and enzyme-linked immunosorbent assay. To
measure cytokine level in lung tissue, approximately 10mg of lung
tissue was placed in ice-cold phosphate-buffered saline supplemented
with protease and phosphastase inhibitor cocktail (Roche, Mannheim,
Germany) and homogenized with a Polytron homogenizer (Omni
International, Marietta, GA). Enzyme-linked immunosorbent assays
were performed with DuoSet kit (R&D Systems) to measure GM-CSF
level, and results are expressed per gram of tissue.

Statistics. Prism (GraphPad Software, Inc., La Jolla, CA) was used for
all statistical analysis, which includes one-way and two-way analysis of

variance with Bonferroni post hoc test. Data are presented as
mean±s.e.m., and P values o0.05 were considered significant.
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