
of September 20, 2011
This information is current as

 .1004189
http://www.jimmunol.org/content/early/2011/09/16/jimmunol
doi:10.4049/jimmunol.1004189

; Prepublished online 19 September 2011;J Immunol
 
Strickland and Philip A. Stumbles
Debra J. Turner, Peter D. Sly, Patrick G. Holt, Deborah S. 

Garnier,Matthew E. Wikstrom, Fabian Blank, Christophe von 
Vanessa S. Fear, Jennifer T. Burchell, Siew Ping Lai,
 
during the Induction of Inhalation Tolerance

 T Cell Proliferation+Allergen-Specific CD4
Mucosal Dendritic Cells In Vivo Limits 
Restricted Aeroallergen Access to Airway

Subscriptions
 http://www.jimmunol.org/subscriptions

 is online atThe Journal of ImmunologyInformation about subscribing to 

Permissions
 http://www.aai.org/ji/copyright.html

Submit copyright permission requests at

Email Alerts
 http://www.jimmunol.org/etoc/subscriptions.shtml/

Receive free email-alerts when new articles cite this article. Sign up at 

initial publication. 
Advance online articles must include the digital object identifier (DOIs) and date of
publication priority; they are indexed by PubMed from initial publication. Citations to 
available prior to final publication). Advance online articles are citable and establish
not yet appeared in the paper journal (edited, typeset versions may be posted when 
Advance online articles have been peer reviewed and accepted for publication but have

Print ISSN: 0022-1767 Online ISSN: 1550-6606.
Immunologists, Inc. All rights reserved.

by The American Association ofCopyright ©2011 
9650 Rockville Pike, Bethesda, MD 20814-3994.
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 on Septem
ber 20, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/cgi/adclick/?ad=31963&adclick=true&url=http%3A%2F%2Fwww.amnis.com
http://www.jimmunol.org/content/early/2011/09/16/jimmunol.1004189
http://www.jimmunol.org/subscriptions
http://www.aai.org/ji/copyright.html
http://www.jimmunol.org/etoc/subscriptions.shtml/
http://www.jimmunol.org/


The Journal of Immunology

Restricted Aeroallergen Access to Airway Mucosal Dendritic
Cells In Vivo Limits Allergen-Specific CD4+ T Cell
Proliferation during the Induction of Inhalation Tolerance

Vanessa S. Fear,*,1 Jennifer T. Burchell,*,1 Siew Ping Lai,* Matthew E. Wikstrom,*,2

Fabian Blank,†,‡ Christophe von Garnier,†,‡ Debra J. Turner,* Peter D. Sly,*

Patrick G. Holt,* Deborah S. Strickland,*,3 and Philip A. Stumbles*,x,3

Chronic innocuous aeroallergen exposure attenuates CD4+ T cell-mediated airways hyperresponsiveness in mice; however, the

mechanism(s) remain unclear. We examined the role of airway mucosal dendritic cell (AMDC) subsets in this process using

a multi-OVA aerosol-induced tolerance model in sensitized BALB/c mice. Aeroallergen capture by both CD11blo and CD11bhi

AMDC and the delivery of OVA to airway draining lymph nodes by CD8a2 migratory dendritic cells (DC) were decreased in vivo

(but not in vitro) when compared with sensitized but nontolerant mice. This was functionally significant, because in vivo pro-

liferation of OVA-specific CD4+ T cells was suppressed in airway draining lymph nodes of tolerized mice and could be restored by

intranasal transfer of OVA-pulsed and activated exogenous DC, indicating a deficiency in Ag presentation by endogenous DC

arriving from the airway mucosa. Bone marrow-derived DC Ag-presenting function was suppressed in multi-OVA tolerized mice,

and allergen availability to airway APC populations was limited after multi-OVA exposure, as indicated by reduced OVA and

dextran uptake by airway interstitial macrophages, with diffusion rather than localization of OVA across the airway mucosal

surface. These data indicate that inhalation tolerance limits aeroallergen capture by AMDC subsets through a mechanism of bone

marrow suppression of DC precursor function coupled with reduced Ag availability in vivo at the airway mucosa, resulting in

limited Ag delivery to lymph nodes and hypoproliferation of allergen-specific CD4+ T cells. The Journal of Immunology, 2011,

187: 000–000.

D
endritic cells (DC) and their subsets play a central role in
coordinating T cell-mediated inflammatory responses to
peripheral self-antigens and external Ags, including in-

haled aeroallergens that induce allergic inflammatory diseases such
as allergic asthma (1–3). In addition to these well-described
proinflammatory roles, however, a number of studies have im-
plicated DC in the downregulation of immune responses to pe-
ripheral Ags by a variety of mechanisms, including passive

mechanisms such as induction of T cell unresponsiveness or
anergy through to active induction of CD4+ T regulatory cells
(Treg). In this context, Ag targeted to steady-state DC was shown
to induce peripheral T cell unresponsiveness (4, 5), whereas ma-
ture, Ag-processing DC can expand Treg that express CD25 and
Foxp3 (6, 7). Other potential mechanisms for DC in limiting T cell
responsiveness include reg-
ulation of tryptophan metabolism by induced expression of IDO
in DC (8) or Treg induction through targeting of Ag to subsets of
DC including tolerogenic plasmacytoid DC (pDC) (8–10).
Inhalation tolerance is a process whereby exposure to innocuous

protein Ags across the respiratory mucosa induces a state of im-
munological tolerance at either the T or B cell level to subsequent
exposure to the Ag. A variety of rodent models have demonstrated
this phenomenon, including passive exposure to aeroallergen be-
fore sensitization or chronic exposure to aeroallergen after sensi-
tization, with Treg induction and activity implicated in the main-
tenance of tolerance in both cases (11–16). In contrast, repeated
inhalation of complex Ag extracts such as house dust mite leads
to persistent inflammation and remodeling in some cases (17),
presumably as a consequence of their inherent TLR or proteolytic
activity. DC have been implicated in the induction and mainte-
nance of tolerance in the respiratory tract, either as regulators of
CD4+ T cell proliferation in draining lymph nodes (DLN) (18) or
inducers of Treg in airway and DLN, or as targets of Treg activity
in the airways (12, 14, 19).
In the mouse, a variety of respiratory DC subsets have been

described and have been shown to play a role in either the induction
or regulation of airways inflammation. Two major populations
of CD11chi MHC class IIhi myeloid-origin DC that are either
CD11bhi CD1032 or CD11blo CD103+ have been described, as
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well as rarer populations of MHC class II2 CD11bhi monocyte-
like DC and MHC class IIlo B220+ Ly6C+ pDC (reviewed in Ref.
3). In the lung, CD11bhi CD1032 DC have been shown to be
major producers of chemokines that contribute to T cell, mono-
cyte, and polymorphonuclear leukocyte recruitment during air-
ways inflammation, whereas CD11blo CD103+ lung DC are in-
volved in cross-presentation of exogenous Ags to CD8+ T cells
and recruitment of Th2 and Tregs (20, 21). In the gut, CD103+ DC
have been shown to direct the development of Tregs through
a TGF-b and retinoic acid-dependent mechanism (22); however,
such a role has yet to be directly ascribed to lung-derived CD11blo

CD103+ DC. Lung CD11blo CD103+ DC have also been shown
to express a range of tight junction proteins, leading to the cur-
rent concept that these cells can interact with bronchial epithelial
cells and directly sample the lumen for inhaled allergens (23,
24). Regulatory roles have also been described for lung pDC (25),
and recent studies have also described populations of regula-
tory myeloid-origin DC that produce IL-10 and can limit Th2-
mediated allergic airway responses (26–28).
The respiratory tract can be divided into two major anatomical

and immunological compartments, these being the mucosal bar-
riers of the trachea and conducting airways and the gas exchange
barriers of the alveoli and their associated lung parenchymal tis-
sue. We have previously shown that this is functionally important,
because the activity of DC is regulated dependent on their ana-
tomical location, and DC residing at airway mucosal surfaces
(airway mucosal DC [AMDC]) have a high turnover rate and are
involved in the early initiation stages of T cell-mediated allergic
airways disease (29–31). Although a number of studies have ex-
amined the tolerogenic activity of lung DC as a function of their
post-Ag exposure interactions with CD4+ T cells, little is known
regarding the regulation of aeroallergen movement across the
mucosal barrier and the efficiency by which this can be captured
by AMDC populations for activation of allergen-specific CD4+

T cells in DLN.
In this study, we have examined aeroallergen-capture and CD4+

T cell activating activity of mouse AMDC subsets during the in-
duction of inhalation tolerance to inhaled OVA using a multi-OVA
aerosol exposure model in sensitized BALB/c mice (13). This
model shares several features with other postsensitization mo-
dels of inhalation tolerance developed in mice (15, 16) and rats
(14), including suppressed recruitment of effector CD4+ T cells
and eosinophils into the airways and attenuated airways hyper-
responsiveness through the promotion of Treg activity. We found
that both CD11bhi CD1032 and CD11blo CD103+ AMDC cap-
tured inhaled OVA in vivo during the early onset of allergic in-
flammation, and that induction of inhalation tolerance markedly
inhibited the capacity of AMDC subsets for aeroallergen capture.
The functional consequence of this was a markedly suppressed
in vivo proliferation of OVA-specific CD4+ T cells in the airway
draining lymph nodes (ADLN) of tolerized mice, which could be
fully restored by the delivery of OVA-loaded and activated DC
into the airways. Reduced activation and in vitro T cell stimulation
by AMDC from tolerized mice was observed, as well as delayed
delivery of OVA to ADLN by migratory CD8a2 DC. Finally,
restricted inhaled Ag uptake in tolerized mice was not specific for
OVA, as FITC-dextran uptake was also downregulated in OVA-
tolerized mice, and not limited to AMDC as OVA and dextran
uptake by airway interstitial macrophages (AIM) was also inhib-
ited, potentially via a mechanism of altered allergen deposition
and movement across the airway mucosal barrier. These data in-
dicate that aeroallergen movement across airway epithelial bar-
riers is altered during inhalation tolerance induction, limiting

allergen capture by AMDC and other APC subsets and their ca-
pacity for induction of CD4+ T cell proliferation.

Materials and Methods
Animals

Specific pathogen-free 8-wk-old female BALB/c mice were sourced
commercially (Animal Resource Centre, Perth, WA, Australia) and housed
under standard conditions. BALB/c DO11.10 TCR transgenic mice (The
Jackson Laboratory), expressing a TCR recognizing OVA peptide 323–339
(ISQAVHAAHAEINEAGR) (32), were bred under clean conditions at the
Telethon Institute for Child Health Research. All animal studies were
approved by the Telethon Institute for Child Health Research and Murdoch
University Animal Ethics and Experimentation Committee operating under
the guidelines of the National Health and Medical Research Council of
Australia.

Sensitization and aerosol challenge protocol

Sensitization and aerosol challenge protocol were as previously described
(13). In brief, on days 0 and 14, mice received 20 mg OVA (Grade V
chicken egg; Sigma-Aldrich, Sydney, NSW, Australia) in 200 mL 2.25 mg
aluminum hydroxide (Serra, Germany) via the i.p. route. Commencing on
day 21, mice received either a single 1% OVA aerosol (31 aero) or a total
of 8 3 1% OVA aerosols over a 3-wk period delivered three times a week
(multiaero) as described by Burchell et al. (13). Control mice were sen-
sitized to OVA and received endotoxin-free PBS aerosols.

Trachea and ADLN preparations

Mouse tracheal and lymph node preparations have been described in detail
previously (33). In brief, trachea were collected from pools of five to eight
mice and single-cell preparations prepared by type IV collagenase di-
gestion (1.5–2 mg/ml; Worthington Biochemical, Lakewood, NJ). ADLN
(upper paratracheal and parathymic) were pooled separately from the same
groups of mice, chopped with a scalpel, and digested with type IV col-
lagenase and type I DNase (0.1 mg/ml; Sigma-Aldrich). All digestions
and washes were performed in glucose sodium potassium buffer (11 mM
D-glucose, 5.5 mM KCl, 137 mM NaCl, 25 mM Na2HPO4, 5.5 mM
NaH2PO4.2 H2O) with debris and RBCs removed as described previously
(33).

Analysis of DC populations and in vivo Ag uptake by flow
cytometry

After single-cell suspensions were generated, FcR were routinely blocked
using 2.4G2 (BD Biosciences) for 10 min on ice before the addition of
phenotyping mAbs to prevent nonspecific binding. AMDC populations
were identified in tracheal digests by using combinations of fluorochrome-
labeled mAbs to mouse I-A/I-E (M5/114.15.2; BD Biosciences), CD11c
(HL3; BD Biosciences), CD11b (M1/70; BD Biosciences), or CD40 (3/23;
BD Biosciences). Migratory DC in ADLN were identified using the above
markers in combination with CD8a (53-6.7; BD Biosciences) to distin-
guish CD8a2 migratory AMDC from resident lymph node CD8a+ DC
populations. All Abs were used as direct conjugates to FITC, PE, PE-Cy5,
PE-Cy7, allophycocyanin, allophycocyanin-Cy7, or biotin as required.
Biotinylated Abs were detected with streptavidin-PE-Cy7 (BD Biosci-
ences) as required. All labeling was performed in glucose sodium potas-
sium buffer containing 0.2% BSA for 30 min on ice for mAb conjugates
and 15 min for streptavidin conjugates. Appropriately matched and con-
jugated IgG isotype controls (BD Biosciences) were used in all experi-
ments, and cytometer compensation settings were adjusted using single-
stained controls for each experiment. Samples were collected using an
LSR II flow cytometer (BD Biosciences) and analyzed using FlowJo
software (TreeStar).

For analysis of inhaled Ag uptake in vivo, mice were lightly anesthetized
with gaseous isoflurane and received 20 mg OVA-conjugated Alexa Fluor
488 or 647 (OVA-A488, OVA-A647; Molecular Probes) in 50 ml saline
delivered pernasally (p.n.) in place of the final OVA aerosol. All Ag sol-
utions were prepared in PBS and detoxified over a polymyxin B column
before use (AffinityPak Detoxi-Gel Column; Pierce, Rockford, IL). In
some cases, 40 kDa Dextran-FITC (Molecular Probes, Invitrogen, Life
Technologies, Mulgrave, VIC, Australia) was prepared to matching molar
concentrations and used in place of OVA-A488 or -A647. Mice were
sacrificed at indicated time points after fluorescent OVA administration,
and trachea and ADLN tissue were harvested.
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In vitro CD4+ T cell stimulation by AMDC and bone
marrow-derived DC

Pooled trachea collected 24 h after the final aerosol were digested to single-
cell suspensions as described earlier, labeled with fluorochrome-conjugated
mAbs to mouse CD11c, I-A/I-E, and CD11b, and passed through a
sterile nylon mesh before cell sorting. CD11chi I-A/I-Ehi AMDC were
sterile sorted for CD11bhi- and CD11blo- expressing cells after light
scatter gating for use in vitro as APCs (BD FACS Aria Cell Sorter: BD,
North Ryde, NSW, Australia). In some cases, bone marrow-derived DC
(BMDC; see later) were cultured from bone marrow cells isolated 24 h
after final OVA aerosol for use as APCs in separate assays. Responder
CD4+ T cells were enriched from the lymph nodes of DO11.10 mice by
negative selection using purified unconjugated mAbs against I-A/I-E,
B220, and CD8a (BD Biosciences, Australia), followed by sheep anti-
rat IgG Dynal beads (Invitrogen Life Technologies, Australia). Cells
were prepared in RPMI 1640 with glutamine (Invitrogen Life Tech-
nologies, Australia) supplemented with 10% FCS, 20 mg/ml gentami-
cin, and 20 mM 2-ME, and 1.25 3 103 APCs cultured with 1 3 105

T cells in round-bottom 96-well plates (Nunclon, Nunc, Denmark)
together with OVA peptide 323–339 (ISQAVHAAHAEINEAGR, LPS
free; Proteomics International) at 5 mg/well, in triplicate for
48 h. Cultures were then pulsed with [3H]thymidine (Amersham Bio-
sciences, Australia) for 20 h, harvested onto glass membranes, and
radioactive thymidine incorporation counted to measure T cell pro-
liferation (1450 LSC and Luminescence Counter, MicroBeta Trilux;
Perkin Elmer).

Analysis of OVA-specific CD4+ T cell proliferation in vivo

CD4+ T cells were prepared from lymph nodes of BALB/c DO11.10
mice, single-cell suspensions prepared, and cells labeled with CFSE
(Molecular Probes, Invitrogen Life Technologies) as previously de-
scribed (33). Twenty four hours after the final OVA aerosol, mice were
injected i.v. with 3 3 106 CFSE-labeled cells, and trachea and ADLN
removed 48 h later. To assess transgenic T cell proliferation, TCR
transgenic CD4+ T cells were identified using KJ1-26 mAb (Caltag,
Buckingham, U.K.), together with anti-CD4 mAb (RM4-5; BD Bio-
sciences) and CFSE division profiles determined by FACS (34).

BMDC preparation and adoptive transfer

BMDC were prepared from the bone marrow of naive BALB/c mice as per
Lutz et al. (35). In brief, bone marrow cells were seeded at 23 105 cells/ml
in OPTILUX dishes (BD Falcon) in IMDM with 10% FCS (Trace Bio-
sciences, Castle Hill, NSW, Australia), 20 mg/ml gentamicin, 20 mM 2-
ME, and 10 mg/ml polymyxin B (Sigma-Aldrich, Australia), and 10% GM-
CSF (generated as tissue culture supernatant from the X68 GM-CSF
transfected cell line; kind gift of Dr. B. Stockinger). At day 8 of culture,
2 3 105 cells/ml were transferred to 25-cm2 tissue culture flasks (BD
Biosciences, Australia), pulsed with 1 mg/ml OVA for 2 h, then stimulated
for 16 h with either 1 mg/ml LPS or 10 mg/ml anti-CD40 mAb (FGK45;
Alexis Biochemicals, San Diego, CA). Isolated BMDC were then washed
and transferred at 13 106 cells in 200 ml PBS i.v. or 53 104 cells in 50 ml
PBS p.n.

Immunohistochemical staining and confocal microscopy

Mice were lightly anesthetized using inhaled isoflurane and a single 50-mg
dose of OVA-A488 instilled p.n. after the last aerosol as described earlier.
Two hours after instillation, animals were sacrificed and trachea were
dissected. The tissue was fixed in 70% ethanol immediately after dissection
and kept at 4˚C overnight, then permeabilized with 0.2% Triton X-100 for
30 min at room temperature. After rinsing with 0.1% BSA in PBS, the
tissue was incubated with a biotinylated I-A/I-E mAb (BD, Australia) at
1:100 in 0.1% PBS/BSA on a shaker at 4˚C overnight. Samples were
washed in 0.1% PBS/BSA and were incubated with streptavidin Alexa 547
and phalloidin rhodamine (Molecular Probes, Invitrogen, Australia; di-
lution 1:100 in PBS + 0.1% BSA) on a shaker at 4˚C overnight. After
staining, whole tracheas were snap frozen in Tissue-Tek OCT embedding
compound (EMS) and 50-mm cross sections were made using a cry-
omicrotome (Leica Microsystems, North Ryde, NSW, Australia). Sections
were mounted on microscope slides and dried at room temperature for
a maximum of 30 min. Samples were embedded using Vectashield
mounting medium and analyzed using a Leica TCS SP2 AOBS Multi-
photon Confocal microscope (Leica Microsystems).

Statistics

All statistics were analyzed by unpaired, two-tailed Student t test with 95%
confidence intervals using Prism analysis software (GraphPad Software).

Statistical values are expressed as *p , 0.05, **p , 0.01, and ***p ,
0.001.

Results
In vivo aeroallergen capture by AMDC subsets and delivery to
ADLN is attenuated in multi-OVA tolerized mice

We have previously shown that a multi-OVA aerosol exposure
regimen of LPS-free OVA into sensitized BALB/c mice induced

airways hyperresponsiveness tolerance by a mechanism involving,

in part, low levels of CD4+ CD69+ effector T cell recruitment into

the airways and expansion of regulatory Foxp3+ CD25+ CD4+

T cells (13). In this study, we aimed to determine whether the

mechanism underlying both of these events could be related to

alterations in the aeroallergen capture and presenting capacity of

AMDC, because these cells have been implicated in the early

priming of aeroallergen-specific CD4+ Th2 cells in airways and

DLN (33, 36). To test this, we modified our multi-OVA aerosol

exposure protocol to include a p.n. delivery of LPS-free OVA

conjugated to Alexa 647 (OVA-A647) in place of the last OVA

aerosol to track the Ag-capture activity of AMDC in vivo. Con-

ducting airways were isolated 2 h after OVA-A647 exposure, and

single-cell suspensions were analyzed for OVA-A647 uptake by

FACS. AMDC were identified in saline aerosol control, 31 OVA,

and multi-OVA aerosol mice by a combination of high expression

of CD11c and I-A/I-E (Fig. 1A, left panel) and further classified as

CD11bhi (CD103lo) and CD11blo (CD103hi) AMDC subsets by

multiparameter flow cytometry (Fig. 1A, right panel). Analysis of

OVA-647 uptake by AMDC subsets in single OVA-aerosol ex-

posed mice demonstrated a high capacity for OVA-A647 capture

by both CD11bhi (Fig. 1B, upper panels) and CD11blo (Fig. 1B,

lower panels) AMDC subsets (72.2 and 54.7% of cells OVA+,

respectively) when compared with control mice (Fig. 1B, left

panels). However, CD11bhi AMDC from 31 OVA mice captured

OVA most efficiently, both in terms of numbers of OVA+ cells and

intensity of OVA uptake. In contrast, OVA-A647 capture by both

CD11bhi and CD11blo AMDC subsets (28.8 and 9.0% of cells

OVA+, respectively) was markedly attenuated in tolerized, multi-

OVA aerosol mice when compared with nontolerized 31 OVA

aerosol mice (Fig. 1B, right panels), with an almost complete

abolition of OVA capture by the CD11blo subset (Fig. 1B, lower

right panel). The number of OVA+ AMDC in the airways declined

over the next 24 h after OVA-647 inhalation for both the CD11blo

and CD11bhi AMDC subsets of single-OVA aerosol mice, con-

sistent with the migration of these cells out of the airways to local

DLN (Fig. 1C, black bars). This was confirmed by a correspond-

ing increase in the number of OVA+ migratory CD8a2 CD11blo

and CD8a2 CD11bhi DC in the ADLN (but not nondraining in-

guinal nodes; data not shown) of single-aerosol mice over the

same 24-h period (Fig. 1D, black bars), consistent with the rapid

emigration of OVA-bearing AMDC to the DLN rather than deg-

radation of the OVA signal in the airways. Similarly, the num-

ber of OVA-647+ AMDC in the airways of tolerized multi-OVA

exposed mice declined over a 24-h period for both the CD11blo

and CD11bhi AMDC subsets (Fig. 1C, gray bars). However, as

expected, the percentage of OVA+ cells was markedly lower in

multi-OVA aerosol mice than that observed for 31 OVA aerosol

mice, and the rate of decline was faster such that few OVA+

AMDC were observed in the airways of multi-OVA exposed mice

at 24 h after OVA-647 inhalation (Fig. 1C). In the ADLN of multi-

OVA–exposed mice, the percentage of OVA+ CD8a2 CD11blo

migratory DC remained reduced at 24 h after OVA inhalation

when compared with single-aerosol control mice (Fig. 1D, left

panel). Although this reduction was not statistically significant for
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the percentage of cells positive for OVA (p = 0.06), it did reach
significance for absolute numbers of cells recovered (31 OVA =
1085 6 55 cells; multi-OVA = 529 6 6 cells; p = 0.009). In
contrast, the percentage of OVA+ CD8a2 CD11bhi DC in ADLN
were equivalent in both31- and multi-OVA aerosol-exposed mice
at the 24-h time point (Fig. 1D, right panel).

In vivo aeroallergen-specific CD4+ T cell proliferation is
suppressed in multi-OVA tolerized mice that can be restored by
activated OVA-loaded DC

The reduced aeroallergen capture capacity of AMDC subsets
suggested that multi-OVA aerosols induced tolerance-generated
populations of CD11bhi AMDC with suboptimal naive CD4+

T cell-stimulating capacity. To test this in vivo, we injected CFSE-
labeled, BALB/c DO11.10 TCR transgenic T cells i.v. into multi-
OVA aerosol tolerized or nontolerized (31 OVA) mice 24 h after
final OVA aerosol. Transgenic T cell proliferation was then as-
sessed 3 d later by preparing single-cell suspensions of ADLN,
labeling for CD4 and the transgenic TCR (KJ-126), and assessing
CFSE profiles of CD4+ KJ-126+ cells by FACS. As expected, the
transgenic CD4+ T cells proliferated vigorously in the ADLN of
mice receiving an 31 OVA aerosol, with ∼70% of the cells en-
tering into one or more divisions, as indicated by only 30.3% of
cells remaining in the undivided peak (Fig. 2A, left panel). In
contrast, transgenic T cells transferred into multi-OVA–tolerized
mice proliferated poorly in the ADLN, with 59.4% of cells re-
maining in the undivided peak and with dividing cells entering
into only one or two division cycles (Fig. 2A, right panel). To test
whether the lack of T cell division was truly related to a migrating
DC defect and not a secondary inhibition of T cell division by
Tregs in the DLN, we used GM-CSF to expand CD11bhi DC from
the bone marrow of normal BALB/c mice (BMDC). BMDC were
pulsed with OVA, stimulated with LPS overnight, then washed
and delivered p.n., or in some cases, i.v., at 2 h after final OVA
into multi-OVA–tolerized mice. Twenty-four hours later, CFSE-
labeled DO11.10 T cells where then transferred i.v. and pro-
liferation assessed as described earlier. OVA-loaded and LPS-
stimulated BMDC (OVA-LPS BMDC) effectively restored T cell
division (5.5% of cells remained undivided) in the ADLN of
multi-OVA mice (Fig. 2B, right panel) when compared with
control multi-OVA–exposed mice receiving p.n. saline (54.3% of
cells remaining undivided; Fig. 2B, left panel). In addition, OVA-
LPS BMDC restored CD4+ T cell division in the trachea to a
similar extent to ADLN (Fig. 2C), although this may, in part, have
also represented cells that have divided in the ADLN and traf-
ficked back to the airways. Finally, restoration of CD4+ T cell
proliferation by OVA-LPS BMDC was not an artifact of residual
LPS contamination, because anti-CD40 mAb-induced maturation
of OVA-loaded BMDC in place of LPS was also effective (data
not shown).

Multi-OVA–induced tolerance alters the frequency and
function of AMDC subsets

To further investigate the function of AMDC subsets after multi-
OVA–induced tolerance, we used FACS to analyze the frequency
and activation status of ex vivo-derived AMDC from multi-OVA–
tolerized mice. The frequency of total CD11chi MHC IIhi AMDC

FIGURE 1. Downregulation of aeroallergen capture by mouse tracheal

AMDC subsets after induction of inhalation tolerance. A, Gating strategy

for identification of mouse AMDC subsets by FACS. Tracheal cell digests

were prepared from sensitized and saline aerosol-exposed mice and stained

for CD11c, I-A/I-E, CD11b, and CD103 as described in Materials and

Methods. AMDC were identified as CD11chi I-A/I-Ehi cells after standard

forward scatter and side scatter gating (left panel) and then gated as

CD11bhi (CD103lo) and CD11blo (CD103hi) for subsequent analysis (right

panel). B, Uptake of inhaled OVA-A647 by AMDC subsets in vivo. Tra-

cheal tissue was isolated from sensitized BALB/c mice 2 h after control

saline aerosol (left panels), single-OVA (middle panels), or multi-OVA

(right panels) aerosol exposure, using p.n. OVA-A647 as the single OVA

exposure or in place of the last multi-OVA aerosol exposure. The cells

were labeled for FACS analysis as described earlier, and OVA-A647

fluorescence determined within the CD11bhi (upper panels) and CD11blo

(lower panels) AMDC subsets. Data are from pooled tissue of five animals

for each treatment group, and one representative of four separate experi-

ments is shown, with equivalent results seen in each. C, Persistence of

inhaled OVA-A647 in AMDC subsets of OVA aerosol-exposed mice.

OVA-sensitized and aerosol-exposed mice were given p.n. OVA-A647

in place of the single (31 OVA, black bars) or last multiple (multi-OVA,

gray bars) exposure as above, tracheal tissues harvested at the indicated

time points after final OVA exposure, and the percentage proportions of

CD11blo AMDC (left panel) and CD11bhi AMDC (right panel) that were

OVA-A647+ determined by FACS. Data are from three experiments using

pooled tissue from five animals for each treatment group at each time

point. Results are shown as mean values6 SEM. *p, 0.05. D, Persistence

of inhaled OVA in ADLN DC subsets of OVA aerosol-exposed mice.

ADLN were harvested from the same mice as in C and labeled for FACS as

described, including CD8a as an additional marker to identify CD8a2

airway migratory DC. Subsets of migratory DC were identified by high

expression of CD11c and I-A/I-E, and further gated as CD8a2 and either

CD11blo (left panel) or CD11bhi (right panel). Data are from three

experiments using pooled tissue from five animals for each treatment

group at each time point. Results are shown as mean values 6 SEM.
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was significantly increased 2 h after aerosol exposure in both 31-
and multi-OVA aerosol exposed mice compared with control mice
(Fig. 3A, 3B, left panels). In addition, a small but significant de-
crease in the relative proportion of CD11blo AMDC and increase
in CD11bhi AMDC (as a proportion of total AMDC) was observed
in single-aerosol mice but had normalized in multi-OVA–tolerized
mice when compared with saline aerosol-exposed controls (Fig.
3B, middle and right panels). To investigate the functional activity
of AMDC after multi-OVA exposure, we purified CD11bhi and
CD11blo AMDC subsets from the trachea of single- or multi-
OVA–exposed mice by cell sorting and used them in an ex vivo
Ag-presenting assay to DO11.10 CD4+ T cells after pulsing with
the H-2d restricted OVA peptide 323–339. Both the CD11blo (Fig.
3C, left panel) and CD11bhi (Fig. 3C, right panel) subsets of
AMDC from single-OVA aerosol-exposed mice showed higher
levels of peptide-presenting capacity to OVA-specific CD4+

T cells than saline aerosol-exposed control mice, consistent with

FIGURE 2. OVA-specific CD4+ T cell proliferation in the ADLN of

mice exposed to inhaled OVA. A, Inhibition of OVA-specific CD4+ T cell

proliferation in the ADLN of multi-OVA–exposed mice. Enriched CD4+

T cells from the lymph nodes of naive DO11.10 OVA-TCR transgenic

donor mice were labeled with CFSE and 3 3 106 cells transferred i.v. into

31-OVA (left panel) or multi-OVA (right panel) aerosol mice 24 h after

the final OVA exposure. Forty-eight hours later, ADLN cells were isolated

and stained for CD4 and the KJ-126 transgenic TCR, and CFSE intensity

of CD4+ KJ-126+ cells assessed by FACS. Bracketed numbers indicate the

proportion of cells remaining in the undivided CFSEhi peak, gated as in-

dicated. Representative CFSE histograms are shown for pools of five mice

per treatment group, with similar results observed in three separate ex-

periments. B, Restoration of OVA-specific CD4+ T cell proliferation in

the ADLN of multi-OVA aerosol-exposed mice by p.n. delivery of BMDC.

Multi-OVA–exposed mice received 53 104 OVA-pulsed and LPS-matured

BMDC (OVA-LPS BMDC), delivered p.n. 2 h after final aerosol. CFSE-

labeled DO11.10 OVA-TCR transgenic CD4+ T cells were then transferred

i.v. 24 h later, and CFSE intensity of CD4+ KJ-126+ transgenic cells was

analyzed in the ADLN by FACS 48 h later as described for A. Bracketed

numbers indicate the proportion of cells remaining in the undivided

CFSEhi peak, gated as indicated. Representative CFSE histograms are

shown for pools of five mice per treatment group, with similar results

observed in three to four separate experiments. C, Restoration of OVA-

specific CD4+ T cell proliferation in the trachea and ADLN of multi-OVA–

exposed mice by OVA-LPS BMDC. BMDC were pulsed with OVA and

matured with LPS as described in Materials and Methods, then transferred

either p.n. (black dots) or i.v. (gray dots) into multi-OVA aerosol-exposed

mice 2 h after final aerosol, followed by CFSE-labeled DO11.10 OVA-

TCR CD4+ T cells i.v. at 24 h after aerosol, as described in B. Tracheal and

ADLN tissue were then harvested 48 h later, and the proportion of trans-

genic CD4+ T cells remaining in the undivided CFSEhi peak was de-

termined by FACS as shown in A and B. Each data point indicates results

obtained from a pool of tissue from five mice, and each treatment was

repeated as indicated. **p , 0.01.

FIGURE 3. Frequency and function of AMDC subsets after OVA

aerosol exposure. A and B, AMDC frequency increased in tracheal tissue

after 31- and multi-OVA aerosol exposure. Tracheal tissue was isolated

from sensitized and saline aerosol-exposed control mice (control), 31-

OVA, and multi-OVA aerosol-exposed mice 2 h after final aerosol; stained

for CD11c, I-A/I-E, and CD11b; and assessed by FACS. A, AMDC were

identified as CD11chi I-A/I-Ehi cells, and (B) the frequency of total (left

panel), CD11blo (middle panel), and CD11bhi (right panel) AMDC were

assessed. The mean 6 SEM percentage frequency of each subset is shown

for each treatment group of pools of five animals per experiment for three

independent experiments. C, In vitro OVA-specific CD4+ T cell stimulation

by AMDC subsets after OVA-aerosol exposure. Tracheal cells were iso-

lated 2 h after final aerosol for each exposure group and sorted for AMDC

subsets as described in Materials and Methods. CD11blo AMDC (left

panel) and CD11bhi AMDC (right panel) were plated at 1.25 3 103 cells/

well of 96-well microtiter plates and pulsed with 5 mg/well of the H-2d

restricted OVA 323–339 peptide. Purified CD4+ T cells from pooled lymph

nodes of three DO11.10 OVA-TCR transgenic mice were then added at

1 3 105 cells/well, incubated for 48 h, and then pulsed with [3H]thymidine

deoxyribose for 20 h. Cell proliferation was assessed by [3H]thymidine

deoxyribose incorporation and expressed as mean cpm6 SEM of triplicate

cultures using AMDC isolated from pooled tracheal tissue from five mice,

showing one representative experiment of three repeat experiments with

similar results. **p , 0.01, ***p , 0.001, ap versus control cultures, bp

versus 31 OVA cultures.
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the enhanced in vivo Ag-presenting activity of these cells. In
contrast, CD11blo AMDC from multi-OVA–tolerized mice stim-
ulated OVA-specific CD4+ T cell proliferation to a significantly
lower extent than those from 31 OVA-aerosol mice, with no in-
crease above CD11blo AMDC isolated from saline aerosol-
exposed control mice (Fig. 3C, left panel). Similarly, CD11bhi

AMDC from multi-OVA–tolerized mice showed a reduced T cell
stimulatory capacity compared with 31 OVA-aerosol mice, with
the stimulatory capacity of these cells now similar to, or slightly
below, that of CD11bhi AMDC from saline aerosol-exposed con-
trol mice (Fig. 3C, right panel).

Inhalation tolerance inhibits DC maturation from bone marrow
precursors

Populations of AMDC residing within the airway mucosa have
a rapid rate of turnover, with replacement of resident cells from
bone marrow myeloid progenitors occurring, on average, every 12
h (30). Thus, the reduced functional capacity of AMDC observed
in multi-OVA aerosol-tolerized mice may have reflected a de-
creased functional activity of influxing precursor cells from the
bone marrow. To test this, we isolated bone marrow cells from
saline control, 31 OVA, or multi-OVA aerosol-exposed mice and
examined their capacity to generate functional BMDC in vitro
after culture in GM-CSF. Bone marrow cell cultures from control
mice generated a high proportion of mature CD11bhi BMDC (85%
of total DC generated), with 45% of these cells expressing high
levels of MHC class II (Table I). Although the total MHC class II
expression on BMDC derived from 31 OVA aerosol mice was
slightly reduced when compared with control cultures, there was
no difference in the proportion of CD11bhi or CD11bhi MHC
class IIhi BMDC generated from these mice (Table I, Supplemental
Fig. 1). In contrast, bone marrow cell cultures from multi-OVA–
exposed mice generated BMDC with significantly lower total lev-
els of MHC class II, and also a significantly lower proportion of
CD11bhi MHC class IIhi cells, when compared with bone marrow
cultures of both single-aerosol–exposed and control mice (Table I,
Supplemental Fig. 1). Although the in vitro uptake of OVA, and
CD40 upregulation after LPS exposure, by BMDC was similar for
all groups (data not shown), the ability to present OVA 323–339
peptide to CD4+ DO11.10 TCR transgenic T cells in vitro was
significantly reduced for both nonactivated and LPS-activated
BMDC derived from multi-OVA–tolerized mice when compared
with both31 OVA-exposed and saline aerosol control mice (Fig. 4).

Inhalation tolerance alters Ag localization and uptake at
airway mucosal surfaces

Although the preceding experiments confirmed that the decreased
capacity for OVA-specific CD4+ T cell stimulation by AMDC
observed in vivo in tolerized mice could be reproduced using
in vitro cocultures, at no point could we replicate the reduced in
situ capacity for OVA capture by AMDC subsets that we observed
in tolerized mice using in vitro OVA uptake systems with purified
AMDC. In this respect, AMDC subsets from all groups of mice
showed an equivalent capacity to capture OVA-647 in vitro when

assessed by FACS (data not shown), suggesting that microenvi-
ronmental factors may be influencing inhaled Ag availability to
resident APC populations. Therefore, we next investigated the
possibility that aeroallergen access to APCs in the airway mucosa
was reduced under conditions of inhalation-induced tolerance,
thereby limiting the amount of Ag available for capture and
transport by AMDC subsets and other cell types with endocytic
capacity. To test this, we examined inhaled Ag capture by resident
AIM that can be identified in airway tissue by FACS among
a population of cells expressing intermediate levels of CD11c and
high levels of MHC class II (Fig. 5A, left panel, left box), and that
we have previously shown to express high levels of CD11b and to
be F4/80+ and be highly endocytic (30, 37). We examined inhaled
OVA uptake and also the Ag specificity of inhaled allergen capture
by replacing OVA with inhaled 40 kDa FITC-labeled dextran
(Dextran-FITC) and examining uptake of this marker by CD11blo

and CD11bhi AMDC (Fig. 5A, right upper panel) and CD11b+

AIM (Fig. 5A, right lower panel). Dextran-FITC was effectively
captured in vivo by CD11bhi (but not CD11blo) AMDC (Fig. 5B,
middle left panel) and AIM in 31-OVA aerosol-exposed mice.
In contrast, dextran-FITC capture was downregulated after multi-
OVA exposure in AMDC and AIM (Fig. 5B, right panels). Sim-
ilar to AMDC shown earlier, inhaled OVA-647 uptake by AIM
was high in 31 OVA aerosol-exposed mice (Fig. 5C, left panel),
but significantly reduced in multi-OVA–tolerized mice (Fig. 5C,
right panel), mimicking the downregulation of OVA-A647 uptake
shown earlier for AMDC after multi-OVA aerosol exposure.
In parallel studies, we used confocal microscopy of mouse

tracheal tissue to visualize the distribution of inhaled OVA-A647 in
31 OVA or multi-OVA mice, in conjunction with staining for
actin to visualize epithelial cells and MHC class II to visualize
intraepithelial and submucosal DC. In 31 OVA aerosol-exposed
mice, OVAwas distributed mainly on the apical surface of airway
epithelial cells, in close association with MHC class IIhi intra-
epithelial AMDC (Fig. 6, left panel, arrows). In contrast, in multi-
OVA aerosol-tolerized mice, OVAwas rarely seen on the epithelial
surface, but rather was now scattered throughout the epithelial
layer and into the submucosa (Fig. 6, right panel, arrows).

Discussion
In this study, we show that induction of inhalation tolerance to
innocuous aeroallergen induces a state of allergen-specific CD4+

Table I. Ex vivo BMDC maturation after OVA aerosol exposure

Group % CD11bhi % MHC Class IIhi
% CD11bhi

MHC Class IIhi

Control 85.1 6 2.4 46.4 6 9.9 45.3 6 6.6
31 OVA 85.3 6 2.0 37.5 6 1.2 41.8 6 1.0
Multi-OVA 78.4 6 13.0 28.4 6 1.1* 26.6 6 2.6*

*p , 0.05.

FIGURE 4. In vitro stimulation of OVA-specific CD4+ T cells by

BMDC from OVA aerosol-exposed mice. Bone marrow cells were har-

vested from control, 31-, or multi-OVA–exposed mice 24 h after last

aerosol and DC expanded in GM-CSF as described in Materials and

Methods. At the end of the culture period, BMDC were harvested and 5

mg/ml OVA peptide 323–339 added, then cultured overnight in GM-CSF

without (nonactivated) or with 1 mg/ml LPS (LPS-activated). A total of

1.253 103 washed BMDC were then added together with 13 105 purified

CD4+ OVA-TCR transgenic T cells for 48 h, pulsed with [3H]thymidine for

20 h, and then harvested. Results are expressed as mean cpm 6 SEM of

triplicate wells. **p , 0.01, ***p , 0.001.
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T cell hyporesponsiveness in DLN and the airway mucosa that is
mediated by a marked downregulation of allergen capture by
AMDC subsets. These data are consistent with our and other
studies showing induction of physiological and immunological
tolerance after repeated exposure to innocuous allergens (11, 13,
16, 38) and with a previous report that this process is dependent on
the CCR7-guided migration of allergen-bearing DC to the DLN
(18). We observed that inhaled aeroallergen is effectively captured
by both CD11bhi and CD11blo subsets of AMDC, equating to the
CD1032 and CD103+ DC subsets that have recently been de-
scribed in both the lung and gut (3). Recent studies have shown
that CD1lblo CD103+ lung DC express the tight junction proteins
Claudin-1, Claudin-7, and ZO-2, leading to the suggestion that
this subset is dominant over CD11bhi CD1032 DC in their ca-
pacity to sample the airway lumen and capture inhaled aero-

allergens (23, 24). Our data are not entirely consistent with this
functional separation, but suggest that both CD11bhi and CD11blo

AMDC have the capacity for high-level aeroallergen capture, with
the CD11bhi subset dominant under Ag-sensitized conditions.
Rather, our data are more consistent with that of Jakubzick et al.
(39), who showed that CD11bhi CD1032 lung DC preferentially
acquire soluble proteins over CD11blo CD103+ DC, the latter
preferentially acquiring particulate Ags.
A key finding in this study was that induction of inhalation

tolerance was associated with a marked decrease in aeroallergen
capture by both CD11bhi and CD11blo AMDC, with an ∼3- and
10-fold reduction in the number of OVA+ cells for CD11bhi and
CD11blo AMDC, respectively. This was functionally relevant,
because adoptive transfer of activated, OVA-loaded DC into the
airways of tolerized mice restored T cell proliferation in the DLN

FIGURE 5. In vivo uptake of inhaled

dextrans and OVA by AIM. A, Identification

of AMDC and AIM by FACS. Tracheal tis-

sue was isolated from OVA/alum-sensitized

mice 2 h after a single p.n. dose of 50 mg/ml

10 kDa dextran-FITC. CD11clo I-A/I-Ehi

cells were gated by FACS (left panel, left

box) and then gated for CD11bhi AIM (lower

right panel). AMDC were identified as

CD11chi I-A/I-Ehi cells (left panel, right

box) and gated as either CD11blo or CD1bhi

AMDC. B, Dextran-FITC capture by AMDC

and AIM. Tracheal cells were isolated from

OVA/alum-sensitized mice 2 h after single

p.n. dextran-FITC exposure, and FITC up-

take determined by FACS in CD11blo

AMDC (upper left panel), CD11bhi AMDC

(middle left panel), or CD11bhi AIM (lower

left panel). Corresponding dextran-FITC

uptake by AMDC and AIM isolated from

multi-OVA aerosol-exposed mice, in which

p.n. dextran-FITC replaced the final OVA

aerosol, are shown in the right panels. FACS

histograms of dextran-FITC uptake by

AMDC and AIM are shown from pools of

tracheal tissue of five animals per group,

as a representative of three experiments

with similar results. C, OVA-A647 capture

by AIM in vivo after multi-OVA aerosol

exposure. Tracheal cells were isolated from

OVA/alum-sensitized mice 2 h after single

p.n. OVA-A647 exposure (left panel) or p.n.

OVA-A647 in place of the final OVA aerosol

in multi-OVA–exposed mice (right panel).

FACS histograms of OVA-A647 uptake by

AIM are shown from pools of tracheal tissue

from five animals per group, as a representa-

tive of three to five experiments with simi-

lar results.
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and also airways. This reduction in allergen capture was observed
in both AMDC subsets at 2 h after p.n. Ag instillation, although
most prominently in the CD11blo subset, and by 24 h, most
allergen-carrying DC had been cleared from the airways of multi-
OVA–tolerized mice, although a small amount still persisted in
nontolerized mice in both subsets of AMDC. It is interesting to
speculate on the fate of aeroallergen captured by CD11bhi and
CD11blo subsets of AMDC, as recent studies have suggested that
the former are specialized for direct presentation of Ag to CD4+

T cells and the latter for cross-presentation to CD8+ T cells in
DLN under tolerogenic conditions (21). We found that lower
levels of inhaled allergen capture in the airways of tolerized mice
closely correlated with persistently reduced amounts of Ag in
ADLN for the CD11blo population of CD8a2 migratory DC at
24 h after p.n. delivery when compared with nontolerant and
allergen-reactive mice, but that accumulation of OVA+ CD11bhi

migratory DC was delayed, reaching levels equivalent to that of
nontolerized controls by 12 (data not shown) to 24 h after p.n.
delivery. These data suggest that the deficiency in CD4+ T cell
proliferation observed in the ADLN of tolerized mice was likely
the net result of delayed and persistent changes in the delivery of
OVA to the ADLN by migrating AMDC subsets.
Our data indicate that AMDC numbers were increased after both

single- and multi-OVA exposure, with no obvious alteration in the
ratio of CD11bhi to CD11blo cells, indicating that reduced aero-
allergen capture was not a consequence of reduced or biased
AMDC subset recruitment. However, AMDC from the airways of
tolerized mice did show a decreased capacity for ex vivo CD4+

T cell stimulation when compared with single-OVA aerosol-
exposed mice, and DC grown from bone marrow precursors of
tolerized mice showed a reduced maturation profile, including
reduced MHC class II expression and capacity to stimulate CD4+

T cells in vitro either as fresh cells or after LPS maturation.
Lambrecht et al. (40) have previously shown that bone marrow
cells from sensitized and aeroallergen-exposed rats have increased
numbers of DC progenitors, and suggest this as a mechanism for
the increased numbers of DC observed in the airways during al-
lergic airways inflammation. Our data showing increased DC
numbers in the airways of both single- and multi-OVA mice is
consistent with this; however, we now show that induction of
aero-tolerance leads to a decreased OVA-presenting capacity of
DC grown from bone marrow precursors of multi-OVA–tolerized
mice. Previous studies have suggested that cytokines such as TGF-
b can alter the stimulatory activity of DC and generate a “tolero-
genic” DC phenotype and promote long-term allograft survival on
adoptive transfer into mice (41–43). In this regard, we have pre-
viously shown markedly increased levels of TGF-b in lavage
fluids of multi-OVA–tolerized mice (13), and in this article, we

postulate that TGF-b may be acting systemically to alter DC
function and/or maturation in the bone marrow of tolerized mice.
The possible mechanisms of actions of TGF-b on BMDC function
remain unclear; however, in vitro studies have shown that TGF-b
exposure reduces the allostimulatory activity of human BMDC
and blocks the final maturation step of DC in murine BMDC
cultures, thus causing an immature population of DC (44, 45).
TGF-b appears to upregulate IL-10 and downregulate IL-12
production, along with NF-kb activation, and may act at the
transcriptional level to inhibit MHC Class II expression (46, 47).
Future in vivo adoptive transfer studies will investigate the po-
tential for TGF-b to alter DC development from BM or airway
precursors as a potential mechanism for tolerance induction, as
well as local activity of this cytokine on AMDC subset function.
An outstanding question from this study is the Ag specificity of

the tolerogenic T cell response induced after multi-OVA exposure.
Because of technical reasons, we were not able to address this
directly; however, our in vivo dextran uptake experiments suggest
a generalized reduction in inhaled molecular uptake by DC and
macrophages after induction of tolerance that would affect immune
responsiveness to any innocuous inhaled Ag (Fig. 5). The tol-
erogenic response is likely to be specific only for innocuous in-
haled allergens, however, as even low-level activation of AMDC
through Toll receptor engagement or other innate stimuli, such as
would be the case with house dust mite extracts, for example, will
promote an immunogenic response through upregulation of MHC
and costimulatory molecules (as reviewed in Refs. 1, 24).
In addition to DC, the airway environment contains other cell

types with Ag capture potential, including a prominent population
of interstitial macrophages that express intermediate levels of
CD11c and high levels of CD11b and F4/80 (30, 48). These
macrophages show a high capacity for inhaled protein capture and
processing in vivo, and although current dogma states that mac-
rophages do not migrate to DLN, a recent study has challenged
this concept (49). During the course of this study, we noted that
OVA capture by AIM was also inhibited after induction of in-
halation tolerance. Further investigation showed that this was not
restricted to OVA, but could also be observed when inhaled dex-
trans of small (10 kDa) and medium (40 kDa) molecular mass
were used in place of OVA. Dextrans are soluble, complex sugar
molecules whose endocytosis by DC and other APCs is mediated
by the mannose receptor (CD206), a pattern-recognition receptor
with similarities to c-type lectin receptors such as DEC205, that
aids the capture of glycosylated proteins and allergens by DC and
other APCs (50–52). Although we observed expression of CD206
on airway macrophages and AMDC, little change in the expres-
sion levels of CD206 was observed during the induction of in-
halation tolerance (data not shown). This suggested that other
mechanisms may be operating to limit Ag available within the
airway microenvironment to cells with endocytic activity, includ-
ing AMDC and macrophages. This was supported by confocal
imaging of inhaled fluorescent OVA in the airways of multi-OVA–
tolerized mice, which showed a different distribution pattern to
OVA in the airways of nontolerant, single-OVA–exposed mice: in
multi-OVA–tolerized mice, inhaled OVA was distributed through-
out the epithelium and submucosa, whereas in nontolerant mice,
the inhaled OVA stayed predominantly on the epithelial barrier
surface where it would presumably be more readily available for
uptake by intraepithelial AMDC, as supported quantitatively by
our flow cytometry studies.
The tight junctions between adjacent polarized airway epithelial

cells form a physical barrier and normally provide the first line of
defense against inhaled viruses, which can disrupt tight junction
integrity to aid viral pathogenesis (53). Tight junction barrier

FIGURE 6. OVA distribution and epithelial tight junction integrity after

multi-OVA aerosol exposure. Multi-OVA aerosol exposure alters the dis-

tribution of OVA at the airway mucosal surface. Trachea were isolated

from OVA/alum-sensitized mice 2 h after single p.n. OVA-A488 exposure

(green, left panel) or p.n. OVA-A488 in place of the final OVA aerosol in

multi-OVA–exposed mice (green, right panel), and whole-tissue mounts

were stained for I-A/I-E (red) and F-actin (blue) and visualized by con-

focal microscopy.
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function is maintained by several junctional proteins, including
intracellular zonula occludens (ZO), extracellular occludens and
claudins, and basolateral desmosomal adhering junctions that
form intercellular junctions between epithelial cells that regulate
passage of macromolecules (54). Altered expression of tight
junction proteins, including reduced levels of ZO-1, have been
observed in human asthma and may contribute to inflammatory
cell and protein influx during inflammation (55, 56). In this study,
we observed qualitatively by confocal microscopy that ZO-1 ex-
pression was downregulated after induction of inhalation tolerance
(J.T. Burchell and P.A. Stumbles, unpublished observations). To-
gether, our data suggest the possibility that the changes in allergen
distribution and capture by APC in the airway mucosa may be
influenced by changes in epithelial barrier integrity: intact tight
junctions trap and focus inhaled allergen to the epithelial surface
where it is readily available for uptake by intraepithelial AMDC.
In contrast, changes in tight junction integrity during tolerance
induction allow rapid penetration of aeroallergen into the sub-
mucosa. This would cause rapid dilution and removal of allergen
via lymphatics, reducing local concentrations of Ag available for
uptake by resident APC, with the net effect being reduced avail-
ability of Ag for presentation to T cells in the airways and ADLN,
as we demonstrated quantitatively by flow cytometry for OVA
uptake by AMDC and in vivo OVA-specific CD4+ T cell pro-
liferation in ADLN and airways.
In summary, these data show that induction of physiological and

immunological tolerance to a defined aeroallergen results in hypo-
responsiveness of OVA-specific CD4+ T cells mediated through
attenuation of OVA capture by CD11bhi CD1032 and CD11blo

CD103+ AMDC subsets. This resulted in reduced delivery of
aeroallergen to the DLN and reduced proliferation of allergen-
specific CD4+ T cells in the DLN, a response that could be re-
stored by airway delivery of Ag-loaded and activated BMDC. The
maturation and Ag-presenting capacity of DC grown from bone
marrow isolated from tolerized mice was also inhibited, suggest-
ing that the induction of tolerance may provide systemic signals
to the bone marrow to inhibit DC maturation, whereas the capture
of OVA and nonrelated dextrans by mucosal macrophages was
also inhibited through a mechanism involving alterations in epi-
thelial barrier tight junction integrity and Ag availability at the
mucosal surface. Together, these data illustrate the multifactorial
nature of tolerance induction at airway mucosal surfaces, and
suggest that control of aeroallergen access to AMDC and other
airway APCs during aeroallergen challenge may be an important
regulatory mechanism for activation of naive allergen-specific
CD4+ T cells.
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M. R. Stämpfli, and M. Jordana. 2006. Inhalation tolerance is induced selectively
in thoracic lymph nodes but executed pervasively at distant mucosal and non-
mucosal tissues. J. Immunol. 176: 2568–2580.

39. Jakubzick, C., J. Helft, T. J. Kaplan, and G. J. Randolph. 2008. Optimization of
methods to study pulmonary dendritic cell migration reveals distinct capacities
of DC subsets to acquire soluble versus particulate antigen. J. Immunol. Methods
337: 121–131.

40. Lambrecht, B. N., I. Carro-Muino, K. Vermaelen, and R. A. Pauwels. 1999.
Allergen-induced changes in bone-marrow progenitor and airway dendritic cells
in sensitized rats. Am. J. Respir. Cell Mol. Biol. 20: 1165–1174.

41. Belladonna, M. L., C. Volpi, R. Bianchi, C. Vacca, C. Orabona, M. T. Pallotta,
L. Boon, S. Gizzi, M. C. Fioretti, U. Grohmann, and P. Puccetti. 2008. Cutting
edge: autocrine TGF-beta sustains default tolerogenesis by IDO-competent
dendritic cells. J. Immunol. 181: 5194–5198.

42. Tiao, M. M., L. Lu, L. T. Huang, C. D. Liang, C. L. Chen, R. Tao, J. J. Fung, and
S. Qian. 2007. Cross-tolerance of recipient-derived transforming growth factor-
beta dendritic cells. Transplant. Proc. 39: 281–282.

43. Lee, W. C., C. Zhong, S. Qian, Y. Wan, J. Gauldie, Z. Mi, P. D. Robbins,
A. W. Thomson, and L. Lu. 1998. Phenotype, function, and in vivo migration and
survival of allogeneic dendritic cell progenitors genetically engineered to express
TGF-beta. Transplantation 66: 1810–1817.

44. Bonham, C. A., L. Lu, R. A. Banas, P. Fontes, A. S. Rao, T. E. Starzl, A. Zeevi,
and A. W. Thomson. 1996. TGF-beta 1 pretreatment impairs the allostimulatory
function of human bone marrow-derived antigen-presenting cells for both naive
and primed T cells. Transpl. Immunol. 4: 186–191.

45. Yamaguchi, Y., H. Tsumura, M. Miwa, and K. Inaba. 1997. Contrasting effects
of TGF-beta 1 and TNF-alpha on the development of dendritic cells from pro-
genitors in mouse bone marrow. Stem Cells 15: 144–153.

46. Mou, H. B., M. F. Lin, H. Huang, and Z. Cai. 2011. Transforming growth factor-
b1 modulates lipopolysaccharide-induced cytokine/chemokine production and
inhibits nuclear factor-kB, extracellular signal-regulated kinases and p38 acti-
vation in dendritic cells in mice. Transplant. Proc. 43: 2049–2052.

47. Yamaguchi, Y. 1998. Regulation of GM-CSF-induced dendritic cell development
by TGF-beta1 and co-developingmacrophages.Microbiol. Immunol. 42: 627–637.

48. Wikstrom, M. E., and P. A. Stumbles. 2007. Mouse respiratory tract dendritic
cell subsets and the immunological fate of inhaled antigens. Immunol. Cell Biol.
85: 182–188.

49. Kirby, A. C., M. C. Coles, and P. M. Kaye. 2009. Alveolar macrophages
transport pathogens to lung draining lymph nodes. J. Immunol. 183: 1983–1989.

50. East, L., and C. Isacke. 2002. The mannose receptor family. Biochim. Biophys.
Acta. 1572: 364–386.

51. Royer, P.-J., M. Emara, C. Yang, A. Al-Ghouleh, P. Tighe, N. Jones, H. F. Sewell,
F. Shakib, L. Martinez-Pomares, and A. M. Ghaemmaghami. 2010. The mannose
receptor mediates the uptake of diverse native allergens by dendritic cells and
determines allergen-induced T cell polarization through modulation of IDO
activity. J. Immunol. 185: 1522–1531.

52. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macromolecules in
the major histocompatibility complex class II compartment: downregulation by
cytokines and bacterial products. J. Exp. Med. 182: 389–400.

53. Sajjan, U., Q. Wang, Y. Zhao, D. C. Gruenert, and M. B. Hershenson. 2008.
Rhinovirus disrupts the barrier function of polarized airway epithelial cells. Am.
J. Respir. Crit. Care Med. 178: 1271–1281.

54. Marchiando, A. M., W. V. Graham, and J. R. Turner. 2010. Epithelial barriers in
homeostasis and disease. Annu. Rev. Pathol. 5: 119–144.

55. de Boer, W. I., H. S. Sharma, S. M. Baelemans, H. C. Hoogsteden,
B. N. Lambrecht, and G. J. Braunstahl. 2008. Altered expression of epithelial
junctional proteins in atopic asthma: possible role in inflammation. Can. J.
Physiol. Pharmacol. 86: 105–112.

56. Coyne, C. B., M. K. Vanhook, T. M. Gambling, J. L. Carson, R. C. Boucher, and
L. G. Johnson. 2002. Regulation of airway tight junctions by proinflammatory
cytokines. Mol. Biol. Cell 13: 3218–3234.

10 AIRWAY MUCOSAL DENDRITIC CELLS AND INHALATION TOLERANCE

 on Septem
ber 20, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org/

