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 INTRODUCTION 
 Antigen-presenting cells (APCs) stimulate naive CD4     +      T cells 

and direct their differentiation to various T-cell lineages having 

specialized functions for pathogen clearance. 1  T helper 1 (Th1) 

cells provide protective immunity against viruses and intracel-

lular bacteria, whereas Th17 cells promote clearance of extracel-

lular bacteria. 2  Th2 cells help to clear helminths by promoting 

immunoglobulin-E production, eosinophil proliferation, and 

mucus production, but these same responses to Th2 cytokines 

are pathogenic in the setting of allergic diseases such as asthma. 

An improved understanding of the APCs and molecules that 

drive Th2-cell differentiation might provide new opportunities 

for therapeutic intervention in multiple disease settings. 

 Naive CD4     +      T-cell differentiation into specific T-cell lineages 

is determined largely by local cytokine levels. Th1 differentiation 

is driven by interleukin (IL)-12, which is produced in very high 

amounts by monocyte-derived, Ly6C     +      CD11b     +      inflammatory 

dendritic cells (DCs). 3,4  Th17-cell differentiation is directed by 

transforming growth factor- �  together with either IL-6 or IL-1, 5  

whereas transforming growth factor- �  on its own or together 

with retinoic acid promotes the differentiation of regulatory 

T cells. 6  Unlike these relatively well-characterized mechanisms, 

the cells and molecules that promote Th2 differentiation remain 

poorly understood. Although IL-4 can promote Th2 differentia-

tion  in vitro  by activating STAT6 and promoting GATA3 expres-

sion, DCs do not produce IL-4. 7,8  Accordingly, identifying the 

APC and cellular source of IL-4 that directs Th2 differentiation 

 in vivo  has been the focus of considerable effort during the past 

several years. It was recently proposed that basophils are both 

necessary and sufficient for inducing Th2 responses  in vivo . This 

suggestion arose from the findings that basophils can produce 

IL-4 and present antigen in the context of major histocompat-

ibility complex (MHC), and that antibodies directed against the 

basophil-expressed high-affinity immunoglobulin-E receptor 

(Fc � RI � ) can suppress Th2 responses in mice. 9 – 12  However, 

subsequent studies showed that genetically engineered mice 

lacking basophils are nonetheless able to initiate Th2-cell differ-

entiation, including allergic pulmonary inflammation, 13,14  and 

several recent studies have shown a requirement of DCs for Th2 

induction. 13 – 16  It was recently reported that anti-Fc � RI �  antibod-

ies diminish Th2 responses by depleting a subset of DCs in lung-

draining lymph nodes (LNs) that display this receptor. 15  Although 

Fc � RI � -displaying DCs were shown to prime allergic responses, it 

is unclear if these DCs are unique in this regard, or if other DCs 

in the lung and draining LNs possess similar activities. 

 CD11c     +      DCs residing in the lung and draining LNs can be 

divided into two major subsets, based on their display levels 

of the CD11b and  �  E (CD103) �  7  integrins. 17  Lung-resident 

CD11b hi  DCs reside beneath the pulmonary epithelium, pro-

duce high levels of chemokines  ex vivo , and can sustain allergic 

pulmonary inflammation during the challenge phase of allergic 

responses. 18,19  CD103     +      DCs are more closely associated with 
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the airway epithelium and express langerin. 17,20  Although these 

two lung DC subsets were previously reported to have similar 

T-helper-inducing activities after exogenous peptide loading 

 ex vivo , 18  this procedure bypasses events related to  in vivo  uptake 

of inhaled antigens. In the present study, we instilled allergen 

directly into the airway to allow lung-resident DCs to take up the 

allergen  in vivo . The abilities of the two major lung DC subsets 

to prime Th2 differentiation of naive T cells were then assessed 

by coculture with naive CD4     +      T cells. In these studies, CD103     +      

DCs could prime Th2 differentiation, whereas CD11b hi  DCs 

primed Th1 differentiation. Moreover, mice lacking CD103     +      

DCs had dramatically reduced allergic responses to clinically 

relevant allergens, including cockroach antigens (CAs) and 

house dust extracts (HDEs).   

 RESULTS  
 Selective priming of Th2 differentiation by CD103     +      DCs 
 Allergic sensitization through the airway can be achieved by 

airway instillation of chicken ovalbumin (OVA) together with 

low doses of lipopolysaccharide (OVA-LPS). 21 – 23  To investi-

gate lung DC function during allergic sensitization, we first 

confirmed that both major DC subsets can take up inhaled 

antigens. Alexa Fluor-647 dye-labeled OVA was instilled into 

the airways, and DCs in the lung and LNs were analyzed by 

flow cytometry 16   h later ( Figure 1a and b ). As expected, non-

autofluorescent CD11c hi  conventional DCs were comprised of 

two major subsets, CD11b hi  and CD103     +      DCs. Although alveo-

lar macrophages also display CD11c, they are autofluorescent, 

which allows them to be distinguished from DCs. 24  In the lung, 

the frequency of OVA-positive cells and the intensity of OVA 

signals were higher for CD11b hi  DCs than for CD103     +      DCs 

( Figure 1c ). Interestingly, the converse was true in draining LNs 

( Figure 1d ), in agreement with a previous report. 25  Thus, lung 

CD11b hi  DCs can take up more OVA, but OVA-bearing CD103     +      

DCs might migrate more efficiently to LN than do CD11b hi  

DCs. Nonetheless, these results indicate that substantial number 

of CD11b hi  and CD103     +      DCs can acquire inhaled antigens. 

 To test the ability of lung DCs to stimulate naive CD4     +      T cells, 

we purified CD11b hi  DCs and CD103     +      DCs from the lungs of 

C57BL / 6 mice that had received OVA-LPS. A novel cocktail of 

enzymes was used to obtain higher yields of purified DCs than 

that has been previously achieved using widely used enzymes 

( Figure 1e ). Analysis of the sorted cell populations by analytical 

flow cytometry and by microscopy revealed that each population 

was highly pure and comprised almost entirely of DCs ( Figure 1f ). 

To assess the ability of these two DC subsets to induce T-cell pro-

liferation, they were separately cocultured with 5,6-carboxyfluo-

rescein diacetate succinimidyl ester (CFSE)-labeled naive CD4     +      

T cells purified from OVA-specific T-cell receptor transgenic OT-II 

mice. Both DC subsets induced T-cell proliferation as determined 

by dilution of the CFSE label in the dividing cells, with CD103     +      

DCs being slightly more efficient in this regard ( Figure 1g 

and h ). These findings were confirmed by T-cell counts after the 

5-day culture ( Supplementary Figure S1a  online). 

 To determine whether the two major lung DC subsets differed 

in their ability to promote naive T-cell differentiation to helper 

T cells, we first assessed intracellular levels of signature cytokines 

in T cells after cocultures. Flow cytometric analyses of these cells 

revealed that there were more interferon (IFN)- �      +      T cells in 

cocultures containing CD11b hi  DCs, whereas IL-4     +      and IL-13     +      

T cells were more abundant in cocultures containing CD103     +      DCs 

( Figure 2a and b ). Analysis of cytokines in the supernatants of 

these cells confirmed that T-cell production of IFN- �  production 

was preferentially induced by CD11b hi  DCs, and that production 

of IL-5 and IL-13 was induced by CD103     +      DCs, although IL-4 

levels were low in both conditions ( Supplementary Figure S1b  

online). To further test the induction of Th2 cells by CD103     +      

DCs, we cultured lung DCs from BALB / c mice together with 

naive CD4     +      T cells from OVA-specific DO11.10 T-cell recep-

tor transgenic IL-4-GFP reporter ( 4get ) mice. IL-4-GFP     +      cells 

were more abundant after culture with CD103     +      DCs than after 

culture with CD11b hi  DCs ( Figure 2c and d ), confirming that 

the former DC subset is more effective at promoting Th2 differ-

entiation. Cytokine levels in supernatants of primary DC-T-cell 

cocultures can be affected by multiple factors, including DC-

derived cytokines, T-cell proliferation, and cytokine internaliza-

tion. For these reasons, cytokine production from differentiated 

T cells is frequently elicited by short-term restimulation. 26  After 

incubation in plate-bound anti-CD3 �  and -CD28 antibodies, 

CD4     +      T cells that had been cultured with CD103     +      lung DCs 

produced high levels of IL-4, IL-5, and IL-13, but only low levels 

of IFN- �  ( Figure 2e ). Conversely, T cells that had been cocul-

tured with CD11b hi  DCs produced high levels of IFN- � , but 

only low levels of IL-4, IL-5, and IL-13. Lung CD103     +      DCs, but 

not CD11b hi  DCs, also stimulated low-level production of the 

Th17 signature cytokine, IL-17. Similar results were obtained 

whether OT-II CD4     +      T cells or  Rag2       −     /     −       OT-II CD4     +      T cells 

were used. The selective ability of the lung CD103     +      DCs to 

prime Th2 responses was not a unique feature of C57BL / 6 mice 

because similar findings were seen when DCs from BALB / c 

mice were used ( Supplementary Figure S2  online). The Th2 

stimulatory activity of CD103     +      lung DCs was also not caused 

by the enzymatic digestion of lung tissue, because although the 

recovery of DCs from the lung was greatly reduced when no 

enzymes were used in the preparation, the recovered CD103     +      

DCs also induced T-cell proliferation and Th2 differentiation 

( Supplementary Figure S3  online). 

 Lung-draining mediastinal LN DCs were similarly tested for 

their ability to promote Th2 differentiation. Both CD11b hi  DCs 

and CD103     +      DCs from LNs were able to stimulate robust prolif-

eration of T cells (data not shown). LN CD103     +      DCs also selec-

tively and potently stimulated Th2 differentiation as determined 

by the production of IL-4, IL-5, and IL-13, whereas the CD11b hi  

subset selectively primed Th1 differentiation ( Figure 2f ). 

Unlike CD103     +      DCs derived from the lung, neither DC subset 

prepared from LNs induced IL-17 production.   

 CD103     +      DCs prime Th2 differentiation to inhaled clinically 
relevant allergens 
 Although OVA is frequently used in studies of T-cell differentia-

tion and allergic pulmonary inflammation, it is not a clinically rel-

evant allergen. To study pulmonary DC uptake of environmental 
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allergens, cockroach antigen (CA) and house dust mite (HDM) 

were labeled with Alexa Fluor-647 and separately instilled into 

airways of mice. Flow cytometric analyses revealed that both 

DC subsets in the lung could take up these allergens, although 

CD11b hi  DCs took up slightly higher levels ( Figure 3a ). 

In mediastinal LNs, the frequency of CA-bearing DCs was 

A
ut

of
lu

or
es

ce
nc

e

A
ut

of
lu

or
es

ce
nc

e

C
D

11
b

Mediastinal LN
104

104

Lung

C
D

11
b

CD11c

103

103

102

102

101

101
100

100

CD11bhi DC CD103+ DC CD11bhi DC

17.8% 40.6%
100

80

60

40

20

100

80

60

40

20

CD103+ DC

38.6 % 11.8 %
80

60

40

20

40

Pre-sort DCs Post-sort DCs

CD11bhi

99.2%

99.3%

CD11b

CD103+

CD103

No digestion

Coll D + DN

Lib, DN, Coll XI, Hya

30

20

10C
el

l n
um

be
r 

(×
10

3 )

0
CD11bhi DC

No DC

CD 11bhi DC

CD 103+ DC

Day 2

Day 5

CFSE

Day 2

30 800 No DC

CD11bhi DC

CD103+ DC

600

400

200

0

300

200

100
P=0.009

0

P=0.0004

P=0.002

20

10

0

100

75

50

25

0

C
F

S
E

lo
 c

el
ls

 / 
C

D
4 

T
 c

el
ls

 (
%

)

M
ea

n 
flu

os
ce

nc
e 

in
te

ns
ity

Day 5

C
el

l n
um

be
r

CD103+ DC

100

80

60

40

20

C
el

l n
um

be
r

C
el

l n
um

be
r

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

100

104103102101100

OVA-AF647 OVA-AF647
104103102101100 104103102101100 104103102101100

104

CD103 CD11c
103102101100

104

103

102

101

100

104

104

103

103

102

102

101

101
100

100

104103102101100

104

103

102

101

100

104103102101100

104103102101100

104103102101100

100

80

60

40

20

100

80

60

40

20

104103102101100

CD103
104103102101100

       Figure 1             Uptake of inhaled antigen and naive T-cell stimulation by CD11b hi  dendritic cells (DCs) and CD103     +      DCs. ( a ,  b ) Flow cytometric gating 
for non-autofluorescent, CD11c hi  DCs from lungs ( a ) and mediastinal lymph nodes (LNs;  b ) of C57BL / 6 mice. ( c ,  d ) Ovalbumin (OVA) uptake by DC 
subsets from the lung ( c ) and mediastinal LNs ( d ) from untreated mice (dashed line) or from mice instilled with 100    � g Alexa Fluor (AF)-647-labeled 
OVA (OVA-AF647) together with lipopolysaccharide (LPS; solid line). A representative result of two independent experiments is shown. ( e ) Effect of 
enzymatic digest on lung DC recovery. Minced lung tissue was incubated with no enzymes (open column), or with enzymes; collagenase (Coll) D, 
DNase I (DN), Liberase (Lib), Coll XI and hyaluronidase (Hya;  n     =    5). ( f ) Purity of sorted lung CD11b hi  DCs and CD103     +      DCs. Representative images 
of each population are shown. ( g ,  h ) T-cell proliferation. ( g ) 5,6-Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled, naive CD4     +      OT-II 
T cells were cultured with the indicated DC subsets from OVA-LPS-treated mice and dilution of the CFSE signal assessed by flow cytometry. 
( h ) Percent of CFSE lo  cells among CD4T cells and mean fluorescence intensity of CFSE.  P- values by Student ’ s  t -test ( n     =    3).  
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     Figure 2             CD103     +      dendritic cells (DCs) promote Th2 differentiation of naive CD4     +      T cells. ( a ,  b ) DCs prepared from the lungs of C57BL / 6 mice 
treated with ovalbumin together with lipopolysaccharide (OVA-LPS) were cocultured with naive CD4     +      T cells from  rag-2      −     /     −      OT-II mice. Intracellular 
cytokines in CD4     +      T cells were analyzed after 6 days of coculture. Percent of cytokine positive CD4 T cells are indicated in contour plots ( a ) and 
histograms of compiled data ( b ). Data shown represent one of three similar experiments;  P- values by Student ’ s  t -test. ( c ,  d ) DCs prepared from the 
lungs of BALB / c mice treated with OVA-LPS were cocultured with naive CD4     +      T cells from interleukin (IL)-4-green fluorescent protein (GFP) DO11.10 
mice. Percentage of IL-4-GFP     +      CD44 hi  cells among all CD4     +      T cells after 5 days of coculture are indicated in contour plots ( c ) and histograms of 
compiled data ( d ). ( e ,  f ) Cytokine production by DC-stimulated T cells. The indicated lung DC subsets were prepared from the lungs or mediastinal 
lymph nodes ( f ) of OVA-LPS-treated mice and cocultured for 5 days with naive  Rag2       −     /     −       OT-II CD4     +      T cells. Cultured T cells were incubated for 24   h 
in anti-CD3 �  and anti-CD28-coated plates. Cytokines in the supernatants were measured by enzyme-linked immunosorbent assay. Data presented 
represent one of at least three independent experiments yielding similar results. IFN- � , interferon- � ; IL, interleukin.  
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 comparable between the two subsets, whereas HDM-bearing 

cells were more frequent among CD11b hi  DCs ( Figure 3b ). 

Thus, although the amount of allergen uptake can vary, both 

major DC subsets can take up these clinically relevant allergens. 

To test if CD103     +      DCs also prime Th2 responses to these aller-

gens, CD11b hi  and CD103     +      DCs were purified from the lungs 

of CA- or HDM-treated mice and cultured with naive CD4     +      

T cells from C57BL / 6 mice. As expected, the magnitude of T-cell 

proliferation was less than that previously seen for OT-II T cells 

following OVA presentation by DCs ( Figure 3c and d ), because 

only a small number of naive T cells in untreated C57BL / 6 mice 

would be expected to recognize CA or HDM. However, incuba-

tion with anti-CD3 � - and CD28 antibodies elicited IL-4 pro-

duction by T cells that had been cocultured with CD103     +      DCs 

from CA- or HDM-treated mice ( Figure 3c and d ). Thus, the 

ability of CD103     +      DCs to prime Th2 responses is not unique 

to the experimental allergen, OVA, but also extends to clini-

cally relevant allergens. In addition to Th2 priming, CD103     +      

DCs also primed the differentiation of IL-17-producing T cells 

in response to CA and HDM. However, in contrast to experi-

ments with OVA, where CD103     +      DCs were unable to prime 

Th1 responses, CA- and HDM-bearing CD103     +      DCs could also 

prime the differentiation of IFN- � -producing Th1 cells. To test 

if microbial components residing in the CA and HDM might 

enhance the ability of CD103     +      DCs to promote Th1 differen-

tiation, airways of mice were instilled with OVA together with 

either LPS or poly I:C, a synthetic analog of double-stranded 

RNA. CD103     +      DCs prepared from the lungs of OVA-poly I:C 

(polyinosine-polycytidylic acid)-treated mice promoted higher 

levels of Th1 differentiation than CD103     +      DCs from OVA-LPS-

treated mice ( Supplementary Figure S4  online). This result is 

in agreement with a previous report that CD103     +      lung DCs 
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     Figure 3             CD103     +      dendritic cells (DCs) prime Th2 responses to clinically relevant allergens. ( a ,  b ) DCs in lung ( a ) or mediastinal lymph node ( b ) of 
untreated C57BL / 6 mice (dashed line) or mice that received oropharyngeal aspiration of Alexa Fluor-647-labeled cockroach antigen (CA) or house 
dust mite (HDM) 16   h earlier (solid line). Mean ± s.e. ( n     =    3) percent antigen-positive DCs are indicated in each histogram. ( c ,  d ) Purified lung DCs 
from C57BL / 6 mice receiving CA ( c ) or HDM ( d ) were cocultured with naive CD4     +      T cells from C57BL / 6 mice. Proliferation of T cells as inferred from 
T-cell recovery after 5 days of coculture. Cytokines in supernatants of T cells following 24   h incubation in anti-CD3 � - and anti-CD28-coated plates, as 
measured by enzyme-linked immunosorbent assay. IFN, interferon; IL, interleukin.  
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prime Th1 differentiation  following influenza virus infection. 27  

Thus,  depending on the adjuvant used, Th1 differentiation can 

be primed by either CD103     +      DCs or CD11b hi  DCs, whereas Th2 

differentiation can be primed only by CD103     +      DCs.   

 Requirement of CD103     +      DCs for Th2 differentiation 
 Our data thus far had shown that purified CD103     +      DCs have a 

greater capacity to prime Th2 differentiation of naive T cells than 

do CD11b hi  DCs. To confirm this, we tested T-cell stimulation 

by lung-draining, mediastinal LN DCs of  Ccr7       −     /     −       mice, which 

were previously shown to contain very few CD103     +      DCs. 28  We 

reasoned that if CD103     +      DCs are required for Th2 priming, total 

DCs derived from LNs of  Ccr7       −     /     −       mice should not efficiently 

prime Th2 differentiation. To test this, we first verified that medi-

astinal LNs of  Ccr7       −     /     −       mice contain CD11b hi  DCs, but almost 

no CD103     +      DCs ( Figure 4a and b ). We then compared the 

T-cell priming activity of total CD11c     +      DCs recovered from LNs 

of OVA-instilled WT and  Ccr7       −     /     −       mice. T cells cultured with the 

 Ccr7       −     /     −       DCs produced high levels of IFN- � , but very little IL-4 

compared to T cells cultured with wild-type (WT) DCs ( Figure 4c ). 

Thus, CD11b hi  DCs from  Ccr7       −     /     −       LNs can effectively 

prime Th1 cell differentiation, but not Th2 differentiation. 

To confirm that the inability of LN DCs from  Ccr7       −     /     −       mice to 

prime Th2 differentiation was due to the absence of CD103     +      

DCs and not to an intrinsic defect in  Ccr7       −     /     −       DCs, we studied 

T-cell priming by CD103     +      DCs prepared from the lungs of 

 Ccr7       −     /     −       mice. These DCs were as efficient, at Th2 priming, as 

their WT counterparts ( Figure 4d ). Thus, the inability of LN DCs 

from  Ccr7       −     /     −       mice to promote Th2 differentiation is not due 

to an intrinsic requirement of CCR7, but rather to the selective 

absence of CD103     +      DCs in mediastinal LNs of these animals.   

 Allergic airway inflammation is impaired in mice lacking 
CD103     +      DCs 
 Having established that CD103     +      DCs are required for  ex vivo  

priming of Th2 responses, we next investigated if this DC sub-

set is also required for priming allergic responses to inhaled 

allergens  in vivo . We studied allergic responses in the recom-

binant inbred strain, BXH2 / TyJ, which lack CD103     +      DCs in 

most non-lymphoid organs, including the lung, due to a point 

mutation in IFN regulatory factor 8 coding region. 29,30  We first 

confirmed that CD103     +      DCs are absent in the lungs of BXH2 

104
WT Ccr7 –/–

Ccr7 –/– Ccr7 –/–

Ccr7 –/–

104

44.3%

30.2%

CD103

60.9%

5.6%

103

103

102

102

101

101

C
D

11
b

100

60

IFN-γ
NS

IL-4

IFN-γ IL-4 IL-17

P<0.0001

5

4

3

2

1

0

40

20

0

20,000 4,000 20

15

10

5

0

3,000

2,000

1,000

0

15,000

10,000

5,000

0

No 
DC

CD11
b
+  D

C

CD10
3
+  D

C

No 
DC

No DC

CD11
b
+  D

C

CD10
3
+  D

C
No 

DC

CD11
b
+  D

C

CD10
3
+  D

C

No 
DC

W
T L

N D
C

Cc
r7
–/
–  L

N D
C

No 
DC

W
T L

N D
C

Cc
r7
–/
–  L

N D
C

C
yt

ok
in

e 
(n

g 
m

l–1
)

C
yt

ok
in

e 
(p

g 
m

l–1
)

104 120 20 10

5

0

15

10

5

0
WT Ccr7 –/–WT

Total DC CD11bhi DC CD103+ DC

P=0.058 P=0.04NS100

80

60

40

20C
el

l n
um

be
r 

(×
10

3 )

0
WT

WT

103

102

101

100

100 104103102101100

    Figure 4             CD103     +      dendritic cells (DCs) are required for Th2-cell differentiation. ( a ,  b ) Analysis of DCs from lymph nodes (LNs) of  Ccr7      −     /     −      mice. 
( a ) Flow cytometry plots showing percentages of CD11b hi  and CD103     +      DCs in mediastinal LNs of wild-type (WT) C57BL / 6 and  Ccr7       −     /     −       mice. 
( b ) Histograms showing total DC numbers for each DC subset ( n   =  5 − 6). Data shown are from one of the two independent experiments giving similar 
results. ( c ,  d ) Induction of T-cell cytokines by total LN DCs ( c ) or lung-resident DC subsets ( d ). Naive CD4     +      OT-II T cells were cultured with the 
indicated DCs, and cytokine production from T cells was measured by enzyme-linked immunosorbent assay following elicitation by anti-CD3 �  and 
CD28 antibodies.  P- values by Student ’ s  t -test. IFN, interferon; IL, interleukin; NS, not significant.  



ARTICLES

MucosalImmunology | VOLUME 5 NUMBER 1 | JANUARY 2012  59

104
B6C3F1 BXH2

104

103

103

102

102

101

101
100

100

104

104

103

103

102

102

101

101
100

100

C
D

11
b

1000 700

600

500

400

300
1.0

0.5

0.0

Total cells

P=0.0001

Eosinophils
10 30

20

10
2

1

0

8

6

4

2

0

Neutrophils

Neutrophils

Lymphocytes

Lymphocytes

Challenge only

Sensitization
+ challenge

Challenge only

Sensitization
+ challenge

P=0.0006 P=0.007

P=0.007

B6C3F1 BXH2

B6C3F1

B6C3F1

15,000 20 600

400

200

0

15

10

5

0

IFN-γ IL-4 IL-13
B6C3F1   No antigen

B6C3F1   OVA

BXH2       No antigen

BXH2       OVA

10,000

5,000
500

250

0
No

immunization
OVA
alum

No
immunization

OVA
alum

No
immunization

OVA
alum

C
yt

ok
in

es
 (

pg
 m

l–1
)

Total cells Eosinophils

P=0.002

2,500 2500 50 150

100

50
5
4
3
2
1
0

40

30

20

10

0

P=0.0062000

1500

1000

500
100

50

0

2,000

1,500

1,000
400

200

0

C
el

l n
um

be
r 

(×
10

3 )

BXH2

BXH2 B6C3F1 BXH2 B6C3F1 BXH2B6C3F1 BXH2

B6C3F1 BXH2

125 200 125

Medium

B6C3F1

BXH2

IL-17

P=0.02100

75

50

25

0

150

100

50

0

30

20

10

0

IFN-γ IL-4 IL-13
P=0.01 P=0.04100

75

50

25

0

C
yt

ok
in

es
 (

pg
 m

l–1
)

B6C3F1 BXH2 B6C3F1 BXH2 B6C3F1 BXH2

800

600

200

100

0

CD103

400 200 200

150

100
1.0

0.5

0.0

150

100

50

0

Total DC CD103+ DCCD11bhi DC

P=0.007 P=0.01 P=0.00006300

200

100

0

C
el

l n
um

be
r 

(×
10

3 )

C
el

l n
um

be
r 

(×
10

3 )

B6C3F1 BXH2 B6C3F1 BXH2 B6C3F1 BXH2

27.2% 86.5%

0.1%55.2%

        Figure 5             Impaired allergic airway inflammation in CD103     +      dendritic cell (DC)-deficient BXH2 mice. ( a ,  b ) Analysis of CD11c hi  lung DCs from 
B6C3F1 and BXH2 mice. ( a ) Representative flow cytometry plots showing percentages of each DC subset. ( b ) Compiled data showing total cells for 
each subset ( n     =    3). ( c  –  f ) Responses of B6C3F1 and BXH2 mice to sensitization and challenge with house dust extract (HDE; see METHODS). 
( c ) Airway inflammation. Mean numbers ± s.e.m. of the indicated leukocyte subsets in bronchoalveolar lavage fluid (BALF) are shown after HDE 
challenge of unsensitized (open columns) and sensitized mice (filled columns).  P- values by Student ’ s  t -test ( n     =    3 – 7). ( d ) Hematoxylin and eosin (H & E) 
staining of lung sections. ( e ) Airway mucus (dark purple), revealed by periodic acid-Schiff staining and Alcian Blue staining of lung sections. ( f ) Cytokine 
production. Left lung lobes were incubated for 2 days in culture medium containing HDE, and cytokines in the supernatants were measured by 
enzyme-linked immunosorbent assay (ELISA). ( g ) Allergic responses to cockroach antigen (CA) challenge. Mice were sensitized and challenged with 
CA (see METHODS) and the indicated cells in the BALF evaluated by differential staining.  P- values by Student ’ s  t -test ( n     =    3 – 7). ( h ) Th2 responses in 
B6C3F1 and BXH2 mice following subcutaneous sensitization. Mice were immunized by foot-pad injections of ovalbumin (OVA) / alum, and cells from 
draining popliteal LNs cultured in the presence or absence of OVA. Cytokines in culture supernatants were analyzed by ELISA. Mean values ± s.e.m. in 
triplicate assays are shown. Data represent one of the three independent experiments yielding similar results. IFN, interferon; IL, interleukin.  



ARTICLES

60 VOLUME 5 NUMBER 1 | JANUARY 2012 | www.nature.com/mi

mice ( Figure 5a and b ), but present in the B6C3F1 mice, which 

are derived from the same parental strains. To elicit allergic 

sensitization  in vivo , we instilled OVA-LPS into the airways 

of mice. 21 – 23  As expected, WT B6C3F1 mice sensitized in this 

way developed eosinophilic and neutrophilic airway inflam-

mation on subsequent challenge with OVA ( Supplementary 

Figure S5  online). However, similarly treated BXH2 mice 

failed to develop inflammation. To determine whether BXH2 

mice are also refractory to sensitization to clinically relevant 

environmental allergens, we carried out experiments using 

extracts of common house dust. House dust contains both 

allergens and adjuvants, and when repeatedly instilled into 

the airway, HDEs induce multiple asthma-like responses, 

including airway inflammation. 31  B6C3F1 mice became sen-

sitized to components of HDE, as evidenced by the presence 

of inflammatory cells in bronchoalveolar lavage fluid follow-

ing challenge of the mice with the same extract ( Figure 5c ). 

This inflammation resulted from adaptive immune responses 

to HDE rather than from innate immune responses, because 

very few cells were seen in bronchoalveolar lavage fluid of 

challenged mice that had not been previously sensitized with 

HDE. Unlike B6C3F1 mice, CD103     +      DC-deficient BXH2 mice 

were not sensitized by HDE and failed to develop significant 

airway or interstitial lung inflammation on challenge ( Figure 5c 

and d ). BXH2 mice also had substantially fewer mucus-producing 

cells in the airway than B6C3F1 mice ( Figure 5e ) and had 

lower levels of IL-4, IL-13, and IL-17 in the lung ( Figure 5f ). 

Similar results were observed when mice were sensitized and 

challenged with CA ( Figure 5g ). These findings suggested that 

pulmonary CD103     +      DCs are required for allergic sensitization 

to inhaled allergens. To rule out the possibility that the reduced 

allergic pulmonary inflammation seen in BXH2 mice was due 

to a defect in cells other than CD103     +      DCs, we tested the ability 

of BXH2 mice to develop Th2 responses following subcuta-

neous sensitization, which is mediated by multiple DC sub-

sets. 32  Analysis of responses in skin-draining LNs revealed that 

T cells from immunized BXH2 mice produced lower levels of IFN- �  

than did their counterparts from WT mice ( Figure 5h ), possibly 

because the IFN regulatory factor-8 mutation leads to impaired 

production of IL-12 and IFN- �  by APCs. 33  However, production 

of IL-4 and IL-13 were comparable in BXH2 and B6C3F1 mice. 

The numbers of bone marrow eosinophils were also similar in the 

two strains (data not shown). Together, these data indicate that 

the reduced allergic response in BXH2 mice after sensitization 

through the airway was not due to a general impairment in Th2 

responses or eosinophil development, but rather to the absence 

of CD103     +      DCs in the lung and draining LNs.   

 Differential expression of molecules by lung-resident DC 
subsets 
 To investigate the mechanisms that might account for the prim-

ing of Th1 and Th2 differentiation by CD11b hi  and CD103     +      

lung DCs, respectively, we compared the expression of several 

candidate molecules. Differential expression of Notch ligands 

has been proposed to contribute to T-helper cell differentiation, 

with Jagged 1 and Jagged 2 promoting Th2 differentiation and 

Delta-like 4 promoting Th1 differentiation. 34  We found that 

 Jag 1  expression was similar in the two DC subsets, whereas  Jag 2  

expression was higher in CD103     +      DCs than CD11b hi  DCs 

( Supplementary Figure S6  online). In contrast,  Dll 4  expression 

was slightly higher in CD11b hi  DCs, although not statistically 

significant. Thus, differential expression of these Notch ligands 

by the two major lung DC subsets might contribute to their 

abilities to promote T-helper differentiation. 

 Analysis of cytokine production by DCs following their activa-

tion  ex vivo  revealed that CD11b hi  DCs had higher levels of IFN- �  

than did CD103     +      DCs ( Supplementary Figure S7a and c-e  

online). However, IFN- � -deficient CD11b hi  DCs did not acquire 

Th2-inducing ability ( Supplementary Figure S8a  online). As 

expected, neither CD11b hi  DCs nor CD103     +      DCs produced 

detectable IL-4 ( Supplementary Figure S7a  online), and IL-4-

deficient CD103     +      DCs primed Th2 differentiation at least as 

efficiently as their WT counterparts ( Supplementary Figure S8b  

online). CD103     +      DCs also produced higher levels of IL-1 � , IL-2, 

IL-9, IL-10, and CCL11 than CD11b hi  DCs ( Supplementary 

Figure S7a and b  online). However, IL-2-deficient and IL-9-

deficient CD103     +      DCs primed Th2 differentiation as efficiently 

as their WT controls ( Supplementary Figure S8c and d  online). 

IL-10-deficient CD103     +      DCs had a modest, but significant, 

reduction in their ability to induce IL-4 and IL-13 production 

by T cells compared with WT counterparts ( Supplementary 

Figure S8e  online and data not shown), suggesting that CD103     +      

DC production of IL-10 contributes to Th2 induction. 

 Analysis of cell surface molecules revealed that most were 

displayed at similar levels on CD11b hi  and CD103     +      DCs 

( Supplementary Figure S9a and b  online). These molecules 

included CD70 and OX40L, which are reported to promote Th1 

and Th2 responses, respectively. 35 – 37  CD103     +      DCs had slightly 

higher levels of CD86, which is associated with Th2 priming, 38  

whereas CD11b hi  DCs displayed higher levels of CD14 and Ly-

6C, which is associated with Th1-stimulating inflammatory 

DCs ( Supplementary Figure S9b  online). 3,4,39  CD103     +      DCs 

also displayed higher levels of CD117 / c-Kit, which is reported 

to participate in the priming of Th2 and Th17 responses. 40  

However, CD103     +      DCs from lungs of c-Kit mutant  W / W   v   mice 

induced Th2 differentiation as efficiently as those from WT mice 

( Supplementary Figure S8f  online).   

 Selectivity of T-helper induction by lung-resident DCs is 
conferred by levels of antigen presentation 
 In our analyses of cell surface molecule expression, we noticed 

that CD11b hi  DCs displayed slightly higher levels of MHC class 

II and much higher levels of the macrophage mannose receptor 

( Figure 6a ). The latter molecule mediates uptake of several sol-

uble antigens, including OVA. 41  These observations suggested 

that CD11b hi  DCs might take up and present more antigen to 

T cells than do CD103     +      DCs. Using Alexa Fluor-647-labeled 

OVA, we confirmed that CD11b hi  DCs take up higher amounts 

of OVA than do CD103     +      DCs over a wide range of OVA con-

centrations ( Figure 6b and c ). Because we had found that poly 

I:C conferred a Th1-inducing phenotype to CD103     +      DCs 

( Supplementary Figure S4  online), we analyzed lung DCs after 
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airway instillation of this microbial product. Poly I:C instillation 

increased MHC class II and CD86 on both CD103     +      DCs and 

CD11b hi  DCs. Poly I:C also increased the levels of OVA uptake 

by CD103     +      DCs, but not by CD11b hi  DCs ( Supplementary 

Figure S10  online). To determine whether the levels of antigen 

presentation impacted T-helper differentiation, CD103     +      and 

CD11b hi  DCs were sorted from the lungs of untreated mice and 

subsequently loaded  ex vivo  with various amounts of OVA pep-

tide. Although both DC subsets induced proliferation of CD4     +      

OT-II T cells in a manner dependent on peptide concentration, 

CD103     +      DCs were more potent at low concentrations of pep-

tide ( Figure 6d ). CD11b hi  DCs primed Th1 differentiation at all 

concentrations of peptide, although this priming was stronger 

at higher concentrations of peptide ( Figure 6e ). However, 

CD11b hi  DCs were unable to efficiently prime Th2 differentia-

tion, regardless of the peptide concentration used. In contrast, 

CD103     +      DC priming of Th2 cells was highly dependent on 

peptide levels. At low concentrations of peptide, CD103     +      DCs 

exclusively primed Th2 responses, whereas at high levels, these 

DCs primed both Th1 and Th17 differentiation. Taken together, 

the current data show that CD11b hi  DCs selectively prime Th1 

responses to OVA, whereas CD103     +      DCs can prime either Th2 

or Th1 and Th17 responses, depending on the strength of pep-

tide presentation.    
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     Figure 6             Effect of antigen uptake by lung dendritic cell (DC) subsets on T-cell differentiation. ( a ) Surface molecule display. Macrophage mannose 
receptor (MMR) and major histocompatibility complex (MHC) class II on lung DC subsets of untreated C57BL / 6 mice were stained with specific 
antibodies (solid line) or with isotype control antibodies (dotted line). ( b ) Ovalbumin (OVA) uptake by DC subsets. Flow plots are shown for OVA-Alexa 
Fluor (AF)-647 fluorescence in CD11b hi  and CD103     +      lung-resident DCs at 24   h after instillation of 100    � g OVA-AF647 together with lipopolysaccharide 
(LPS). ( c ) OVA-AF647 uptake (mean fluorescence intensity, MFI) by the lung-resident DCs after instillation of various amounts of OVA-AF647.  P -value 
by Student ’ s  t -test ( n     =    3). Results from one of the two similar experiments are shown. ( d ,  e ) Effect of peptide concentration on T-cell proliferation 
and cytokine production. CD11b hi  and CD103     +      lung-resident DCs were prepared from lungs of untreated C57BL / 6 mice, loaded with the indicated 
amounts of OVA 323    −    339  peptide  ex vivo , and cultured with naive CD4     +      OT-II T cells. Proliferation of T cells in cocultures ( d ) and cytokine production 
from T cells measured by enzyme-linked immunosorbent assay following elicitation by anti-CD3 �  and CD28 antibodies ( e ) are indicated. One of the 
two independent experiments yielding similar results is shown. IFN, interferon; IL, interleukin; ND, not detected.  
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 DISCUSSION 
 Findings presented here suggest that at least for inhaled aller-

gens, CD103     +      DCs are the primary DC subset in the lung and 

draining LNs that prime Th2 responses, whereas CD11b hi  DCs 

prime Th1 responses. These findings are consistent with mul-

tiple studies showing that DCs are important for the induction 

of allergic responses. 7,13,15,16  Although basophils have been 

reported to be sufficient for the induction of some allergic 

responses, 9 – 12  subsequent reports have shown that these cells are 

dispensable for allergic sensitization to inhaled allergens. 13 – 15  

It is possible that allergic responses to inhaled allergens are more 

dependent on DCs and less dependent on basophils than are 

other Th2-mediated responses. Previous reports have suggested 

that CD11b hi  DCs are crucial for the development of allergic 

responses in airway. 19,42  However, it was unclear from these 

studies if CD11b hi  DCs are required for the induction of Th2 

differentiation or for restimulation of existing memory Th2 

cells. We have found that both major DC subsets can restimulate 

previously differentiated Th2 cells, as measured by IL-4 produc-

tion (H. Nakano  et al. , unpublished observations). The ability of 

the CD103     +      DCs to stimulate memory Th2 responses was also 

recently suggested in a model of LPS-induced exacerbations of 

asthma-like symptoms in mice. 43  Thus, both major lung DC 

subsets appear to be capable of activating memory T cells. 

 We found that CD103     +      DC-deficient BXH2 mice were refrac-

tory to allergic sensitization through the airway, despite hav-

ing the ability to develop Th2 responses in skin-draining LNs 

after subcutaneous immunization. Another consequence of the 

IFN regulatory factor-8 mutation in BHX2 mice is a reduction 

in IL-12 and type-I IFN production by DCs. 33  However, those 

cytokines promote Th1 responses, not Th2 responses, and it 

seems unlikely that a reduction in these cytokines could account 

for the profoundly reduced allergic responses in BXH2 mice. 

The presence of both migratory and non-migratory DCs in LNs 

complicates interpretation of LN DC data. However, CD103     +      

DCs prepared from the lung also primed Th2 responses more 

efficiently than did CD11b hi  DCs, suggesting that the differences 

in T-helper priming between these two DC subsets is not due 

solely to difference in their migratory capacities. We cannot for-

mally exclude the possibility that CD8 �      +      DCs, which are lacking 

in BXH2 mice, 33  contribute to allergic sensitization to inhaled 

allergens. However, CD8 �      +      DCs are very rare in the lung 17,44  

and they are reported to preferentially stimulate Th1-cell dif-

ferentiation. 45  Thus, a major involvement of CD8 �      +      DCs in 

the induction of allergic responses  in vivo  seems unlikely. Taken 

together, our data suggest that CD103     +      DCs are the major DC 

subset for priming allergic responses to inhaled allergens. 

 The properties of lung CD103     +      DCs that endow them with 

the ability to prime Th2 responses to inhaled antigens are not 

yet fully understood. We found that CD103     +      DCs express high 

levels of the Notch ligand, Jagged 2, which has been associated 

with Th2 induction by DCs  in vitro , 34  However, a requirement 

of this gene for Th2 responses  in vivo  has been questioned, 46  

and it remains to be determined whether Jagged is required 

for allergic sensitization through the airway. The propensity of 

CD103     +      DCs to take up relatively low levels of OVA  in vivo  

might  contribute to OVA-specific Th2 priming, because when 

forced to present high levels of exogenously added OVA peptide 

 ex vivo , CD103     +      DCs lost their ability to promote Th2 differen-

tiation, and instead primed Th1 and Th17 differentiation. This 

observation is in agreement with previous reports showing that 

low levels of peptide presentation to T cells primes Th2 induc-

tion by upregulating GATA3 expression, which is critical for Th2 

differentiation. 47,48  Conversely, strong T-cell receptor stimula-

tion suppresses GATA3 expression through activation of extra-

cellular signal-regulated kinase. 48  Although CD103     +      DCs that 

acquired OVA  in vivo  exclusively primed Th2 differentiation of 

naive OT-II T cells, CD103     +      DCs that acquired CA or HDM 

 in vivo  were able to prime Th1, Th2, and Th17 differentiation of 

polyclonal naive CD4     +      T cells. OVA uptake by CD103     +      DCs is 

likely limited by their low display levels of macrophage mannose 

receptor, whereas CA and HDM might be taken up by other 

C-type lectins that are more highly expressed in CD103     +      DCs. 

Alternatively, microbial components present in the preparations 

of HDM and CA might confer CD103     +      DCs with the capacity to 

promote Th1 and Th17 differentiation. This hypothesis is con-

sistent with our finding that after poly I:C treatment, CD103     +      

DCs displayed higher levels of MHC class II, increased OVA 

uptake and promoted Th1 differentiation. Importantly, however, 

CD11b hi  DCs failed to efficiently prime Th2 differentiation after 

 in vivo  uptake of OVA, CA or HDM, or after  ex vivo  loading of 

OVA peptide. Thus, inherent differences between these two DC 

subsets, in addition to uptake of antigen or antigen processing, 

must also contribute to their differences in T-cell priming. 

 The inefficient Th2 induction by CD11b hi  DCs, even when 

presenting very low levels of peptide, suggests that low strength 

of antigen presentation is not sufficient for priming Th2 

responses and that CD103     +      DCs must provide additional signals 

that stimulate Th2 differentiation. Although CD103     +      DCs pro-

duced IL-2, IL-4, and IL-9, analysis of DCs from gene- targeted 

mice revealed that none of these cytokines are required for Th2 

priming by this DC subset. CD103     +      DCs also produced IL-10, 

and the partial reduction of Th2 inducing ability of  Il-10       −     /     −       

CD103     +      DCs suggests that IL-10 might contribute to Th2 induc-

tion. Although c-Kit is selectively expressed by CD103     +      DCs, 

CD103     +      DCs from c-Kit mutant  W / W   v   mouse lung could prime 

Th2 differentiation as efficiently as DCs from WT mice. IL-25, 

IL-33, and thymic stromal lymphopoietin (TSLP) have also been 

reported to promote Th2 differentiation, 49 – 51  but these cytokines 

were undetectable in supernatants of CD103     +      DCs (data not 

shown), possibly because lung epithelia are the primary source 

of these cytokines. 52  Thus, it remains to be determined whether 

cytokines other than IL-10 selectively produced by CD103     +      

DCs can direct Th2 differentiation. However, the identification 

of these cells as the primary DC subset for initiating allergic 

responses to inhaled allergens should facilitate the identification 

of such molecules. A comprehensive comparison of genes that 

are differentially expressed in the two major lung DC subsets 

might yield novel candidate genes whose requirement for Th2 

differentiation can be tested experimentally. The information 

gained from these studies might, in turn, reveal novel opportuni-

ties to prevent or mitigate the severity of allergic asthma.   
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 METHODS     
  Mice   .   B6C3F1, BALB / c, BXH2 / TyJ, C57BL / 6,  Ccr7      −     /     −      (B6. 129P2-
 Ccr7   tm1Dgen   / J), DO11.10 (C.CG-Tg(DO11.10)10Dlo / J),  Ifng       −     /     −       
(B6.129S7- Ifng   tm1Ts   / J),  Il2       −     /     −       (B6.129P2- Il2   tm1Hor   / J),  Il4       −     /     −       
(B6.129P2- Il4   tm1Cgn   / J),  Il4-gfp  ( 4get ) (C.129- Il4   tm1Lky   / J),  Il10       −     /     −       
(B6.129P2- Il10   tm1Cgn   / J), OT-II (C57BL / 6-Tg(TcraTcrb)425Cbn / J), 
WBB6F1 / J- Kit   W    / Kit   W / v   and their WT controls WBB6F1 / J-     +     /     +      were 
purchased from Jackson Laboratories (Bar Harbor, ME).  Rag2       −     /     −       OT-II 
mice (B6.129S6- Rag2   tm1Fwa   Tg(TcraTcrb)425Cbn) were obtained from 
Taconic Farms (Germantown, NY).  Il4-gfp       +       DO11.10 mice were gener-
ated by crossing  Il4-gfp  and DO11.10 mice.  Il-9       −     /     −       mice were provided 
by Simon Hogan (University of Cincinnati), with permission from 
Andrew Mackenzie (MRC, Cambridge, UK). All mice were housed in 
the specific pathogen-free animal facility at the National Institute of 
Environmental Health Sciences (NIEHS), and used between 6 and 12 
weeks of age in accordance with guidelines provided by the Institutional 
Animal Care and Use Committee of the NIEHS.   

  Preparation of DCs   .   Lungs were extracted, minced, and digested with 
Liberase TM (100    � g   ml     −    1 ; Roche, Indianapolis, IN), together with col-
lagenase XI (250    � g   ml     −    1 ), hyaluronidase 1a (1   mg   ml     −    1 ), and DNase I 
(200    � g   ml     −    1 ; Sigma, St Louis, MO) for 1   h at 37 ° C. Minced mediastinal 
LNs were digested with the same enzymes for 30   min. In some experi-
ments, lung tissues were digested with collagenase D (1   mg   ml     −    1 ) (Roche) 
and DNase I (200    � g   ml     −    1 ). The reaction was stopped by the addition 
of EDTA (20   m M  final concentration). A single-cell suspension was 
prepared by sieving the digested tissue through a 70    � m nylon strainer 
(BD Biosciences, Bedford, MA). DCs were enriched by discontinuous 
phase-density centrifugation with 16 %  Nycodenz (Accurate Chemical, 
Westbury, NY), and then washed with phosphate-buffered saline con-
taining 0.5 %  bovine serum albumin and 2   m M  EDTA. DC numbers per 
lung were calculated based on the total number of recovered cells and 
the percentages of DCs in those preparations. Total CD11c hi  DCs or DC 
subsets were purified by sorting on a fluorescence-activated cell sorting 
Vantage or fluorescence-activated cell sorting ARIA-II flow cytometer 
(BD Biosciences). Purity was consistently     >    98 % . Cell morphologies 
were assessed by light microscopy following centrifugation onto glass 
slides. Antigens were delivered to the airway by oropharyngeal aspira-
tion, and DCs harvested 16 or 24   h later. The following antigens were 
instilled in a total volume of 50    � l phosphate-buffered saline; 100    � g 
endotoxin-free OVA (Profos AG, Regensburg, Germany); 10    � g cock-
roach antigens (Greer, Lenoir, NC); and 10    � g house dust mite (Greer). 
LPS was removed from CA using ProteoSpin endotoxin removal kit 
(Norgen Biotek, Thorold, ON, Canada). Unless stated otherwise, OVA 
was delivered to the airways together with 10 pg LPS (Sigma). In some 
experiments, 1    � g poly I:C (Invivogen, San Diego, CA) was used as the 
adjuvant. For allergen tracking experiments, OVA, CA, and HDM were 
labeled with Alexa Fluor-647 (Invitrogen, Carlsbad, CA).   

  Flow cytometric analysis   .   Cells were diluted to 2 × 10 6  / 100    � l, and 
incubated with a nonspecific binding blocking reagent cocktail of 
anti-mouse CD16 / CD32 (2.4G2), normal mouse, and normal rat 
serum (Jackson ImmunoResearch, West Grove, PA) for 5   min. For 
staining of surface antigens, cells were incubated with fluorochrome 
(Allophycocyanin (APC), APC-Alexa Fluor-750, APC-Cy7, Alexa 
Fluor-488, Alexa Fluor-647, eFluor-450, fluorescein isothiocyanate, 
PerCP-Cy5.5, phycoerythrin (PE), PE-Texas Red) or biotin- conjugated 
antibodies against mouse CD4 (RM4-5 and GK1.5), CD8 �  (53-6.7), 
CD11b (M1 / 70), CD11c (N418 and HL3), CD14 (Sa2-8), CD19 (605), 
CD40 (Ic10), CD44 (IM7), CD45.2 (104), CD45RB (C363.16A), 
CD80 (16-10A1), CD70 (FR70), CD83 (Michel-19), CD86 (GL1), 
CD103 (M290), CD115 (AFS98), CD117 / c-Kit (2B8), F4 / 80 (BM8), 
Ly6C (AL-21), MHC class II (AFb.120), macrophage mannose recep-
tor (MR5D3), OX40L (RH134L), and PD-L1 (MIH5; BD Biosciences, 
BioLegend, and eBioscience, San Diego, CA). Dead cells stained with 
7-amino-actinomycin D (eBioscience) were excluded from the analysis. 

For intracellular cytokine analyses, cells were fixed and permeabilized 
with a kit (eBioscience), then stained with the following antibodies, 
IFN- �  (XMG1.2), IL-2 (JES6-5H4), IL-4 (11B11), IL-9 (RM9A4) and 
IL-13 (eBio13A; BD Biosciences and eBioscience). Stained cells were 
analyzed on a fluorescence-activated cell sorting LSRII flow cytometer 
(BD Biosciences). Data from these studies were analyzed using fluores-
cence-activated cell sorting Diva (BD Biosciences) and FlowJo software 
(Treestar, Ashland, OR). Only single cells were analyzed.   

  Coculture of naive T cells with DCs   .   Naive CD4     +      T cells were prepared 
from pools of LNs and spleens of C57BL / 6, DO11.10,  Il4-gfp  DO11.10, 
OT-II or  Rag2       −     /     −       OT-II mice by magnetic bead-based cell sorting  system 
(Miltenyi, Bergisch Gladbach, Germany) using an antibody cocktail 
containing anti-mouse CD8 � , CD11b, CD11c, CD16 / 32, CD19, CD25, 
CD44, B220, CD49b, I-A, and Ly6C / G. The purified cells were greater 
than 98 %  CD4     +      T cells, with less than 1 %  comprised of CD45RB lo  
CD44 hi  memory cells ( Supplementary Figure S11  online). T-cell recep-
tor transgenic T cells (1 × 10 5  per well) or C57BL / 6 T cells (5 × 10 5  per well) 
were cultured in a 5 %  CO 2  incubator for 5 days with DCs (5 × 10 4  per 
well) purified from LNs or lungs in 200    � l Iscove ’ s modified Dulbecco ’ s 
medium containing 10 %  fetal bovine serum (FBS; certified, Invitrogen), 
50    �  M   � -mercaptoethanol, penicillin and streptomycin in a 96-well 
U-bottom plate (BD Biosciences). In some experiments, various concen-
trations of OVA 323    −    339  peptides (New England Peptide, Gardner, MA) 
were added to the culture. Following primary cultures, T-cell responses 
were elicited by incubation of T cells (1 × 10 5  per well) for 24   h in a 96-well 
flat bottom plate coated with antibodies to CD3 �  (1    � g   ml     −    1 ) and CD28 
(5    � g   ml     −    1 ; eBioscience).   

  Analyses of proliferation and cytokine production by T cells   .   After 
coculture of T cells and DCs, viable lymphocytes were counted by the 
Trypan blue exclusion test. T-cell recovery was calculated as percent of 
input. In some experiments, CD4     +      T cells from OT-II mice were labeled 
with 3    � m CFSE (Invitrogen) for 10   min at 37 °  C. CD4     +      CFSE     +      cells were 
analyzed 2 or 5 days after coculture with lung DCs by flow cytometry, and 
proliferation of T cells was inferred from lower CFSE signal in compari-
son with unstimulated T cells. For analysis of cytokine production from 
T cells, cells were plated at 1 × 10 6  cells per 200    � l of complete RPMI con-
taining 10 %  FBS, 50   ng   ml     −    1  phorbol myristate acetate and 500   ng   ml -1  
ionomycin (Sigma). The cells were incubated for 4   h, with GolgiStop (BD 
Biosciences) added for the last 3   h. After washing, intracellular cytokines 
in CD4     +      T cells were analyzed by flow cytometry. Cytokines in superna-
tants of these cultures were measured by enzyme-linked immunosorbent 
assay using specific antibodies against IFN- �  (R4-6A2 and XMG1.2), IL-4 
(11B11 and BVD6-24G), IL-5 (TRFK5 and TRFK4), IL-13 (eBio13A and 
eBio1316H), and IL-17 (TC11-18H10 and TC11-8H4; BD Biosciences 
and eBioscience).   

  Analysis of cytokine production by DC subsets   .   DCs sorted by flow 
cytometry were plated at 1 × 10 5  cells per 200    � l of complete RPMI contain-
ing 10 %  FBS, 50   ng   ml     −    1  phorbol myristate acetate, and 500   ng   ml     −    1  iono-
mycin. Supernatants were collected 24   h later, and analyzed for cytokines 
by multiplex analysis (BioRad, Hercules, CA). For intracellular staining of 
cytokines, DCs were incubated with or without phorbol myristate acetate 
and ionomycin for 16   h, and then analyzed by flow cytometry.   

  Allergic airway inflammation   .   Mice were sensitized by oropharyn-
geal aspiration of allergen on days 0 and 7, challenged with the same 
allergen on 4 consecutive days (14 to 17) and analyzed on day 20. All 
oropharyngeal aspirations were done in a total volume of 50    � l, using 
phosphate-buffered saline as the carrier. For OVA sensitizations, 100    � g 
endotoxin-free OVA supplemented with 10   pg LPS was used. These ani-
mals were challenged for 30   min on 4 consecutive days with an aerosol 
of 1 %  OVA (Sigma) in phosphate-buffered saline and harvested 3 days 
later. For HDE sensitizations, 20    � l of HDE 53  was used on days 0 and 7, 
and the mice challenged on 4 consecutive days by instillation of 5    � l of 
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the same HDE. Ten  � g of endotoxin-free CA, supplemented with 20    � l 
HDE was used to sensitize mice, and they were challenged on 4 consecu-
tive days by instillations of 5    � g of CA (no HDE). Whole-lung lavage was 
performed and cell differentials determined as previously described. 23  
Left lung lobes were fixed in 10 %  formalin and embedded in paraffin. 
Longitudinal sections 5 – 7    � m thick were stained with hematoxylin and 
eosin (H & E), or Alcian Blue and periodic acid-Schiff, and analyzed by 
light microscopy. The right lobes of the lung were incubated in 1   ml com-
plete RPMI1640, supplemented with 10 %  FBS and 5    � l   ml     −    1  HDE for 
2 days in a 5 %  CO 2  incubator, and cytokines in the supernatant were 
measured by enzyme-linked immunosorbent assay.   

  Cytokine production from skin-draining LNs   .   Mice were immunized 
by subcutaneous injection of 20    � g OVA absorbed in alum (Thermo, 
Rockford, IL) in total volume of 20    � l into hind footpad. Nine days 
later, popliteal LNs were excised, and LN cells were cultured at 1 × 10 6  
cells per 200    � l of complete RPMI containing 10 %  FBS in a 96-well 
plate in the presence or absence of 1   mg   ml     −    1  OVA. Supernatants were 
collected 3 days later, and analyzed for cytokines by enzyme-linked 
immunosorbent assay.   

  Real-time PCR   .   DCs were prepared from the lung 16   h after oropharyn-
geal aspiration of 100    � g OVA and 10   pg LPS. Total RNA from sorted DCs 
was prepared using RNeasy columns (Qiagen, Valencia, CA) and con-
verted to complementary DNA using oligo dT primers and SuperScript 
III First Strand kit (Invitrogen). PCR amplification was performed using 
TaqMan primers and probes (Applied Biosystems, Carlsbad, CA) for 
 Jagged 1  (assay ID: Mm00496902_m1),  Jagged 2  (assay ID: Mm01325629_
m1),  Delta-like 4  (assay ID: Mm00444619_m1), and  Gapdh  (assay ID: 
Mm99999915_g1) with TaqMan PCR Master Mix (Applied Biosystems) 
and Mx3000P QPCR system (Agilent Technologies, Santa Clara, CA). 
The relative expression level of each gene was determined according to 
the manufacture ’ s instruction, and normalized to  Gapdh  expression.   

  Statistics   .   Data are expressed as mean ± s.e.m. Statistical differences 
between groups were calculated using a two-tailed Student ’ s  t -test, unless 
otherwise specified.  P -values are indicated in Figures.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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