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Exposure to environmental antigens via the air-
ways can lead to a state of tolerance thereby 
preventing lung disease such as asthma. Even 
though deletion and anergy of antigen-reactive 
T cells are likely to play a significant role in pro-
moting airway tolerance, studies in mice and 
humans have suggested that regulatory T cells 
(Treg cells) are critical for controlling inflamma-
tion (Hawrylowicz and O’Garra, 2005; Akdis, 
2006; Umetsu and Dekruyff, 2006; Larché, 2007; 
Lloyd and Hawrylowicz, 2009). Treg cells ex-
pressing Foxp3 or IL-10, or both molecules, 
have been described to associate with suppres-
sion of lung inflammation in humans and to 
increase in numbers in individuals responding 

to allergen immunotherapy. In mouse models, 
the majority of data suggest that a peripherally 
inducible antigen-specific CD4+ Treg cell (iTreg 
cell) is required for generating or maintaining a 
state of airway tolerance (Ostroukhova et al., 
2004; Mucida et al., 2005; Curotto de Lafaille 
et al., 2008; Duan et al., 2008, 2011; Josefowicz 
et al., 2012). Furthermore, in naive, unsensitized 
mice, it has readily been demonstrated that in-
halation of soluble antigen promotes tolerogenic 
mechanisms that prevent susceptibility to de-
veloping Th2-driven allergic inflammation in 
the lung (Tsitoura et al., 1999; Ostroukhova 
et al., 2004; Duan et al., 2008), and from variants 
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Airway tolerance is the usual outcome of inhalation of harmless antigens. Although T cell 
deletion and anergy are likely components of tolerogenic mechanisms in the lung, in-
creasing evidence indicates that antigen-specific regulatory T cells (inducible Treg cells 
[iTreg cells]) that express Foxp3 are also critical. Several lung antigen-presenting cells 
have been suggested to contribute to tolerance, including alveolar macrophages (MØs), 
classical dendritic cells (DCs), and plasmacytoid DCs, but whether these possess the 
attributes required to directly promote the development of Foxp3+ iTreg cells is unclear. 
Here, we show that lung-resident tissue MØs coexpress TGF- and retinal dehydroge-
nases (RALDH1 and RALDH 2) under steady-state conditions and that their sampling of 
harmless airborne antigen and presentation to antigen-specific CD4 T cells resulted in 
the generation of Foxp3+ Treg cells. Treg cell induction in this model depended on both 
TGF- and retinoic acid. Transfer of the antigen-pulsed tissue MØs into the airways 
correspondingly prevented the development of asthmatic lung inflammation upon sub-
sequent challenge with antigen. Moreover, exposure of lung tissue MØs to allergens 
suppressed their ability to generate iTreg cells coincident with blocking airway tolerance. 
Suppression of Treg cell generation required proteases and TLR-mediated signals. There-
fore, lung-resident tissue MØs have regulatory functions, and strategies to target these 
cells might hold promise for prevention or treatment of allergic asthma.

© 2013 Soroosh et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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intrinsically have the ability to promote the efficient gen-
eration of iTreg cells via TGF-. In the present study, our 
data reveal that tissue-resident lung MØs in unsensitized 
mice constitutively express TGF- and retinal dehydroge-
nases (RALDH1 and RALDH2), the enzymes which reg-
ulate retinoic acid production. These MØs can take up inhaled 
antigen and present to naive and activated T cells in a tolero-
genic manner without any exogenous stimuli, resulting in 
the development of Foxp3+ iTreg cells. We also show that these 
MØs retain expression of TGF- and RALDH when aller-
gens are inhaled, but they lose their antiinflammatory activity 
and ability to induce iTreg cells, correlating with a loss of tol-
erance. Clinical therapy for allergic asthma is limited at pres-
ent, and insight into mechanisms that induce tolerance to 
allergens could lead to new treatment strategies. Our data 
suggest that knowledge of ways to specifically target this lung 
MØ and maintain its Treg cell–inducing activity or promote 
the accumulation of these MØs may be applicable for therapy 
of allergic airway disease.

RESULTS
Phenotypic characterization of tissue-resident MØs  
and DCs in the naive murine lung
As our prior data identified TGF-–inducible Foxp3+ Treg 
cells as mediating tolerance after inhalation of soluble anti-
gen in naive mice (Duan et al., 2008, 2011), we sought to 
identify a resident APC in the noninflamed lung that might 
possess the ability to promote these antigen-specific iTreg cells. 
We focused on pulmonary tissue MØs and DCs, reasoning 
they would be immediately available to take up and pro-
cess inhaled antigens. We gated on CD11c+CD45+ cells that 
should encompass all DC and MØ populations and assessed 
samples from naive murine lungs that were perfused and lavaged 
to exclude circulating cells and bronchoalveolar cells includ-
ing alveolar MØs (Fig. 1 A). CD11c+CD45+ cells contained 
two distinct subpopulations in terms of autofluorescence (AF), 
with the majority being high AF. CD11c+ high-AF cells 
were MHC IIlo, whereas CD11c+ low-AF cells were MHC IIhi. 
In addition, CD11c+ high-AF cells expressed high levels of 
F4/80 and Siglec F (a sialic acid–recognizing lectin), whereas 
the low-AF cells were negative for these markers (Fig. 1 A). 
This combined phenotype corresponds to previous designa-
tions used to discriminate pulmonary-resident MØs and DCs 
(Vermaelen and Pauwels, 2004; Stevens et al., 2007; Zasłona  
et al., 2009). Further phenotypic analysis showed that CD11c+ 
high-AF F4/80+ Siglec F+ cells had little expression of CD11b 
and the C-type lectin CD205 and low-level expression of 
CD24 (HSA) but were positive for CD68, an MØ/monocyte 
marker. In contrast, CD11c+ low-AF F4/80 Siglec F cells 
highly expressed CD11b, CD205, and CD24 but did not ex-
press CD68 (Fig. 1 B). Sorting of these cells from perfused and 
lavaged naive lungs into CD11c+ high-AF Siglec F+ MHC IIlo 
versus CD11c+ low-AF Siglec F MHC IIhi populations con-
firmed morphological features of MØs and DCs, respec-
tively (Fig. 1 C).

of this type of model, Foxp3+ iTreg cells have been proposed 
to be crucial (Ostroukhova et al., 2004; Mucida et al., 2005; 
Curotto de Lafaille et al., 2008; Duan et al., 2008).

How these airway iTreg cells are generated is not fully un-
derstood, but this has potential implications for therapy of 
lung disease. TGF- was found to be key to the conversion 
of naive CD4 T cells into Foxp3+ iTreg cells from an in vitro 
study (Chen et al., 2003), and we and others in several models 
of lung tolerance showed that neutralizing TGF- allowed 
the development of Th2-driven eosinophilia in the airway 
and blocked the generation of antigen-specific Foxp3+ iTreg 
cells (Mucida et al., 2005; Duan et al., 2008). More recently, 
we described another iTreg cell that developed after i.n. expo-
sure to soluble antigen and could suppress lung inflammation. 
This CD4+ T cell expressed membrane LAP (latency-associ-
ated peptide) and was Foxp3 negative, but similar to Foxp3+ 
iTreg cells, it also relied on endogenously produced TGF- 
for its development (Duan et al., 2011). A new study of a mouse 
deficient in an intronic Foxp3 enhancer, CNS1, which specif-
ically lacks Foxp3+ iTreg cells, further supports these conclu-
sions. These mice spontaneously displayed Th2 inflammatory 
activity in mucosal tissues including the lungs ( Josefowicz 
et al., 2012). Significantly, CNS1 contains a binding site for 
Smad3 that is critical for TGF-–dependent induction of 
Foxp3 (Tone et al., 2008; Zheng et al., 2010). CNS1 also binds 
the nuclear retinoic acid receptor (RAR; Zheng et al., 2010), 
which mediates the ability of retinoic acid to synergize with 
TGF- and enhance the induction of Foxp3 (Benson et al., 
2007; Mucida et al., 2007). Although it is presently not clear 
whether retinoic acid is required for induction of iTreg cells 
that accumulate in the lung, these data collectively suggest 
that an APC within the airway environment that either makes 
TGF- alone or TGF- with retinoic acid might critically 
contribute to tolerance.

Several years ago, both lung-resident CD11c+ classical 
DCs (cDCs) and plasmacytoid DCs (pDCs) were suggested 
to participate in tolerance in the airways and shown to block 
priming of CD4 T cells (Akbari et al., 2001; de Heer et al., 
2004), but their activity was either centered on the produc-
tion of IL-10 and induction of IL-10–producing Treg cells or 
was undefined. Two major lung cDC populations are now 
recognized, CD103CD11bhi and CD103+CD11blo, but re-
cent results suggest that both are stimulatory rather than 
tolerogenic, although the exact type of T cell response they 
favor may be variable (Beaty et al., 2007; Furuhashi et al., 
2012; Nakano et al., 2012). In addition, older data suggested 
that cells obtained from lung lavages, and thought to con-
sist primarily of alveolar macrophages (MØs), were suppres-
sive for T cell proliferation. In vitro studies showed that these 
alveolar MØs from mice or from humans functioned by pro-
ducing soluble molecules like nitric oxide, prostaglandins, 
and, interestingly, TGF-, leading to an anergic phenotype 
in T cells (Thepen et al., 1992; Holt et al., 1993; Lipscomb 
et al., 1993; Roth and Golub, 1993; Upham et al., 1995; 
Strickland et al., 1996; Blumenthal et al., 2001). However, 
no studies to date have identified a lung APC that might 
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et al., 2010). Pulmonary tissue MØs and DCs and MLN DCs 
were then isolated and specifically sorted to purity based on 
being positive for OVA expression (Fig. 2 C). These ex vivo 
derived APCs were then co-cultured with Foxp3 OT-II CD4 
T cells for 5 d. Consistent with our prior observations, OVA-
capturing lung tissue MØs induced significant numbers of 
Foxp3+ CD4 T cells, whereas OVA-capturing DCs from ei-
ther lung tissue or MLN only weakly generated Foxp3+ T cells 
(Fig. 2 D). Finally, the Foxp3+ T cells generated by the MØs 
were recultured with naive T cells and found to display regu-
latory activity suppressing T cell proliferation (Fig. 2 E). These 
data suggest that tissue MØs are a resident lung APC popu-
lation with the intrinsic ability to promote the generation of 
Foxp3-expressing iTreg cells.

TGF- and retinoic acid are constitutively expressed by lung 
tissue MØs and control differentiation of Foxp3+ iTreg cells
To understand the mechanisms underlying the differential 
ability of lung tissue MØs and DCs to generate Foxp3+ iTreg 
cells, we examined the expression of TGF-, RALDH1 and 
RALDH2, and IL-10. Directly ex vivo isolated MØs from naive 
unmanipulated murine lungs displayed significantly higher ex-
pression of mRNA for TGF-1 than lung tissue DCs, but 
neither population expressed IL-10 mRNA (Fig. 3 A). More-
over, mRNA for RALDH1 and RALDH2 was also found 
highly expressed in tissue MØs, whereas DCs only expressed 
RALDH2 (Fig. 3 A). This unique coexpression of high levels 
of TGF-1, RALDH1, and RALDH2 in lung tissue MØs 
directly correlated with the intrinsic ability of these cells to in-
duce Foxp3 expression (Fig. 2). Directly showing they were 
active, neutralization of TGF- with an anti–TGF- anti-
body or retinoic acid with the synthetic RAR antagonist 
LE540 significantly diminished induction of Foxp3 in CD4 
T cells when cultured with antigen-presenting lung MØs 

Lung tissue MØs and DCs differentially generate  
Foxp3+ iTreg cells in vitro
To test whether these lung-resident tissue MØs and DCs 
had the potential to act as APCs and promote the genera-
tion of Foxp+ iTreg cells, they were isolated from a naive, un-
manipulated, unsensitized mouse and cultured in vitro with 
naive CD25Foxp3 OT-II TCR transgenic CD4+ T cells, 
lacking preexisting Foxp3+ natural Treg cells, in the presence 
of OVA peptide but in the absence of exogenous TGF-. 
After 5 d of culture at a 1:25 APC/T ratio, the lung MØs 
induced 12–16% of naive T cells to express Foxp3, whereas 
parallel cultures with DCs resulted in fewer cells with Foxp3 
expression, and those cells that were positive had extremely 
weak expression (Fig. 2 A). The total number of Foxp3+ T cells 
generated by lung MØs was also significantly greater than 
that generated by lung DCs (Fig. 2 A). Assessing the devel-
opment of effector T cells in these cultures additionally showed 
that lung MØs had very weak activity compared with lung 
DCs in driving T cell proliferation and differentiation into 
IFN-–secreting effector cells (Fig. 2 B). Foxp3+ T cells in-
duced by MØs did not coexpress IFN- (not depicted). Nei-
ther MØs nor DCs induced IL-10–secreting T cells (Fig. 2 B).

To address the potential role of lung tissue MØs and DCs 
to process and present inhaled antigen in a tolerogenic man-
ner in vivo, mice were exposed to i.n. administered OVA pro-
tein conjugated to a fluorochrome to allow the fate of inhaled 
antigen to be tracked in lung tissue and the draining medias-
tinal LNs (MLNs). Within 24 h, 60–70% of lung tissue MØs 
took up inhaled antigen, and 30–40% of lung tissue DCs also 
captured antigen (Fig. 2 C and not depicted). Approximately 
50% of MLN DCs were additionally found to bear OVA, 
likely reflecting both DCs that migrated from the lung to the 
LN as well as DCs that directly captured OVA in the LN, cor-
responding to results reported in a previous study (Wikstrom 

Figure 1. Phenotypic characterization of lung-
resident MØs and DCs in naive mice. Lungs from 
naive, unmanipulated, unsensitized mice were la-
vaged and perfused, and lung tissue was digested to 
make single-cell suspensions. (A) Cells were stained 
for CD45 and CD11c and further gated (R1) as 
CD45+CD11c+ for analysis of AF. CD11c+CD45+ 
cells contained AF-high (R2) and AF-low (R3) cells, 
which were further characterized as MHC IIlo, 
F4/80+, Siglec F+ versus MHC IIhi, F4/80, Siglec F, 
respectively. (B) Lung MØs (R2) and DCs (R3) gated 
as in A were stained for CD11b, CD205, CD24, and 
CD68. (C) Lung MØs (CD11c+, AFhi, Siglec F+, MHC 
IIlo, F4/80+) and lung DCs (CD11c+, AFlo, Siglec F, 
MHC IIhi, F4/80) were sorted from enriched Siglec F+ 
or CD11c+ cells as described in Materials and  
methods and visually assessed in cytospins. Bar,  
50 µm. The purity of these two populations after 
sorting was typically >99% as measured by flow 
cytometry. Data are representative of two (B and C) 
or three (A) independent experiments.
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mice. The transferred T cells were detected in the lung, but 
none of them expressed Foxp3 in mice that did not receive 
antigen-bearing MØs (Fig. 4 B). In contrast, when both T cells 
and antigen-pulsed MØs were cotransferred, a large percent-
age of donor T cells were found that expressed Foxp3 (Fig. 4 C). 
Corresponding to our in vitro data (Fig. 2), when the same 
experiment was performed with antigen-pulsed lung DCs, 
little conversion to Foxp3+ Treg cells was observed (Fig. 4 C). 
To address the possibility that the donor antigen-bearing MØs 
may have released or transferred OVA such that it was pre-
sented by endogenous APCs, we performed the same experi-
ment in an MHC class II–deficient recipient whose APCs 
would not be able to present antigen. The number of donor 
T cells visualized in this scenario was considerably lower than 
in a WT recipient (Fig. 4 D), suggesting that released and 

(Fig. 3 B). Therefore, TGF- and retinoic acid are both con-
stitutively expressed in lung tissue MØs and control the devel-
opment of Foxp3+ iTreg cells when these cells present antigen.

Antigen-bearing lung MØs can induce  
Foxp3+ Treg cells within lung tissue
To further substantiate the view that lung tissue MØs may be 
a primary iTreg cell–generating APC, we isolated these cells, 
pulsed them with OVA protein, and transferred them into the 
lungs of recipient mice to determine whether they could in-
duce Foxp3+ Treg cells in vivo. After intratracheal (i.t.) transfer 
of purified MØs into intact CD45 congenic mice, we detected 
these cells in lung tissue with few if any in MLNs (Fig. 4 A). 
To monitor the induction of iTreg cells, naive Foxp3 OT-II 
CD4 T cells were also adoptively transferred into the congenic 

Figure 2. Lung tissue MØs induce iTreg cell differentiation in vitro. (A and B) Foxp3 OT-II CD4 T cells were stimulated with purified lung tissue MØs or 
DCs at a 1:25 APC/T ratio in the presence of OVA peptide for 5 d. (A, top) Foxp3 intracellular staining before and after APC culture. (bottom) Mean percentage 
(left) and mean number (right) ± SD of Foxp3+ OT-II cells generated by lung MØs and DCs from three to four independent experiments. (B, top) Intracellular 
IFN- and IL-10 expression before and after APC culture. (bottom) Mean percentage ± SD of T cells expressing IFN- (left) and mean proliferation (tritiated 
thymidine incorporation) ± SD of CD4 T cells (right) from three to four independent experiments. (A and B) *, P < 0.01. (C and D) Naive mice were adminis-
tered OVA-conjugated Alexa Fluor 647 i.n. 24 h later, lung MØs (Alexa Fluor 647+ CD11c+ Siglec F+ AFhi), lung DCs (Alexa Fluor 647+ CD11c+ Siglec F AFlo), 
and MLN DCs (Alexa Fluor 647+ CD11c+ B220) that had taken up OVA were then sorted (see Materials and methods). (C) Representative profile of Alexa 
Fluor–OVA versus Siglec F expression in gated CD11c+ cells for lung MØs and Alexa Fluor–OVA versus CD11c expression in gated Siglec F cells for lung and 
MLN DCs before and after sorting. (D) Purified OVA-loaded MØs and DCs were prepared as in A and cultured with Foxp3 OT-II CD4 T cells at a 1:25 APC/T 
ratio for 5 d, and induction of Foxp3+ CD4 T cells was analyzed. Data are representative of three independent experiments with APCs purified from groups of 
8–10 mice. (E) CFSE-labeled naive OT-II CD4 T cells were stimulated with OVA-pulsed T-depleted splenocytes (APCs) for 4 d in the absence (Teff alone) or pres-
ence (Foxp3+: Teff) of 1:10 or 1:1 ratios of Foxp3+ T cells generated from lung MØ cultures as in A. Data are representative of two experiments.



JEM Vol. 210, No. 4 

Article

779

MØs (Fig. 4 E). Lastly, we addressed the role of retinoic acid 
in promoting iTreg cell development in vivo and treated mice 
with the RAR inhibitor at the time of transfer of antigen-
pulsed lung MØs and naive T cells. Similar to the in vitro 
data (Fig. 3), blocking retinoic acid substantially reduced the 
percentage and total number of Foxp3+ T cells that devel-
oped in vivo (Fig. 4 F).

CD4 T cells primed on MLN DCs can differentiate  
into Foxp3+ iTreg cells after encounter with lung tissue MØs
It is commonly thought that APCs in the lung-draining LNs 
contribute to the priming of T cells that accumulate in the 
lungs after inhalation of antigen under either inflammatory or 
tolerogenic conditions (Gajewska et al., 2001b; Hintzen et al., 
2006; Bakocević et al., 2010), and our data in MHC II/ 
and CCR7/ recipients lead to the same conclusion. But 
the sequence in which a T cell will encounter an APC in the 
lung or draining LNs is not clear and may vary depending on 
the antigen load and other factors. Naive T cells have a pref-
erence for migrating through lymphoid organs, but a low num-
ber have been shown to traffic into parenchymal tissues of 
nonlymphoid organs including the lung (Cose et al., 2006; 
Harp and Onami, 2010). However, short-term stimulation of 
naive T cells via the T cell receptor quickly changes their 
trafficking program, allowing them to enter tissues such as the 
lung (Hamann et al., 2000). Thus, it is possible that lung tis-
sue MØs may be the primary APC or a secondary APC for a 
responding T cell.

As our prior experiments had largely tested the effects of 
lung tissue MØs as a primary APC for resting T cells, we as-
sessed whether a short-term activated T cell that initially en-
countered a stimulatory LN DC could still be influenced by 
lung tissue MØs to become a Foxp3+ iTreg cell. WT mice were 
administered fluorochrome-conjugated OVA i.n. as before 
(Fig. 2 C), and then 24 h later, OVA-capturing DCs from MLN 
were isolated and co-cultured with Foxp3 OT-II T cells 
for 1 d. This short time of stimulation resulted in activation of 
the T cells but did not induce expression of Foxp3 (Fig. 5). 

endogenously presented antigen did contribute to expansion 
of the T cell population. However, a similar percentage of 
the T cells were induced to express Foxp3, implying that the 
donor lung MØs presented antigen directly and that these 
MØs played a role in promoting most of the iTreg cells that 
were generated.

Although we did not detect any lung tissue MØs in the 
draining LN after i.t. transfer, a few studies have suggested 
that alveolar MØs can migrate to the LN in some circum-
stances (Thepen et al., 1993; Kirby et al., 2009). To partly 
address this, purified OT-II T cells and OVA-pulsed MØs 
were cotransferred into congenic lymphotoxin  receptor–
deficient mice (LTR/) that do not possess peripheral LNs 
(Fütterer et al., 1998). Similar induction of Foxp3+ T cells 
was seen in LTR/ recipients as in WT recipients (Fig. 4, D 
compared with C). Although this rules out an obligate activ-
ity for the MØs to travel to the LN to promote iTreg cell 
generation, this does not rule out a role for the spleen in 
contributing to the overall T cell response as reported previ-
ously (Gajewska et al., 2001a). Next, WT OT-II T cells were 
transferred into CCR7/ recipient mice together with 
OVA-pulsed MØs also isolated from CCR7/ mice. CCR7 
regulates migration of lymphoid cells into LN, thus without 
CCR7, the transferred MØs were not able to traffic from the 
lung tissue to the LN, and endogenous APCs such as DCs in 
the lungs were also unable to migrate to the LN. In this sce-
nario, the donor T cells did not expand efficiently compared 
with the response in WT recipients; however, again a similar 
percentage of Foxp3+ T cells were visualized in the lungs 
(Fig. 4 D). Collectively, these data suggest that even though 
antigen presentation in the lung-draining LNs contributed to 
the expansion of antigen-specific T cells, induction of Foxp3 
occurred in the lung and/or was programmed in the lung and 
at least in part was driven by the lung tissue MØs. In line 
with this, immunofluorescent microscopy revealed that donor 
T cells distributed throughout the whole lung, lying within 
the parenchymal tissue, and T cell and MØ clusters were ob-
served with direct contact between donor T cells and local 

Figure 3. TGF- and retinoic acid are  
coexpressed by lung tissue MØs. (A) Lung 
tissue MØs and DCs were isolated ex vivo from 
naive, unmanipulated, unsensitized mice, and 
mRNA expression of TGF-1, IL-10, RALDH1, 
and RALDH2 was measured by qPCR. Results 
are depicted as relative expression compared 
with L32 ± SD from three independent experi-
ments. ND, not detectable. (B) Lung tissue MØs 
were cultured with Foxp3 OT-II CD4 T cells at 
a ratio of 1:5 APCs/T cells in the presence of 
OVA peptide. After 5 d, the expression of Foxp3 
in gated CD4 T cells was analyzed. Neutralizing 
anti–TGF-1, isotype control IgG, RAR antago-
nist LE540 in DMSO, or vehicle control DMSO 
was added as indicated. Data are representative 
of three independent experiments.
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Lung tissue MØs suppress asthmatic lung inflammation  
and airway hyperreactivity
To more formally address the tolerogenic activity of lung 
tissue MØs, OVA-pulsed or unpulsed MØs were injected 
into the airways of naive mice. To test whether a state of tol-
erance was induced, the mice were immunized 9 d later with 
OVA/alum, followed by serial recall challenges with soluble 
OVA given i.n. after another 9 d to assess lung inflammation 
(Fig. 6 A). This is a protocol we have previously used to 
show that inhalation of soluble antigen results in iTreg cell 
generation and airway tolerance (Duan et al., 2008, 2011). 
Corresponding to our prior results above showing the in-
duction of Foxp3+ iTreg cells, administration of OVA-loaded 
MØs strongly suppressed the subsequent induction of lung 

Another group of WT mice were administrated fluorochrome-
conjugated OVA i.n. for isolation of lung tissue MØs and 
more MLN DCs, and these were then co-cultured with the 
purified T cells that had been preactivated with MLN 
DCs. Significantly, a high percentage of Foxp3+ T cells were 
evident after 4 d in the MØ cultures, whereas the short-term 
primed T cells recultured with OVA-loaded DCs from MLN 
were not induced to express Foxp3. Therefore, resident lung 
tissue MØs from naive mice can present antigen to both naive 
and activated T cells in a tolerogenic manner. When the naive 
T cells were preactivated by DCs for 3 d, lung tissue MØs were 
however incapable of promoting significant Foxp3 expres-
sion (not depicted), suggesting a window of opportunity may 
exist when their regulatory ability can manifest.

Figure 4. Lung tissue MØs induce iTreg cell differentiation in vivo. (A) 5 × 105 purified lung-resident tissue MØs from CD45.1 mice were transferred i.t. 
into WT CD45.2 mice. After 24 h, CD45.1+ AFhi MØs were analyzed in lung (left) and MLN (right). Controls were mice that did not receive transferred MØs 
(bottom). (B) 106 purified Foxp3 CD45.1+ V5+ OT-II T cells were transferred i.v. into WT CD45.2 mice. After 24 h, CD45.1+ T cells were visualized in the 
lung (top) and analyzed for expression of Foxp3 and V5 (bottom). (C and D) Foxp3 CD45.1+ OT-II T cells were transferred i.v. into WT, MHC II/, 
LTR/, or CCR7/ CD45.2 mice, and 24 h later, OVA-pulsed lung tissue MØs or DCs from WT CD45.2 mice were transferred i.t. into the same recipients. 
On day 5 after APC transfer, the accumulation of donor OT-II T cells in the lungs was assessed (top), and the expression of Foxp3 was analyzed in the 
gated CD45.1+ V5+ cells (bottom). The absolute number of Foxp3+ V5+ donor T cells in lung tissue of WT mice transferred with OVA-pulsed lung MØs or 
DCs was also calculated (C). (C) Data are mean ± SD from six individual mice per group. *, P < 0.01. All data in A–D are representative of three to four 
independent experiments with cells pooled from groups of four to six mice. (E) Naive WT CD45.2 mice were administered 100 µg of soluble OVA i.n. 8 h 
later, purified CD45.1+ OT-II T cells were transferred i.v. into the same recipient mice. After 16 h, lung sections were analyzed by fluorescent microscopy 
for transferred T cells (anti-CD45.1, green) and endogenous lung MØs (anti–Siglec F, red). Cell nuclei were visualized with DAPI (blue). Arrows indicate 
direct contacts between T cells and MØs. Representative lung sections are shown from two experiments. Bars, 10 µm. (F) Foxp3 CD45.2+ OT-II T cells and 
OVA-pulsed lung tissue MØs from CD45.1 mice were transferred into WT CD45.1 mice as in C and D. Recipient mice were orally treated with the RAR 
antagonist LE540 (50 µg/mouse) or soybean oil (vehicle) every day. On day 5 after APC transfer, the expression of Foxp3 was analyzed in gated CD45.2+ 
V5+ cells from lungs (top), and the numbers of Foxp3+ donor OT-II T cells in the lungs were calculated (bottom). Data from six individual hosts are 
shown with mean ± SD. **, P < 0.001.
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been suggested to reflect direct activities of the pattern recog-
nition receptor ligand or allergen on both lung structural cells 
as well as lung-resident APCs (Hammad et al., 2009). As the 
ability of allergens to antagonize airway tolerance is highly rel-
evant to clinical allergic asthma, we hypothesized that allergens 
might in part act by stimulating the lung tissue MØs, leading 
to reduced expression of TGF- and RALDH/retinoic acid 
and a blocked ability of these MØs to induce iTreg cells.

As an initial test of this, mice were exposed to soluble OVA 
given in a tolerogenic manner i.n. once a day for 3 d (Fig. 7 A). 
Separate groups of mice were administered several different 
clinically used allergen extracts from HDM, Aspergillus fumigatus 
(ASP), and cat dander (CAT), mixed with the soluble OVA. 
The activity of the extracts on lung tolerance was assessed by 
subsequently immunizing and challenging the animals with 
OVA using a protocol that normally promotes functional Th2 
development and eosinophilic lung inflammation in naive mice 
(Fig. 7 A). HDM extract can activate TLR4 and contains Der 
p2, an antigen which mimics MD-2, a component of the 
TLR4 signaling complex (Hammad et al., 2009; Trompette 
et al., 2009). Aspergillus extract has also been found to activate 
TLR4 as well as TLR2 (Mambula et al., 2002; Braedel et al., 
2004). These allergens additionally express protease activity 
that has been linked to triggering inflammation (Kheradmand 
et al., 2002; Kauffman et al., 2006). In contrast, there is no 
significant literature suggesting that cat dander extract has 
either strong protease activity or TLR ligand activity. Inhala-
tion of HDM extract completely abrogated lung tolerance, as 
reported previously (Hammad et al., 2009; Duan et al., 2011), 
and ASP extract displayed the same activity. In contrast, cat 
dander extract had no effect on tolerance, providing a useful 
internal control (Fig. 7 B).

To assess whether the allergens affected the activity of the 
lung tissue MØs, these cells were isolated after inhalation of 
the extracts and mRNA expression assessed by quantitative 
PCR (qPCR; Fig. 7 C). Most interestingly, inhalation of the 
extracts did not suppress expression of TGF- or RALDH. 
CAT and ASP had little effect on TGF- but enhanced mRNA 
for RALDH, whereas HDM strongly augmented TGF- as 
well as RALDH mRNA. We then assessed several proinflam-
matory cytokines, TNF, IL-1, and IL-6, each of which can 
promote effector T cell development either directly or indi-
rectly. Cat dander had no activity on promoting the expression 
of these cytokines, whereas HDM and ASP to varying degrees 
enhanced expression of two or all three, at least in part corre-
lating with their effects on lung tolerance. Although this did 
not address the activity of the allergens on other lung-resident 
cell types, the data implied that some allergens might block 
tolerance partly by promoting the expression of inflammatory 
mediators in lung MØs rather than suppressing the expression 
of the iTreg cell–inducing molecules TGF- and retinoic acid.

To further pursue this and directly assess the effect of al-
lergens on lung tissue MØs, these cells were isolated from 
naive animals and cultured in vitro with PBS, HDM, ASP, and 
CAT extract, and supernatants were then assayed for cyto-
kine release. IL-1, TNF, and IL-6 were strongly up-regulated 

inflammation as assessed by tissue infiltration, mucus pro-
duction, and airway hyperreactivity (Fig. 6 B). In contrast, 
mice receiving MØs not pulsed with antigen developed se-
vere lung inflammation (Fig. 6 B). Analysis of bronchoalveolar 
lavages (BALs) revealed reduced numbers of total BAL cells 
including eosinophils and lymphocytes and reduced produc-
tion of IL-4, IL-5, and IL-13 (Fig. 6 C). As we did not adop-
tively transfer OT-II T cells to track antigen-specific Treg cells 
in these experiments, we assessed the accumulation of all 
Foxp3+ Treg cells (natural Treg and iTreg cells) in the lungs of 
treated mice. The number of Foxp3+ Treg cells was signifi-
cantly elevated in mice receiving OVA-loaded MØs com-
pared with those receiving unpulsed MØs. This largely was 
caused by an increase in CD62Llo Foxp3+ Treg cells, which 
likely reflected the antigen-reactive cells (Fig. 6 D). Thus, 
antigen presentation by lung tissue MØs can limit the devel-
opment of airway inflammation upon subsequent encounter 
with immunogenic antigen.

Allergens induce inflammatory cytokines  
in lung tissue MØs, block Treg cell–inducing activity,  
and antagonize airway tolerance
We have previously shown that inhalation of purified pattern 
recognition receptor ligands, like the TLR4 ligand LPS, or 
inhalation of allergen extracts such as from house dust mite 
(HDM) suppresses the generation of lung Foxp3+ iTreg cells 
while promoting CD4 effector T cell generation and thereby 
blocks airway tolerance (Duan et al., 2008, 2010, 2011). This 
activity may derive from induction in the lung of several 
proinflammatory cytokines and cell membrane–expressed co-
stimulatory ligands (Duan et al., 2008, 2010, 2011) and has 

Figure 5. Activated CD4 T cells primed by MLN DCs become iTreg 
cells after encounter with lung tissue MØs. WT mice were adminis-
tered OVA–Alexa Fluor 647 i.n., and after 24 h, OVA-loaded DCs from 
MLNs were sorted as in Fig. 2 (C and D). These DCs were cultured with 
Foxp3 OT-II T cells for 1 d and assessed for activation markers and in-
duction of Foxp3 (left). Another group of WT mice were given OVA–Alexa 
Fluor 647 i.n., and OVA-loaded lung tissue MØs and MLN DCs were iso-
lated. These secondary APCs were then co-cultured with purified OT-II  
T cells that had been activated with MLN DCs at a 1:10 APC/T ratio. Induc-
tion of Foxp3 was assessed after 4 d of secondary culture (right). Data are 
representative of three independent experiments.
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by HDM and ASP, whereas cat dander had no appreciable 
effect (Fig. 8 A). Again, most interestingly, TGF- secretion 
was promoted by HDM and ASP along with the other cyto-
kines, rather than TGF- being down-regulated. Given the 
caveats in terms of the concentration of active allergen-derived 
products encountered by MØs in vitro versus direct expo-
sure after inhalation of the allergens, these results provided a 
reasonable correlate to the in vivo data. We then analyzed the 
effect of the allergens on the ability of lung MØs to induce 
Foxp3+ Treg cells. Purified tissue MØs were first treated with 
HDM, ASP, or CAT extract and then washed and co-cultured 
with Foxp3 OT-II CD4 T cells and OVA peptide for 4 d. 
ASP and HDM exposure resulted in MØs being impaired in 
driving Foxp3 expression, whereas cat dander extract did not 
appreciably alter the intrinsic activity of the MØs (Fig. 8 B). 
Therefore, even though TGF- production was not sup-
pressed and was actually enhanced, the iTreg cell–promoting 
ability of the MØs was lost, correlating in part with the proin-
flammatory cytokine phenotype induced by HDM and ASP.

We then tested whether these effects were driven by 
TLR and/or protease activities contained in the allergen ex-
tracts. Neutralizing protease activity with a pan-serine/cysteine 
protease inhibitor partially, but not fully, prevented HDM 
and ASP from blocking the iTreg cell–inducing ability of lung 
MØs (Fig. 8 B). Treatment of lung tissue MØs with recom-
binant proteases from HDM (Der p1) and ASP also suppressed 
the ability to induce Foxp3+ iTreg cell generation (Fig. 8 C) 
but did not induce secretion of any inflammatory cytokines 
(not depicted). Additionally, combined blockade of IL-1, IL-6, 
and TNF partially restored the induction of iTreg cells by 
HDM-exposed MØs (Fig. 8 D), suggesting the total activity 
of the extracts was likely mediated through several mecha-
nisms. In accordance, lung tissue MØs from naive MyD88/
TRIF double knockout (MyD88/TRIF/) mice, which are 
unresponsive to multiple TLR ligands, displayed a normal 
ability to promote Foxp3+ Treg cells but were strongly refrac-
tory to the effects of HDM and ASP in blocking this Treg cell–
inducing activity (Fig. 8 E). Altogether, these observations 
indicate that some allergens through protease- and TLR-
dependent mechanisms, which do not involve down-regulation 
of TGF- or RALDH expression, can antagonize the tolero-
genic function of lung tissue MØs for inducing Foxp3+ iTreg 
cell development.

Figure 6. Antigen-pulsed lung tissue MØs suppress asthmatic 
lung inflammation. (A) Groups of WT mice were instilled i.t. with OVA-
pulsed MØs (OVA-MØ) or 5 × 105 MØs alone. 9 d later, the mice were 
sensitized with OVA/alum and subsequently challenged with i.n. OVA on 
day 18 for three consecutive days to induce lung inflammation. Samples 
were collected 24 h after the last OVA challenge. (B) Representative H&E 

(top) and periodic acid-Schiff (PAS; bottom) staining of lung sections. 
Airway hyperresponsiveness to methacholine was assessed by invasive 
measurement of airway resistance. Bar, 100 µm. (C) Total BAL cells and 
numbers of eosinophils (Eos), neutrophils (Neu), lymphocytes (Lymph), 
and MØs from cytospin analysis. Cytokines in BAL were measured by 
ELISA (bottom). (D, top left) Expression of Foxp3 in CD4+ T cells from 
lungs analyzed by flow cytometry. (top right) Expression of Foxp3 versus 
CD62L in gated CD4+ T cells. (bottom) Absolute number of total Foxp3+ 
Treg cells and CD62Llo Foxp3+ Treg cells in lungs. All results are the mean ± SD 
from four to five individual mice per group and representative of two 
independent experiments. *, P < 0.001.
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antigen-reactive T cells also contributing. Currently, it is not 
possible to specifically neutralize or delete the lung tissue MØs 
in vivo to evaluate their relative importance to the overall 
tolerogenic phenotype that results after inhalation of soluble 
antigen. However, several studies have used i.t. administered 
clodronate-containing liposomes as a means of depleting lung 
phagocytes, with the result that significantly greater lung and 
systemic inflammatory responses were observed upon anti-
gen challenge (Thepen et al., 1992; Holt et al., 1993; Bang 
et al., 2011). Although the focus of these studies was the alve-
olar MØs, clodronate liposomes most likely also depleted at 
least a proportion of lung tissue MØs. There are several caveats 
to the use of clodronate in terms of selective activity; however, 
these studies potentially demonstrate a role for both tissue and 
alveolar MØs in mediating tolerance.

We did not address pDCs or alveolar MØs in our study 
of Treg cell generation. However, analysis of lung tissue cDCs 
failed to reveal any strong activity in promoting Foxp3+ Treg 
cells in the steady-state, but rather an ability to promote 
proliferation and effector T cell differentiation. This is in line 
with recent data showing that lung cDCs subdivided into 
CD103CD11bhi and CD103+CD11blo induce the develop-
ment of effector T cells (Beaty et al., 2007; Furuhashi et al., 
2012; Nakano et al., 2012). The lung tissue cDCs we isolated 
did however express RALDH2, and thus it is still possible that 
if a sufficient amount of TGF- was produced locally from 
another cell type, these DCs could participate in promoting 
the generation of Foxp3+ iTreg cells. We found that addition 
of exogenous TGF- added into culture with these DCs and 
naive T cells did result in Foxp3 expression, but the number 
of Foxp3+ T cells was still approximately fourfold less than in 
parallel cultures with tissue MØs (unpublished data). The lung 
tissue MØs and cDCs did not express IL-10 mRNA, and we 
found no evidence for induction of IL-10–producing Treg cells, 
either in this study or our previous studies (Duan et al., 2008, 
2011). Similarly, analysis of lungs from IL-10/GFP reporter mice 

DISCUSSION
We show that tissue-resident MØs that are present in the 
steady-state lung of unmanipulated mice constitutively ex-
press TGF- and RALDH and display an intrinsic ability to 
promote the generation of iTreg cells that contribute to tol-
erance in the airways. Moreover, these MØs lose their ability 
to induce Treg cells when exposed to allergens that mediate 
lung inflammation and can block tolerance. These data sug-
gest that a greater understanding of why these MØs are pres-
ent in the steady-state lung, how they may be generated, how 
they respond to stimuli, and how they lose or maintain their 
Treg cell–inducing ability, may offer new insights into ther-
apy of asthmatic disease.

Prior studies have suggested that lung cDCs expressing 
IL-10, lung pDCs, and alveolar MØs all exert suppressive func-
tion and might contribute to maintaining tolerance in the 
lung (Thepen et al., 1992; Bilyk and Holt, 1993; Lipscomb  
et al., 1993; Roth and Golub, 1993; Akbari et al., 2001;  
de Heer et al., 2004). However, none of these populations 
have been described to promote the development of Foxp3+ 
iTreg cells, which recent results have shown are indispensable for 
preventing inflammation in this mucosal tissue (Ostroukhova 
et al., 2004; Mucida et al., 2005; Curotto de Lafaille et al., 
2008; Duan et al., 2008, 2011; Josefowicz et al., 2012). The 
constitutive expression of TGF- that drives Foxp3 expres-
sion and of RALDH1 and RALDH2 that results in retinoic 
acid production that synergizes with TGF- identifies the 
lung tissue MØs as a central component of the tolerogenic 
mechanism within the lung.

Our data do not argue against the participation of cDCs, 
pDCs, or alveolar MØs in the tolerance process. It is likely 
that multiple APCs are involved in promoting and/or main-
taining tolerance in all tissues and that the induction of Foxp3+ 
iTreg cells by lung tissue MØs is only one, albeit critical, com-
ponent of the mechanism by which tolerance is perpetu-
ated, with other phenomenon such as deletion and anergy of 

Figure 7. Inhaled allergens block airway 
tolerance and induce inflammatory cyto-
kines in lung MØs. (A) Groups of mice were 
exposed to i.n. PBS or 100 µg of soluble OVA 
or OVA mixed with allergen extracts (100 µg 
each) for three consecutive days. On day 14, 
all mice were sensitized with OVA/alum and 
subsequently challenged with i.n. OVA on day 25 
for four consecutive days to induce lung 
inflammation. (B) Differential cell counts of 
inflammatory cells in BAL collected 24 h after 
the last OVA challenge. *, P < 0.01 relative to 
PBS. (C) Mice were exposed i.n. to PBS or CAT, 
ASP, or HDM extracts for three constitutive 
days. Lung tissue MØs were isolated on day 5, 
and cells were assessed for mRNA expression 
of TGF-, RALDH1, TNF, IL-1, and IL-6 by 
qPCR. All results are the mean ± SD from four 
individual mice per group and are representa-
tive of two independent experiments.
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did not reveal any constitutive IL-10 expression in lung MØs 
or DCs (unpublished data). Therefore, an IL-10–producing 
cDC may play a role at a later time in either perpetuating an 
existing tolerogenic program or limiting ongoing lung inflam-
mation. We did find that IL-10 is active at some stage during 
the initial development of lung Foxp3+ iTreg cells, as shown 
in a blocking study in which anti–IL-10R prevented the gen-
eration of tolerance to inhaled antigen (Duan et al., 2011), but 
whether this IL-10 is required in the lung or lung-draining 
LNs is presently not clear, nor its source.

Sequential interactions with APCs and several antigen-
presenting events may need to occur both within the lung 
tissue itself and the draining LNs to afford full development 
of airway tolerance. However, we found that both naive and 
DC-activated T cells could be induced to express Foxp3 when 
stimulated by lung tissue MØs, suggesting the MØs could be 
the initial APC or a secondary APC and still exert suppressive 
function. Additionally, our transfer experiments in CCR7/ 
and MHC II/ mice showed similar levels of conversion of 
T cells into Foxp3+ Treg cells (Fig. 4), but their accumulation 
was impaired, implying that both migration to the LNs and 
antigen presentation on other APCs, likely cDCs, are required 
for the overall tolerogenic response. This is further substanti-
ated by a study showing that CCR7/ mice could not be 
tolerized efficiently with inhaled antigen, although the inter-
pretation of results in these animals is complicated as they 
generated lower asthmatic inflammatory responses under non-
tolerizing conditions (Hintzen et al., 2006). Additionally or 
alternatively, separate antigen presentation events might con-
tribute. As well as iTreg cells developing after inhalation of 
soluble antigen, a substantial degree of deletion and anergy 
appears to occur, based on tracking T cell reactivity and the 
proportion of naive T cells that respond but do not become 
iTreg cells (Duan et al., 2008, 2011). From older studies with 
alveolar MØs, it is likely that deletion and/or anergy may 
largely result from antigen being presented on these cells 
(Holt et al., 1993; Upham et al., 1995; Strickland et al., 1996; 
Blumenthal et al., 2001). Within the gut, another mucosal 
tissue that may be very similar to the lung, both MØs and 
CD103+ cDCs in mesenteric LNs and in lamina propria have 
been suggested to afford tolerance and promote Foxp3+ iTreg 
cells, and again sequential interactions among these APCs in 
different compartments may be critical for maintaining over-
all homeostasis (Coombes et al., 2007; Denning et al., 2007; 
Sun et al., 2007; Hadis et al., 2011). CD103+ mesenteric LN 
DCs express RALDH2 but not appreciable RALDH1. They 
can produce TGF- but only at low levels and have a weaker 
ability to promote Foxp3 iTreg cells than the lung tissue MØs 
in the absence of exogenous TGF- (Coombes et al., 2007; 
Sun et al., 2007; unpublished data). The gut regulatory MØs 
originally reported were CD11c and F4/80+ CD11b+ CD24+ 
and spontaneously made IL-10 (Kamada et al., 2005; Denning 
et al., 2007). They also express RALDH1 and RALDH2 mRNA 
and mRNA for TGF- but are only weakly able to promote 
Foxp3+ iTreg cells without exogenous TGF-. Thus, they are 
likely not the same as the lung tissue MØs or they are at a 

Figure 8. Allergen-induced activation of lung tissue MØs inhibits 
generation of Foxp3+ iTreg cells. (A) 5 × 104 lung MØs were isolated 
from naive mice and cultured in vitro with PBS, CAT, ASP, or HDM ex-
tracts. Supernatant was collected on day 2 for ELISA. Results are means ± 
SD from four mice per group and are representative of two independent 
experiments. (B–D) Lung MØs were exposed to PBS or CAT, ASP, or HDM 
extract or recombinant purified protease from HDM (Der p1) or protease 
from Aspergillus overnight. The next day, MØs were washed and co-cultured 
with Foxp3 OT-II CD4 T cells at a 1:25 APC/T ratio in the presence of OVA 
peptide for 5 d before analysis of intracellular Foxp3 expression. In some 
cases, protease inhibitor was added to the extracts or neutralizing antibod-
ies to IL-1, IL-6, and TNF were added into the MØ/T cultures. (E) Lung MØs 
were isolated from MyD88/TRIF/ mice and exposed to PBS or ASP or 
HDM extract overnight and assessed for Treg cell–inducing ability as in B. 
Results are representative of two independent experiments.
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anti–CD11c-FITC or -allophycocyanin, anti–CD11b-FITC or -allophyco-
cyanin, anti-CD24–Alexa Fluor 647, anti–CD45-PerCp, anti–CD45.2-FITC 
or -allophycocyanin, anti–CD45.1-FITC or -allophycocyanin, anti–CD62L-
FITC, anti-CD68–Alexa Fluor 647, anti-CD205–Alexa Fluor 647, anti–I-A/
I-E–PE, anti–V2-PE, anti–V5-FITC, and anti–Siglec F–PE. Streptavidin-
allophycocyanin (BD) was used to visualize biotin-labeled antibodies. Anti–
F4/80-PE, anti–IFN-, anti–IL-4, anti–IL-5, anti–IL-10 (all PE or allophycocyanin 
conjugated), and anti–Foxp3-PE were obtained from eBioscience. Reagents 
for cell fixation and permeabilization for detecting intracellular cytokines 
and Foxp3 were obtained from eBioscience, and staining was performed  
according to the manufacturer’s instructions. Cells were examined by flow 
cytometry using the FACSCalibur or FACSCanto II (BD) and analyzed with 
FlowJo software (Tree Star). Blocking antibodies to mouse IL-1, TNF, and 
IL-6 were from BD.

Allergen extracts, proteases, and antigens. Extracts from Dermatopha-
goides pteronyssinus (HDM), A. fumigatus (ASP), or cat dander (CAT) were 
purchased from GREER Laboratories. Recombinant or purified protease 
from HDM (Der p1) and from Aspergillus oryzae was obtained from Indoor 
Biotechnologies and Sigma-Aldrich, respectively. OVA (LPS low/free) was 
obtained from Worthington Biochemical Corp. Endotoxin contamination 
was as follows: HDM, 8.5 EU/µg; Aspergillus, 2.4 EU/µg; cat dander, 7.3 
EU/µg; Der p1 protease, <0.01 EU/µg; Aspergillus protease, <0.01 EU/µg; 
and OVA, <0.01 EU/µg.

MØ and DC isolation. To exclude nontissue-resident cells, lungs were 
perfused with cold PBS, and then bronchoalveolar cells were removed by 
lavage with extensive washing with PBS. After digestion of lung tissues and 
after incubation with mouse Fc-blocking antibody (2.4G2), recovered cells 
were stained with PE-conjugated anti–Siglec F antibody followed by anti-
PE MicroBeads (Miltenyi Biotec). Siglec F+ cells were enriched on an 
AutoMACS Pro cell separator (Miltenyi Biotec), followed by further isola-
tion on a FACSAria II cell sorter (BD) to purify Siglec F+ CD11c+ AFhi 
lung-resident tissue MØs. To isolate DCs, CD11c+ cells were enriched on 
an AutoMACS Pro cell separator from Siglec F–depleted lung or MLN cell 
suspensions. Siglec F MHC IIhi, AFlo cells were further sorted as DCs with 
additional sorting on B220 cells for MLN DCs. To purify antigen bearing 
MØs and DCs, OVA protein conjugated to Alexa Fluor 647 (Invitrogen) 
was given to mice i.n. 24 and 48 h later, Alexa Fluor 647+ Siglec F+ CD11c+ 
AFhi cells (MØs) and Alexa Fluor 647+ Siglec F CD11c+ AFlo cells (DCs) 
were sorted from single cell suspensions of digested lung and MLNs with 
additional sorting on B220 cells for MLNs.

Stimulation of T lymphocytes. Foxp3CD25 CD62L+CD4+ T cells 
were purified from spleen and peripheral LNs of OT-II TCR transgenic 
mice as before (Duan et al., 2008, 2011). For in vitro stimulation, purified 
MØs or DCs were cultured with T cells and 0.1 µM OVA peptide 
(ISQVHAAHAEINEAGR) in 200 µl complete RPMI medium in 96-well 
round-bottomed plates. In some experiments, MØs and DCs loaded with 
OVA–Alexa Fluor 647 in vivo were sorted and co-cultured with OT-II 
CD4+ T cells. In other experiments, naive OT-II were first activated with 
OVA-loaded DCs for 24 h and then co-cultured with OVA-loaded MØs. 
Intracellular Foxp3 expression in T cells was assessed after 4–5 d of culture. 
In co-culture experiments, APCs were added to T cells at a ratio of 1:25 or 
1:5. Supernatants were analyzed after 3 d, or cells were restimulated with 
PMA/ionomycin to detect intracellular cytokines at day 5. For measurement 
of proliferation, 3H-TdR (GE Healthcare) was added to cells during the 
final 16 h of culture. In some experiments, neutralizing anti–TGF- (R&D 
Systems) or rat IgG isotype control antibody was added (10 µg/ml). RAR 
pan-antagonist LE540 was added to some cultures at a concentration of 1 µM.

For assessing suppressive activity, Foxp3 OT-II CD4 T cells were la-
beled with 2.5 µM CFSE (Molecular Probes, Invitrogen) and stimulated with 
OVA-pulsed T depleted splenocytes in the absence or presence of Foxp3+  
T cells generated in cultures with lung MØs at 1:10 or 1:1 ratios. 4 d later, 
CFSE dilution was monitored by flow cytometry.

different stage of differentiation. CD11c+ F4/80+ MØs have 
recently been visualized in the gut (Denning et al., 2011). 
They expressed RALDH2 at similar levels as CD11c F4/80+ 
gut MØs and lower levels of RALDH1 but expressed TGF- 
mRNA at comparable levels. The gut CD11c+ MØs also 
supported Foxp3+ iTreg cell generation in the presence of ex-
ogenous TGF-, but it was not tested whether they could 
promote significant numbers of Foxp3+ Treg cells without 
adding TGF- (Denning et al., 2011). This MØ population 
expressed IL-10 mRNA directly ex vivo, again distinguishing 
them from the resident lung tissue MØs that we describe here.

In summary, we demonstrate that CD11c+ F4/80+ MØs 
that are present in lung tissue of naive, unmanipulated mice 
possess an intrinsic capacity to promote development of Foxp3+ 
iTreg cells through constitutive expression of TGF- and reti-
noic acid/RALDH. These MØs are likely to represent an in-
tegral component of the mechanism by which tolerance and 
homeostasis is afforded in the lung. Although they maintain 
expression of TGF- and retinoic acid/RALDH upon expo-
sure to allergens that cause lung disease, the tissue MØs lose 
the capacity to promote Foxp3+ iTreg cells and instead take 
on an inflammatory phenotype. Not only may the inflamma-
tory cytokines such as IL-1 and IL-6 made by these MØs 
contribute to asthmatic disease (Doganci et al., 2005; Neveu 
et al., 2009; Willart et al., 2012), but continued expression  
of TGF- potentially drives aspects of lung inflammation. 
Activated/differentiated MØs have been implicated in lung-
remodeling disease, including that seen in severe asthmatics, 
which is characterized by tissue fibrosis, and it has been sug-
gested that they contribute to this process through produc-
tion of TGF- (Doherty and Broide, 2007; Halwani et al., 
2011; Lekkerkerker et al., 2012). It is possible that the MØs 
associated with airway remodeling represent a differentiated 
state of the regulatory MØs that promote iTreg cell develop-
ment. Understanding how these tissue MØs develop and are 
maintained in the resting noninflamed lung, and whether 
they can be targeted and modulated to retain regulatory ac-
tivity in the face of allergen insults, may provide significant 
insights into strategies attempting to induce tolerance in pa-
tients with lung disease.

MATERIALS AND METHODS
Mice. 6–8-wk-old female WT C57BL/6 (CD45.2+), C57BL/6-SJL 
(CD45.1+), and BL/6 MHC II–deficient (MHC II/) mice were purchased 
from the Jackson Laboratory. CCR7-deficient (CCR7/), lymphotoxin  
receptor–deficient (LTR/), and MyD88/TRIF double-deficient mice 
on the BL/6 background were bred in-house at the La Jolla Institute for  
Allergy and Immunology (LIAI). OT-II TCR transgenic mice (CD45.2+) were 
used as a source of V2+V5+ CD4 T cells responsive to the OVA 323–339 
peptide. CD45.1+ OT-II TCR transgenic mice were generated by back-
crossing OT-II mice with C57BL/6 CD45.1+ mice. All mice were backcrossed 
at least six times. The experiments reported here were approved by the LIAI 
Animal Care Committee and conform to the principles outlined by the ani-
mal Welfare Act and the National Institutes of Health guidelines for the care 
and use of animals in biomedical research.

Antibodies and flow cytometry. The following antibodies were purchased 
from BD: anti–CD4-allophycocyanin, anti–CD4-PerCp, anti–CD4-FITC, 
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were measured by ELISA in supernatants. Isolated MØs were also cultured 
with recombinant Der p1 (Indoor Biotechnologies) and Aspergillus (Sigma-
Aldrich) protease (10 µg/ml each) for 24 h. In some experiments, allergen-
stimulated or unstimulated MØs were washed several times with cold PBS 
and co-cultured with Foxp3CD25 OT-II CD4 T cells and OVA peptide 
for an additional 4–5 d for analysis of intracellular Foxp3 induction. In other 
cases, the protease activity of HDM and ASP was blocked with a serine/cysteine 
protease inhibitor (Roche).
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