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Fms-Like Tyrosine Kinase 3 Ligand Regulates Migratory
Pattern and Antigen Uptake of Lung Dendritic Cell Subsets in
a Murine Model of Allergic Airway Inflammation1

Zhifei Shao,* Toluwalope O. Makinde,* Halvor S. McGee,* Xiang Wang,*
and Devendra K. Agrawal2*†‡

Fms-like tyrosine kinase 3 ligand (Flt3L) reverses the features of allergic airway inflammation and increases a Th2-suppressive
regulatory lung CD11chighCD11blow dendritic cell (DC) subset in a mouse model. We examined the migratory pattern and Ag
uptake efficiency of lung DC subsets in the therapeutic effect of Flt3L. Lung CD11chighCD11blow and CD11clowCD11bhigh DCs
from PBS-treated, OVA-sensitized, and Flt3L-treated/OVA-sensitized BALB/c mice were sorted using MACS and FACS for
phenotype analysis. Lymphatic chemokine expression in thoracic lymph nodes was determined by immunohistochemistry. Mi-
gration of two lung DC subsets to lymphatic chemokines was examined in vitro using a Transwell chemotaxis assay. Labeled Ag
was intranasally delivered into mouse lung to track the migration and Ag uptake of lung DCs. The in vitro cytokine secretion of
mediastinal lymph node cells was determined using ELISA. CD11clowCD11bhigh DCs have higher expression of CCR5, CCR6, and
CCR7, but lower expression of CCR2 than CD11chighCD11blow DCs. CD11clowCD11bhigh DCs in Flt3L-treated/OVA-sensitized
mice demonstrated a less mature phenotype, inefficiency in Ag uptake, and impaired migration in vitro to lymphatic chemokine
than those in OVA-sensitized mice. Administration of Flt3L decreased the expression of CCR5 and CCR7 in CD11clowCD11bhigh

DCs in OVA-sensitized mice. Fewer Ag-carrying cells were detected in the lungs and lymph nodes in Flt3L-treated/OVA-sensitized
mice than OVA-sensitized mice with a greater decrease in CD11clowCD11bhigh DCs. Mediastinal lymph node cells from Flt3L-
treated mice secreted higher levels of Th1 cytokines and IL-10 than OVA-sensitized mice in vitro. In conclusion, Flt3L-generated
lung immunogenic CD11clowCD11bhigh DCs have a less mature phenotype, impaired Ag uptake, and impaired migration to
draining lymph nodes. The Journal of Immunology, 2009, 183: 7531–7538.

F ms-like tyrosine kinase 3 (Flt3)3 ligand (Flt3L) is a syn-
ergistic hematopoietic growth factor that has emerged as a
potential immunomodulator in the intervention of multiple

disease conditions, such as cancer, infection, vaccination, and al-
lergic asthma (1–6). The basis of these tentative applications is its
ability to specifically expand dendritic cell (DC) population and
consequently enhance the Ag presentation (7). A high level of
Flt3L, however, is only detected in hematopoietic organs, such as
bone marrow and peripheral lymph organs, whereas Flt3L main-
tains at very low levels in the peripheral circulatory system under
physiological condition (8). Therefore, considering the synergistic
nature of Flt3L, DC generation and DC-mediated immune re-
sponse under a superphysiological level of Flt3L are primarily de-
pendent on the cytokines or growth factors present in the micro-

environment in hematopoietic organs (9–14), for example, a Th2-
dominant cytokine profile in allergic asthma (15). The fact that
Flt3L treatment preferably generates some specific DC subsets (9,
11, 12) opens an intriguing question as to the phenotype and func-
tion of Flt3L-generated DCs as well as the pathway by which these
DCs function in allergic conditions.

We have previously shown that Flt3L reverses the features of
allergic airway inflammation, preferably increases a Th1-prone
lung CD11chighCD11blow DC subset, and slightly decreases a Th2-
prone immunogenic CD11clowCD11bhigh lung DC subset in a
mouse model of acute allergic airway inflammation (15). The in-
creasing numbers of DCs in response to inflammation are a result
of enhanced hematopoiesis and a process in which DC precursors
migrate toward a chemoattractant gradient. Therefore, the number
of peripheral DCs appears to be dependent on the efficiency of
hematopoiesis as well as the migratory capacity of DC precursors
under the regulation of inflammatory mediators. One of the indi-
cators for the migratory capacity of DC is the chemokine receptor
expression that remains after the DC precursors migrate to the
lungs (16, 17). Ag uptake is a key step in DC activation, upon
which DCs up-regulate CCR7 expression and acquire the ability to
migrate to draining lymph nodes (LN), where they prime naive
CD4� T cells. This process is driven by the interaction between
CCR7 and its ligands, CCL19 and CCL21(18). The differential
regulation of migratory activity of lung DC subsets upon Ag up-
take would be expected to influence the efficiency of the Ag
presentation.

It has been reported that Flt3L treatment alters expression levels
of chemokine receptors and subsequently affects the migratory ca-
pability of DCs in lungs and kidney (19, 20). Further study has
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suggested that Flt3L-Flt3 engagement facilitates hematopoietic
cell migration/homing and mobilization by enhancing or inhibiting
CXCL12/CXCR4 signaling pathways, which sheds light on the
molecular mechanisms of Flt3L-Flt3 interaction with respect to
DC chemotaxis (21). Furthermore, Flt3L/Flt3 interaction is also
involved in regulating the trafficking of normal and transformed
hematopoietic cells (21). Mice pretreated with Flt3L demonstrated
an altered cytokine and chemokine (MIP-2 and CCL2) expression
in bronchoalveolar lavage fluid, which suggests that Flt3L may
affect chemokine production and consequently intervene the re-
cruitment of inflammatory cells (22). Lastly, Flt3L-generated
mouse spleen DCs take up and process Ag less efficiently than
CSF-generated mouse spleen DCs (12). These studies have pro-
vided strong evidence that Flt3L is involved in the regulation of
DC migration in multiple aspects. However, whether or not Flt3L
differentially alters the migratory pattern and Ag uptake of lung
DC subsets and consequently determines the outcome of T cell
response in OVA-induced allergic airway inflammation needs to
be further elucidated.

In this study, we examined the migration-related properties of
different lung DC subsets in mice in the context of OVA sensiti-
zation and Flt3L treatment. The involvement of Flt3L in DC mi-
gration helps further understand the underlying mechanisms of its
therapeutic effect in allergic airway inflammation and asthma.

Materials and Methods
Mice and treatment protocols

Four- to 5-wk-old female BALB/c mice were purchased from Harlan Lab-
oratories and maintained under specific pathogen-free conditions at Creigh-
ton University. All of the animal experiments conducted in this study were
approved by the Institutional Animal Care and Use Committee of Creigh-
ton University. The sensitization and treatment protocol followed was pre-
viously described (15), as shown in Fig. 1B. Briefly, mice were divided into
sensitized and nonsensitized groups. Sensitized groups received 20 �g of
grade V chicken egg OVA i.p. (Sigma-Aldrich) emulsified in 2.25 mg of
Imject alum (Thermo Scientific) on days 1 and 14. Nonsensitized mice
received sterile PBS i.p. The mice were challenged with either 1% OVA
aerosol or PBS for 3 consecutive days starting on day 28. After establishing
airway hyperresponsiveness to methacholine, as reported previously (15),
sensitized mice were randomized into two groups, one of which was given
daily 5 �g of Flt3L i.p. from days 34 to 43. The other sensitized group
received sterile PBS i.p. Nonsensitized mice were randomized into two
groups and received either daily 5 �g of Flt3L i.p. or the same volume of
PBS i.p. from days 34 to 43. On day 44, all mice underwent OVA chal-
lenge. Lungs were collected to isolate DCs.

Intranasal delivery of AlexaFluor 647-conjugated OVA

Fluorochrome-conjugated OVA Ag was intranasally injected into OVA-
sensitized and OVA-challenged mice on day 45 (Fig. 1A) using a revised
noninvasive method based on previously described intranasal delivery of
OVA Ag (23). Briefly, AlexaFluor 647-conjugated OVA (catalog 0-34784;

Invitrogen, Molecular Probes) was reconstituted at a concentration of 5
mg/ml in sterile PBS. Mice were completely anesthetized with 80 �g of
pentobarbital per animal (80 �g/20 g body weight) and were held in a
vertical position perpendicular to the bench. The mouse tongue was pulled
out and held gently using moisture tweezers to prevent pharyngeal reflec-
tion in response to the inhaled OVA solution. A total of 30 �l (150 �g) of
OVA solution was delivered intranasally during the inspiration phase of a
respiratory period. The mouse position and tongue were held for an addi-
tional 60 s to ensure the entry of the Ag solution into the lungs. Cough was
usually observed as a consequent sign of a successful delivery. The mouse
was then returned to the cage and laid on the cotton bedding at lateral
position to keep body temperature constant and to prevent suffocation,
which is followed by at least 2-h observation until the recovery from an-
esthesia. The mice were euthanized, and the lungs/mediastinal LN were
collected at 48 h after the Ag delivery. Lung DCs that have taken up
OVA-Ag exhibited fluorescence at the wavelength of 660 nm. The Ag-
carrying cells were detected by flow cytometry after isolation procedures
described in the following paragraphs.

Preseparation of CD11c� cells from lung and mediastinal LN

After euthanization of mice on day 45 or 47, the lungs and mediastinal LN
were collected, cut into small fragments, and digested with 5 ml of colla-
genase D (1 mg/ml) in RPMI 1640 containing 1 mg/ml DNase (Sigma-
Aldrich) at 37°C for 1 h. The digested lung and LN tissues were dissociated
by repeated pipetting using a 1-ml syringe. A 40-�m cell strainer (BD
Biosciences) was used to filter the disassociated lung and LN tissues to
obtain the cell suspensions. The CD11c� lung cells were positively se-
lected using an anti-mouse CD11c magnetic microbeads kit (CD11c N418,
catalog 130-052-001; Miltenyi Biotec) and AutoMACS (Miltenyi Biotec),
according to the protocol provided by the manufacturer (15).

FACS and flow cytometry analysis

Ab titrations were performed to determine the optimal Ab dilution for the
cell staining. The volume of the Ab was adjusted according to the number
of the cells counted in each sample. Presorted CD11c� lung and medias-
tinal LN cells were collected and counted. The cells were resuspended in
PBS supplemented with 4% FBS and incubated with the fluorochrome-
conjugated Abs for 30 min on ice. The Abs used were as follows: CD11c
PE-Cy7, CD11b PE-Cy5, CD86 PE, CD80 FITC, CD40 biotin, CCR5 bi-
otin, CCR6 AlexaFluor 647, MHCII Alexa 700, and CCR7 Alexa 700
(eBioscience); goat anti-CCR2 (Abcam); and rabbit anti-goat IgG1 Ab
conjugated with FITC (Abcam) as the secondary Ab. The cells bound to
biotin-conjugated primary Ab were incubated with streptavidin-conjugated
allophycocyanin (eBioScience). Samples were washed with ice-cold PBS
supplemented with 4% FBS before fluorescence signal acquisition and cell
sorting using a FACSAria sorter (BD Biosciences). The cell gate was first
defined based on forward and side scatter in microbeads-separated lung and
LN CD11c� cells to exclude cell debris and lymphocytes. MHCII� cells
were then gated within the cell gate. Lung DC subsets were further defined
within MHCII� cell gate based on the expression of CD11c and CD11b, as
reported previously (15). Ag-carrying cells were defined as the cells that
exhibit fluorescence at the wavelength of 660 nm. Cells isolated from the
mice that did not receive intranasal delivery of AlexaFluor 647-conjugated
OVA were non-Ag-carrying cells, and thus served as controls.

FIGURE 1. Protocol for sensitiza-
tion and treatment. A, Dash frame. A
total of 150 �g OVA-AlexaFluor 647
in 30 �l was intranasally delivered
into lungs of OVA-sensitized mice on
day 45. Lungs and mediastinal LN
were collected for the evaluation of
Ag uptake and for tracking lung DCs.
B, Solid frame. OVA sensitization. A
total dose of 50 �g of Flt3L treatment
was given to each mouse.
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DC cytology and microscopic study

FACS-sorted lung DCs were centrifuged and resuspended in PBS. Mor-
phology was examined and photographed using a phase-contrast micro-
scope (Nikon Instruments). Cytospin slides were obtained using a Shandon
Cytospin 4 centrifuge machine (Thermo Electron). Cytospin slides of lung
cell populations after anti-CD11c magnetic microbeads separation were
stained using a H&E staining kit (Newcomer Supply).

LN histology

Mediastinal LN were removed, fixed in 4% formalin, and embedded in
paraffin in an automatic tissue processor. The fixed LN tissues were sec-
tioned at 5-�m thickness for immunohistochemistry analysis of CCL19
and CCL21. Deparaffinization, rehydration, and Ag retrieval were done
before immunostaining. Goat anti-mouse CCL19 and CCL21 primary Abs
(Abcam) were used at 1/200 dilution. Immunohistochemistry staining for
CCL19 and CCL21 was performed using VECTOR ABC kit for goat (Vec-
tor Laboratories). Goat anti-mouse CCL19 and CCL21 primary Abs (Ab-
cam) were used at 1/200 dilution. The LN tissue sections were counter-
stained with Gill 2 hematoxylin (Statlab). The tissue sections were then
dehydrated using concentration gradient of ethanol and xylene. Following
dehydration, the slides were mounted with mounting medium and
coverslip.

Chemotaxis assay

For chemotaxis assays, 1 � 105 cells in 100 �l of RPMI 1640 (Sigma-
Aldrich) were added in the upper chamber of a Transwell (Corning Glass;
catalog 3421, 6.5 mm diameter, 5.0 �m pore size). Six hundred microliters
of RPMI 1640 containing 100 ng/ml CCL19 or CCL21 (PeproTech) were
added to the lower chamber. The cells were incubated for 6 h at 37°C.
Trypsinization was used to detach the cells from the membrane. The cells
that migrated through the membrane to the lower chamber of the Transwell
were counted using a phase hemocytometer (Hausser Scientific). The che-
motactic index, a measure of the specificity of migration, was calculated as
follows: (number of cells migrating to chemokines)/(number of cells that
migrated to medium alone).

Measurement of cytokine secretion by LN cells

The dissected mediastinal LN from OVA-sensitized and Flt3L-treated/
OVA-sensitized mice were processed using the method mentioned above
to obtain LN cell suspension. The cells were counted using a Beckman
Coulter counter. The LN cells were resuspended at a density of 1 � 106/ml
in RPMI 1640 (Sigma-Aldrich) supplemented with 10% heat-inactivated
FBS and penicillin-streptomycin and incubated in a Cellstar 12-well sus-
pension culture plate (Greiner Bio-One) at 37°C for 72 h. Culture super-
natant was collected for the measurement of secreted cytokines. Cytokine
levels (IFN-�, IL-2, IL-4, IL-10, and IL-12 (p70)) in the culture superna-
tant were determined using commercially available ELISAs (eBioscience),
according to the manufacturer’s protocol. The sensitivity of each assay was
as follows: 15 pg/ml for IFN-�, 2 pg/ml for IL-2, 4 pg/ml for IL-4, 30
pg/ml for IL-10, and 2 pg/ml for IL-12 (p70).

Data processing and statistical analysis

Flow cytometric data were processed and analyzed using Flowjo software
(Tree Star). GraphPad (GraphPad Software) was used to conduct statistical
analysis. Unpaired Student’s t test was used to determine differences be-
tween two groups. Multiple group comparison was made using one-way
ANOVA with the Bonferroni correction. A value of p � 0.05 was con-
sidered significant. Values are expressed as means � SEM, if not indicated
otherwise.

Results
Phenotype and morphology of lung DC subsets

We have previously reported (15) that two lung DC subsets,
CD11chighCD11blow and CD11clowCD11bhigh DCs, are present in
the mouse lung, as shown in Fig. 2. We also observed
CD11cintCD11b� and CD11c�/lowCD11bhigh cells in a dot plot by
CD11c vs CD11b, representing plasmacytoid DCs, as we previ-
ously reported (15), and granulocytes, respectively. Histology
staining with H&E and phase-contrast microscopy demonstrated
that CD11chighCD11blow and CD11clowCD11bhigh DCs had typi-
cal long dendrites and were morphologically different from
CD11c-expressing plasmacytoid DCs and CD11b-expressing
granulocytes such as neutrophils and eosinophils (Fig. 2).

Flt3L modifies the expression of chemokine receptors and
costimulatory molecules in lung CD11clowCD11bhigh DCs in
OVA-sensitized mice

CD11clowCD11bhigh lung DCs had higher expression of CCR5,
CCR6, and CCR7, and low CCR2 expression in comparison with
CD11chighCD11blow DCs regardless of the treatment. OVA sen-
sitization and challenge remarkably up-regulated the expression of
the chemokine receptors responsible for recruiting DC precursors,
including CCR2, CCR5, and CCR6 in both CD11chighCD11blow

and CD11clowCD11bhigh lung DCs (Fig. 3A), although there was a
significant decrease in the numbers of CD11chighCD11blow DCs in
OVA-sensitized and OVA-challenged mice (15). Interestingly, al-
though Flt3L treatment significantly increased CD11chighCD11blow

lung DCs, it did not up-regulate the expression of CCR2, CCR5, and
CCR6 in this lung DC subset (Fig. 3A). Nevertheless, the expression
of CCR5 in the CD11clowCD11bhigh lung DCs was down-regulated
by Flt3L treatment in OVA-sensitized mice (Fig. 3A), which is well
correlated with a decreased number of CD11clowCD11bhigh lung
DCs. In addition, CD11clowCD11bhigh lung DCs had a less mature
phenotype characterized by down-regulated expression of CD40,
CD86, and CCR7 in Flt3L-treated/OVA-sensitized mice as compared
with those in OVA-sensitized mice (Fig. 4).

Flt3L modifies the expression of lymphatic chemokine secretion
in mediastinal draining LN

As shown in Fig. 3B, the expression levels of CCL21 and CCL19
were up-regulated by OVA sensitization in the T cell-rich zone of the
cortex, and CCL21 was up-regulated also in afferent lymphatic ves-
sels and high endothelial venules in the mediastinal LN. In Flt3L-
treated/OVA-sensitized mice, the expression of CCL19 and CCL21
appears to be down-regulated compared with their expression in
OVA-sensitized mice, as measured by immunohistochemistry
(Fig. 3B).

CD11clowCD11bhigh lung DCs in Flt3L-treated/OVA-sensitized
mice demonstrate impaired migratory capacity to lymphatic
chemokines in vitro

We next examined the migratory capacity of lung DCs in response
to lymphatic chemokines in OVA-sensitized and Flt3L-treated/

FIGURE 2. Phenotype and morphology of lung DC subsets. Lung DC
subsets and other cell populations in a CD11c vs CD11b dot plot. Four cell
populations were gated and sorted using BD FACSAria cell sorter. Cyto-
spin slides were stained with H&E. CD11chighCD11blow and
CD11clowCD11bhigh DCs had typical long dendrites and were morpholog-
ically different from CD11c-expressing plasmacytoid DCs and CD11b-ex-
pressing granulocytes, such as neutrophils and eosinophils. (Images and
figure are the representatives of at least three independent experiments.)
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OVA-sensitized mice. OVA sensitization significantly enhanced
the migratory ability of both CD11chighCD11blow and
CD11clowCD11bhigh lung DCs in response to lymphatic chemo-
kines CCL19 and CCL21 (Fig. 5). Moreover, Flt3L treatment did
not alter the migration capacity of CD11chighCD11blow DCs, but
significantly decreased the migration activity of CD11clow

CD11bhigh lung DCs in response to lymphatic chemokines in the
cells isolated from OVA-sensitized mice (Fig. 5). This is well cor-
related with an Flt3L-induced down-regulation of CCR7 expres-
sion in this DC subset (Fig. 3A). In addition, CCL19 induced a
significantly higher degree of transmigration activity than CCL21
for both CD11chighCD11blow and CD11clowCD11bhigh lung DCs
(Fig. 5).

Lung CD11clowCD11bhigh DCs in Flt3L-treated/OVA-sensitized
mice demonstrate inefficient Ag uptake

The efficiency of Ag uptake by the two lung DC subsets was
examined in Flt3L-treated/OVA-sensitized and OVA-sensitized
mice. Intranasal delivery of fluorochrome-conjugated OVA Ag
was used to track the migratory activity of lung Ag-carrying
DCs. As shown in Fig. 6A, 48 h after intranasal injection of
AlexaFluor 647-conjugated OVA, higher number of Ag-carry-
ing lung cells (71.4%) was detected in the lungs of OVA-sen-
sitized mice than that in Flt3L-treated/OVA-sensitized mice
(46.4%). The dot plot of Ag-carrying cells by CD11c vs CD11b
revealed that CD11chighCD11blow lung DCs maintained normal

FIGURE 3. Expression of chemo-
kine receptors and lymphatic chemo-
kines. A, Two lung DC subsets,
CD11ChighCD11blow (upper panel) and
CD11ClowCD11bhigh (lower panel)
DCs, have different expression levels of
chemokine receptors, CCR2, CCR5,
CCR6, and CCR7. Flt3L down-regu-
lated the expression of CCR5 and
CCR7 in CD11ClowCD11bhigh (lower
panel) DCs (histograms are the repre-
sentative of at least three independent
experiments). B, Expression of CCL19
(upper panel, �20) and CCL21 (middle
panel, �20, and lower panel, �20, with
digital zoom-in) was up-regulated by
OVA sensitization and down-regulated
by Flt3L. Green arrow, afferent lym-
phatic vessel; red arrow, high endothe-
lial venules; T, T cell-rich zone. (Im-
ages are the representative of at least
three independent experiments involv-
ing three animals.)
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Ag uptake ability in Flt3L-treated/OVA-sensitized mice, but
CD11clowCD11bhigh DCs demonstrated an impaired Ag uptake,
as indicated by a decreased number of Ag-carrying cells in this
subset in Flt3L-treated/OVA-sensitized mice (Fig. 6A) as com-
pared with OVA-sensitized mice. Interestingly, such difference
was not observed between the lung DCs in PBS-treated mice
and Flt3L-treated/PBS-treated mice. Regardless of Flt3L treat-

ment, CD11chighCD11blow DCs were more capable at OVA Ag
uptake than CD11clowCD11bhigh lung DCs possibly due to their
intrinsic properties (Fig. 6A).

Ag-carrying CD11clowCD11bhigh DCs in Flt3L-treated/OVA-
sensitized mice show impaired migration to mediastinal draining
LN in vivo

Both Ag-carrying CD11chigh and CD11clow DC subsets were de-
tected in mediastinal draining LN with less Ag-carrying cells de-
tected in Flt3L-treated/OVA-sensitized mice primarily due to less
Ag-carrying DCs in the lungs (Fig. 6B). Flt3L did not alter the
migratory efficiency of CD11chighCD11blow lung DCs because
they were still the majority of the Ag-carrying cells in LN (Fig.
6B). The CD11clowCD11bhigh Ag-carrying DCs, however, dem-
onstrated impaired migration to the LN in Flt3L-treated/OVA-sen-
sitized mice at 48 h after Ag exposure (Fig. 6B) as shown by a cell
frequency of 5.66% in Flt3L-treated mice in contrast to a cell fre-
quency of 27.7% in OVA-sensitized mice. This might be a conse-
quence of down-regulated CCR7 expression by Flt3L treatment (Fig.
3A). However, in PBS-treated and Flt3L-treated/PBS-treated mice, no
such change was observed. Flt3L treatment did not alter the migratory
pattern of both lung DC subsets in PBS-treated mice (Fig. 6B).

The LN cells in Flt3L-treated/OVA-sensitized mice demonstrate
a Th1-prone immune response

The entire cell fraction freshly isolated from mediastinal draining
LN was cultured in RPMI 1640 supplemented with 10% FBS for
72 h to mimic overall in vivo cytokine production in LN. As shown
in Fig. 7, LN cells isolated from OVA-sensitized/Flt3L-treated
mice secreted significantly higher levels of IL-2, IL-10, IL-
12(p70), and IFN-�. No difference in IL-4 levels was detected
between the groups. The shift in cytokine production from Th2 to
Th1 was associated with the change in numbers of migratory DCs
in mediastinal LN.

Discussion
The Flt3L reverses airway inflammation and airway hyperrespon-
siveness by increasing a Th1-prone regulatory lung DC subset and
decreasing a Th2-prone lung DC subset (15). In this study, we
defined the role of DC migration and Ag uptake by lung DC sub-
sets in the context of OVA sensitization and the Flt3L-induced
therapeutic effect in allergic airway inflammation.

The two lung DC subsets we reported previously demonstrate typ-
ical phenotypic and morphological characteristics of DCs, such as
long dendrites, coexpression of costimulatory molecules, MHCII, and
chemokine receptors. DC maturation is accompanied by a gradual

FIGURE 4. Phenotype of CD11ClowCD11bhigh DC subset in Flt3L-treated/OVA-sensitized mice. CD11ClowCD11bhigh DCs isolated from Flt3L-treated/
OVA-sensitized mice displayed a less mature phenotype than those from OVA-sensitized mice, as indicated by CD40 and CD86 expression. (The figures
are the representative of at least three independent flow cytometric experiments.)

FIGURE 5. In vitro migration assay of lung DCs. The migratory capac-
ity of lung DC subsets in response to lymphatic chemokines, CCL19 and
CCL21, was determined in vitro using Transwell. CD11chighCD11blow DC
subset (A) is less capable in migrating to lymphatic chemokines than
CD11ClowCD11bhigh DC subset (B). CD11ClowCD11bhigh DCs demon-
strated an impaired migration to lymphatic chemokines in Flt3L-treated/
OVA-sensitized mice (���, p � 0.001; ��, p � 0.01; �, p � 0.05, n � 4).
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up-regulation of costimulatory molecules and adhesion molecules,
which can be observed in dot plot. However, the expression of
CD11c, CD11b, CD8�, CCR7, MHCII, CD40, CD80, and CD86 is
distinctly different between the two lung DC subsets (15), and does
not demonstrate a gradual increase from one DC subset to the other.
Therefore, the two lung DC subsets do not appear to be immature and
mature states of the same DC population.

The increased number of CD11chighCD11blow lung DC subset
(15) in Flt3L-treated/OVA-sensitized mice seems to be solely due
to the hematopoietic effect of Flt3L administration, but not the
regulation of chemokine receptor expression. Although OVA sen-
sitization and a Th2-dominated milieu remarkably up-regulate the
expression of chemokine receptors CCR2, CCR5, and CCR6 in
CD11chighCD11blow lung DCs, we did not observe an increased
number of this DC subset in OVA-sensitized mice. In addition, the
increased number of CD11chighCD11blow lung DCs was not asso-
ciated with the expression levels of chemokine receptors in Flt3L-
treated/OVA-sensitized mice. These findings suggest that the ex-
pression of chemokine receptors is selectively regulated by Ag

sensitization in this mouse model, whereas the inflammatory cy-
tokine-induced hematopoiesis contributes more to the dynamics of
lung DC recruitment than the expression of chemokine receptors.

A decreased number of CD11clowCD11bhigh DCs in the lungs of
Flt3L-treated/OVA-sensitized mice is well correlated to the de-
creased expression levels of CCR5, a crucial chemokine receptor
in recruiting myeloid lung DCs in allergic asthma. The down-reg-
ulation of CCR7, CD40, and CD86 also appears to be an Flt3L-
dependent effect. The less mature phenotype of CD11clow

CD11bhigh DCs in Flt3L-treated/OVA-sensitized mice was
consistent with the functional properties of these cells, including in-
efficient Ag uptake and impaired migratory potential in response to
lymphatic chemokines, CCL19 and CCL21, in Flt3L-treated/OVA-
sensitized mice. The inefficiency Ag uptake has been reported in
spleen DCs in Flt3L-treated mice (12), and our group has reported that
the Flt3L-generated lung and spleen DCs exhibit a semimature phe-
notype indicated by fewer dendrites and cytoplasmic veils (24). These
findings somewhat contradict the traditional belief that Flt3L facili-
tates the DC maturation. However, it should be noted that Flt3L as a

FIGURE 6. Phenotype and migration of Ag-carrying DCs. MHCII� lung cells were gated first and plotted by side scatter vs Ag-AlexaFluor 647. Lung
and LN Ag-carrying cells were gated based on the controls: lung or LN cells isolated from the mice that did not receive intranasal injection of AlexaFluor
647-conjugated OVA Ag (wavelength 660). A, Lung Ag-carrying MHCII� cells in PBS-treated, Flt3L-treated/PBS-treated, OVA-sensitized, and Flt3L-
treated/OVA-sensitized mice. B, LN Ag-carrying MHCII� cells in PBS-treated, Flt3L-treated/PBS-treated, OVA-sensitized, and Flt3L-treated/OVA-
sensitized mice. (The figures are the representative of three independent experiments involving three animals in each treatment group.)

FIGURE 7. Cytokine production by mediastinal LN cells. The whole LN cell suspension was cultured for 72 h, and the supernatant was collected for
the measurement of IL-2, IL-4, IL-10, IL-12 (p70), and IFN-� production (��, p � 0.01; �, p � 0.05; n � 3�6).
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hematopoietic growth factor primarily regulates the hematopoiesis
and may cause DCs to have an underdeveloped phenotype. It is Ag
loading that triggers DC maturation. The synergistic effect of Flt3L in
combination with Th2 cytokines might contribute to the subtle regu-
lation of DC phenotype in the process of hematopoiesis, which also
explains why the similar differential effects on the lung DC subsets in
PBS-treated mice were not observed.

The CD11chighCD11blow lung DC subset has better Ag uptake
ability, but less efficient migration to lymphatic cytokines, whereas
the CD11clowCD11bhigh DC subset demonstrates opposite proper-
ties characterized by less Ag uptake and a fast migratory pattern.
The in vitro Ag presentation assay showed that both DC subsets
were able to induce T cell proliferation in OVA-sensitized mice
(15). Therefore, both DC populations can function as APCs, al-
though the pattern of migration and the amount of Ag uptake might
differ. CD11chighCD11blow lung DCs demonstrated better ability
to take up Ag, but they do not seem to perform fast migration, as
shown by low-level expression of chemokine receptors CCR7 and
in vitro/vivo migration assays. On the contrary, the CD11clow

CD11bhigh DC subset appears to serve as fast response inflamma-
tory DCs in allergic asthma because the majority of the lungs DCs
in allergic airway inflammation have this phenotype. These cells
are efficient in presenting Ag and migration to LN despite a lower
amount of Ag loading. Although a greater percentage of
CD11chighCD11blow Ag-carrying DCs was present in the lungs of
OVA-sensitized mice, only a small percentage of them is able to
migrate to the LN in comparison with the CD11clowCD11bhigh DC
subset, most of which seems to function well in migration to LN.
Lastly, the differential expression of the chemokine receptor CCR2
also helps define the functional role of CD11chighCD11blow DCs
because CCR2 has been thought to play a more important role in
DC recruitment in Th1 response (25, 26). Most importantly, Flt3L
is shown to play a regulatory role in the multiple aspects of
CD11chighCD11blow and CD11clowCD11bhigh DC subsets, in-
creasing Th1-prone DC subset (15), decreasing the migration and
Ag uptake of Th2-prone DC subsets, and finally leading to Th2
suppression. These data are also supported by a Th1-prone cyto-
kine secretion pattern by both LN cells and the cells in DC-T cell
coculture system (15).

Flt3 receptor is expressed by hematopoietic precursors, such as
common lymphoid and myeloid hematopoietic precursors, and
steady-state DCs in peripheral lymph organs, such as the spleen and
LN (27). It has been reported that Flt3L-Flt3 interactions are essential
to the regulation of homeostatic DC development in the spleen (28).
However, alteration of CCR7 expression in lung DCs in Flt3L-treat-
ed/OVA-sensitized mice most likely occurs at the stage of the com-
mon lymphoid/myeloid precursors because no evidence has reported
that DCs in peripheral lymphoid organs migrate to the lung during
allergic airway inflammation. The suppressive effect of Flt3L in al-
lergic asthma is not only the result of an impaired migration to lym-
phatic chemoattractants in Flt3L-generated lung DCs, but it is also
linked to a decrease in the secretion of CCL19/CCL21 by LN cells.
This suppressive effect is controlled and influenced by the systemic
cytokine milieu, which is dominated by the types of immune response
induced such as Th1, Th2, or tolerance, and possibly IL-10 in the case
of Flt3L-induced therapeutic effect in allergic asthma. Therefore, the
modification of CCL19/CCL21 expression seems to be an indirect
result of Flt3L administration.

The therapeutic effect of Flt3L is not only limited to the OVA-
induced mouse model of allergic airway inflammation, but it has been
observed in a clinically relevant cockroach-induced mouse model of
asthma (29). Our study helps define the role of Th1 activation in
counteracting Th2 response in allergic asthma. If such functional, dis-
tinct lung DC subsets are present in human asthmatic patients and

have similar responses to superphysiological levels of Flt3L, Flt3L
could be an optional immunomodulator for asthma.

The result of this study demonstrates that Flt3L generated a
Th1-prone lung DC subset in asthmatic mice solely through its
synergistic hematopoiesis effect, but not through regulating the
expression of chemokine receptors. The CD11clowCD11bhigh DC
subset in the lungs displays a less mature phenotype in Flt3L-
treated/OVA-sensitized mice, which is responsible for an impaired
migration and Ag uptake.

Acknowledgments
We thank Dr. Gregory Perry and Creighton University Flow Cytometry
Core Facility for the assistance with the flow cytometry experiments. We
thank the American Academy of Allergy, Asthma, and Immunology’s Stra-
tegic Training in Allergy Research (ST*AR) Award to Z.S. to present these
data at their annual meeting.

Disclosures
The authors have no financial conflict of interest.

References
1. Kutzler, M. A., and D. B. Weiner. 2004. Developing DNA vaccines that call to

dendritic cells. J. Clin. Invest. 114: 1241–1244.
2. Agrawal, D. K., M. T. Hopfenspirger, J. Chavez, and J. E. Talmadge. 2001. Flt3

ligand: a novel cytokine prevents allergic asthma in a mouse model. Int. Immu-
nopharmacol. 1: 2081–2089.

3. Edwan, J. H., and D. K. Agrawal. 2007. Flt3-ligand plasmid prevents the devel-
opment of pathophysiological features of chronic asthma in a mouse model. Im-
munol. Res. 37: 147–159.

4. Triccas, J. A., E. Shklovskaya, J. Spratt, A. A. Ryan, U. Palendira,
B. Fazekas de St. Groth, and W. J. Britton. 2007. Effects of DNA- and Myco-
bacterium bovis BCG-based delivery of the Flt3 ligand on protective immunity to
Mycobacterium tuberculosis. Infect. Immun. 75: 5368–5375.

5. Weigel, B. J., N. Nath, P. A. Taylor, A. Panoskaltsis-Mortari, W. Chen,
A. M. Krieg, K. Brasel, and B. R. Blazar. 2002. Comparative analysis of murine
marrow-derived dendritic cells generated by Flt3L or GM-CSF/IL-4 and matured
with immune stimulatory agents on the in vivo induction of antileukemia re-
sponses. Blood 100: 4169–4176.

6. Freedman, R. S., S. Vadhan-Raj, C. Butts, C. Savary, B. Melichar,
C. Verschraegen, J. J. Kavanagh, M. E. Hicks, L. B. Levy, J. K. Folloder, and
M. E. Garcia. 2003. Pilot study of Flt3 ligand comparing intraperitoneal with
subcutaneous routes on hematologic and immunologic responses in patients with
peritoneal carcinomatosis and mesotheliomas. Clin. Cancer Res. 9: 5228–5237.

7. Maraskovsky, E., K. Brasel, M. Teepe, E. R. Roux, S. D. Lyman, K. Shortman,
and H. J. McKenna. 1996. Dramatic increase in the numbers of functionally
mature dendritic cells in Flt3 ligand-treated mice: multiple dendritic cell sub-
populations identified. J. Exp. Med. 184: 1953–1962.

8. Stirewalt, D. L., and J. P. Radich. 2003. The role of FLT3 in haematopoietic
malignancies. Nat. Rev. Cancer 3: 650–665.

9. Parajuli, P., R. L. Mosley, V. Pisarev, J. Chavez, A. Ulrich, M. Varney,
R. K. Singh, and J. E. Talmadge. 2001. Flt3 ligand and granulocyte-macrophage
colony-stimulating factor preferentially expand and stimulate different dendritic
and T-cell subsets. Exp. Hematol. 29: 1185–1193.

10. O’Keeffe, M., H. Hochrein, D. Vremec, J. Pooley, R. Evans, S. Woulfe, and
K. Shortman. 2002. Effects of administration of progenipoietin 1, Flt-3 ligand,
granulocyte colony-stimulating factor, and pegylated granulocyte-macrophage
colony-stimulating factor on dendritic cell subsets in mice. Blood 99: 2122–2130.

11. Daro, E., E. Butz, J. Smith, M. Teepe, C. R. Maliszewski, and H. J. McKenna.
2002. Comparison of the functional properties of murine dendritic cells generated
in vivo with Flt3 ligand, GM-CSF and Flt3 ligand plus GM-SCF. Cytokine 17:
119–130.

12. Daro, E., B. Pulendran, K. Brasel, M. Teepe, D. Pettit, D. H. Lynch, D. Vremec,
L. Robb, K. Shortman, H. J. McKenna, et al. 2000. Polyethylene glycol-modified
GM-CSF expands CD11bhighCD11chigh but not CD11blowCD11chigh murine den-
dritic cells in vivo: a comparative analysis with Flt3 ligand. J. Immunol. 165: 49–58.

13. Brasel, K., T. De Smedt, J. L. Smith, and C. R. Maliszewski. 2000. Generation
of murine dendritic cells from flt3-ligand-supplemented bone marrow cultures.
Blood 96: 3029–3039.

14. Brawand, P., D. R. Fitzpatrick, B. W. Greenfield, K. Brasel, C. R. Maliszewski,
and T. De Smedt. 2002. Murine plasmacytoid pre-dendritic cells generated from
Flt3 ligand-supplemented bone marrow cultures are immature APCs. J. Immunol.
169: 6711–6719.

15. Shao, Z., A. S. Bharadwaj, H. S. McGee, T. O. Makinde, and D. K. Agrawal.
2009. Fms-like tyrosine kinase 3 ligand increases a lung DC subset with regu-
latory properties in allergic airway inflammation. J. Allergy Clin. Immunol. 123:
917–924 e912.

16. Robays, L. J., T. Maes, S. Lebecque, S. A. Lira, W. A. Kuziel, G. G. Brusselle,
G. F. Joos, and K. V. Vermaelen. 2007. Chemokine receptor CCR2 but not CCR5
or CCR6 mediates the increase in pulmonary dendritic cells during allergic air-
way inflammation. J. Immunol. 178: 5305–5311.

7537The Journal of Immunology

 on N
ovem

ber 20, 2009 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org


17. Osterholzer, J. J., T. Ames, T. Polak, J. Sonstein, B. B. Moore, S. W. Chensue,
G. B. Toews, and J. L. Curtis. 2005. CCR2 and CCR6, but not endothelial se-
lectins, mediate the accumulation of immature dendritic cells within the lungs of
mice in response to particulate antigen. J. Immunol. 175: 874–883.

18. Forster, R., A. C. Davalos-Misslitz, and A. Rot. 2008. CCR7 and its ligands:
balancing immunity and tolerance. Nat. Rev. Immunol. 8: 362–371.

19. Swanson, K. A., Y. Zheng, K. M. Heidler, Z. D. Zhang, T. J. Webb, and
D. S. Wilkes. 2004. Flt3-ligand, IL-4, GM-CSF, and adherence-mediated isola-
tion of murine lung dendritic cells: assessment of isolation technique on pheno-
type and function. J. Immunol. 173: 4875–4881.

20. Coates, P. T., B. L. Colvin, A. Ranganathan, F. J. Duncan, Y. Y. Lan,
W. J. Shufesky, A. F. Zahorchak, A. E. Morelli, and A. W. Thomson. 2004. CCR
and CC chemokine expression in relation to Flt3 ligand-induced renal dendritic
cell mobilization. Kidney Int. 66: 1907–1917.

21. Fukuda, S., H. E. Broxmeyer, and L. M. Pelus. 2005. Flt3 ligand and the Flt3
receptor regulate hematopoietic cell migration by modulating the SDF-1�
(CXCL12)/CXCR4 axis. Blood 105: 3117–3126.

22. Winter, C., K. Taut, F. Langer, M. Mack, D. E. Briles, J. C. Paton, R. Maus,
M. Srivastava, T. Welte, and U. A. Maus. 2007. FMS-like tyrosine kinase 3
ligand aggravates the lung inflammatory response to Streptococcus pneumoniae
infection in mice: role of dendritic cells. J. Immunol. 179: 3099–3108.

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

24. Bharadwaj, A. S., and D. K. Agrawal. 2007. Flt3 ligand generates morphologi-
cally distinct semimature dendritic cells in ovalbumin-sensitized mice. Exp. Mol.
Pathol. 83: 17–24.

25. Osterholzer, J. J., J. L. Curtis, T. Polak, T. Ames, G. H. Chen, R. McDonald,
G. B. Huffnagle, and G. B. Toews. 2008. CCR2 mediates conventional dendritic
cell recruitment and the formation of bronchovascular mononuclear cell infiltrates
in the lungs of mice infected with Cryptococcus neoformans. J. Immunol. 181:
610–620.

26. Nakano, H., K. L. Lin, M. Yanagita, C. Charbonneau, D. N. Cook, T. Kakiuchi, and
M. D. Gunn. 2009. Blood-derived inflammatory dendritic cells in lymph nodes stim-
ulate acute T helper type 1 immune responses. Nat. Immunol. 10: 394–402.

27. Karsunky, H., M. Merad, A. Cozzio, I. L. Weissman, and M. G. Manz. 2003. Flt3
ligand regulates dendritic cell development from Flt3� lymphoid and myeloid-
committed progenitors to Flt3� dendritic cells in vivo. J. Exp. Med. 198:
305–313.

28. Waskow, C., K. Liu, G. Darrasse-Jeze, P. Guermonprez, F. Ginhoux, M. Merad,
T. Shengelia, K. Yao, and M. Nussenzweig. 2008. The receptor tyrosine kinase
Flt3 is required for dendritic cell development in peripheral lymphoid tissues.
Nat. Immunol. 9: 676–683.

29. McGee, H. S., J. H. Edwan, and D. K. Agrawal. 2009. Flt3-L increases
CD4�CD25�Foxp3�ICOS� cells in the lung of cockroach-sensitized and chal-
lenged mice. Am. J. Respir. Cell Mol. Biol. 2009 May 15 [Epub ahead of print.]
PMID:19448155

7538 MIGRATION OF LUNG DCs

 on N
ovem

ber 20, 2009 
w

w
w

.jim
m

unol.org
D

ow
nloaded from

 

http://www.jimmunol.org

