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Dysfunction of the cystic fibrosis transmembrane regulator (CFTR)
leads to chronic inflammation and infection of the respiratory tract.
The role of CFTR for cells of the pulmonary immune system is only
partly understood. The present study analyzes the phenotype and
immune stimulatory capacity of lungdendritic cells (DCs) fromCFTR
knockout (CF) mice. Total numbers of conventional DCs, plasmacy-
toid DCs, and CD103-positive DCs were lower in CF mice compared
with wild-type (WT) control mice, as was the expression of major
histocompatibility complex class II molecules (MHCII), CD40, and
CD86. After pulmonary infectionwith respiratory syncytial virus, DC
numbers increased in WT mice but not in CF mice, and the T cell–
stimulatory capacity of CF DCs was impaired. The culture of CF lung
DCs with bronchoalveolar lavage fluid (BALF) from WT mice in-
creased the expression of MHCII, CD40, and CD86. The supplemen-
tation of CF BALF with sphingosine-1–phosphate (S1P), a mediator
of immunecellmigrationandactivation that is decreased inCFBALF,
rescued the reduced expression of MHCII and CD40 inWT lung DCs
andhumanbloodDCs. Thesefindings suggest thatDCs are impaired
in the CF lung, and that altered S1P affects lung DC function. These
findingsprovideanovel linkbetweendefectiveCFTRandpulmonary
innate immune dysfunction in CF.
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Cystic fibrosis (CF) lung disease is characterized by chronic infec-
tions and inflammation (1). The mechanisms for the increased
susceptibility of the CF lung to infections and to inflammation even
in the absence of infection are only partly understood (2). The
dysregulated cytokine secretion of CF epithelial cells plays an im-
portant role in creating the inflammatory milieu (3). It has become
increasingly clear that the cystic fibrosis transmembrane regulator
(CFTR) also plays a role in lung immune cells, and that the dys-
function of the CFTR affects immune cell responses (4–11). The
dysfunction of pulmonary immune cells in CF could result from the
lack of their own CFTR function, or may be induced by the altered
milieu created by defective CFTR function in epithelial cells (5, 8).

The dysfunction or lack of CFTR expression in macrophages,
neutrophils, and dendritic cells (DCs) results in an inflammatory
phenotype (4, 5, 8–11). In addition, antigen presentation is af-
fected in CF. The major histocompatibility complex class I
(MHC I) presentation pathway is altered in CF epithelial cells
(12). Proliferation in response to Pseudomonas aeruginosa

antigens is impaired in CF lymphocytes (13). Moreover, the
reduced IL-10 that is characteristic of the CF lung milieu
increases the cleavage of costimulatory molecule B7 on human
macrophages (14).

Clinically relevant immune cell abnormalities in CFmay be re-
stricted to the lung, because chronic infections outside the respi-
ratory tract are uncommon (15). Consistent with this finding is the
normal presentation via the CD1 pathway in blood-derived CF
DCs (16). Interestingly, decreased MHCII expression has been
seen on CF neutrophils (12), aberrant, Th2-biased cytokine se-
cretion has been reported for CF lymphocytes of patients with
pulmonary P. aeruginosa infection (17), and CF monocytes and
neutrophils were shown to be abnormally stimulated (7). Bone
marrow–derived DCs from CF mice show delayed maturation
(11). Pulmonary DCs, crucial in orchestrating innate and adap-
tive immune responses in the lung, have not been studied in CF.

The present study analyzes murine CF lung DCs to assess their
contributions to the innate immune dysfunction in the CF lung. Al-
though CF murine models generally do not mimic the severe CF
lung disease observed in humans (18), Cftrtm1UNC mice back-
crossed on a C57BL/6 background exhibit increased pulmonary
inflammatory response and increased susceptibility to lung infec-
tions with CF-related bacterial and viral pathogens, including re-
spiratory syncytial virus (RSV) (19). We found that the numbers,
maturation, activation, and T cell–stimulatory capacity were al-
tered in CF lung DCs at baseline and after infection with RSV.
The culture of CF DCs in bronchoalveolar lavage fluid (BALF)
from wild-type (WT) mice improved their activation and matura-
tion, suggesting that factors in the pulmonary milieu contribute to
the CF DC phenotype. Based on our previous observations that
CFTR dysfunction causes abnormalities in sphingolipid metabo-
lism (20), we found that sphingosine-1–phosphate (S1P), a critical
mediator for immune cell trafficking and DC activation (21–23),
decreased in CF BALF. We demonstrate that CF BALF supple-
mented with S1P normalizes the maturation of CF DCs. These
findings highlight abnormalities in pulmonary DCs in CF that
could affect susceptibility and the clearance of pathogens from
the CF lung, and indicate that decreased concentrations of S1P
could comprise a contributing factor.

MATERIALS AND METHODS

Mice

CFTR knockout mice (Cftrtm1UNC; CF mice) and WT C57BL/6 mice
(WT mice) were used at 12–20 weeks of age, and were maintained on
a diet composed of filtered liquid (1:1 mixture of water and PEG3350;
Paddock Laboratories, Minneapolis, MN) and solid food 5061 (Lab-
Diet, Elkridge, MD). All procedures were approved by the Institu-
tional Animal Care and Use Committee of Weill Cornell Medical
College (Institutional Animal Care and Use Committee protocol num-
ber 2009-0039).

Cells

DCs were isolated from lung single-cell suspensions fromWT andCFmice,
using magnetic beads. Details are presented in the online supplement.
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CFTR Expression in DCs

CFTR protein expression was determined in CD11c1 cells or lungs
from WT mice by Western blot analysis, and CFTR mRNA was ana-
lyzed in purified conventional DCs (cDCs) and plasmacytoid DCs
(pDCs) via real-time RT-PCR. Details are presented in the online
supplement.

Allostimulatory Capacity of DCs

The allostimulatory capacity of DCs was assessed by a mixed leukocyte
reaction (MLR). Details are presented in the online supplement.

Infection with RSV

To assess the effects of infection in the respiratory tract with a viral path-
ogen relevant to CF, CF or WT mice were infected with RSV strain A2.
Details are presented in the online supplement.

Coculture of DCs with BALF

To evaluate whether the phenotype of DCs from CF mice is affected by
factors in the milieu of the respiratory tract, DCs from CF or WT mice
were cultured in the presence of BALF fromCF orWTmice. Details are
presented in the online supplement.

S1P Analysis

The concentration of S1P in BALF was analyzed by mass spectrometry.
Details are presented in the online supplement.

Statistical Analysis

The results are presented as means 6 SEMs. Significance was calculated
according to a nonpaired, two-tailed Student t test for two-group compar-
isons, and according to ANOVA for multiple comparisons of more than
two groups. Statistical significance was determined at P , 0.05.

Figure 1. Cystic fibrosis trans-
membrane regulator (CFTR)

expression in dendritic cells

(DCs), and decreased percent-

age of DCs in CFTR knockout
(CF) mice. DCs (CD11c1) were

isolated from the lungs of wild-

type (WT) C57BL/6 mice by

magnetic beads, and were
further separated into conven-

tional DCs (cDCs; CD11c1

CD11b1) or plasmacytoid
DCs (pDCs; CD11c1CD11b2

B2201) by fluorescence-

activated cell sorting. (A) West-

ern blot analysis of CFTR
protein expression in DCs and

all lung cells. (B) CFTR mRNA

expression in cDCs, pDCs,

and all lung cells by real-time
RT-PCR, normalized to the

expression of glyceraldehyde

3–phosphate dehydrogenase

mRNA. Data are presented as
the means 6 SEMs of n ¼ 5

mice/group for one of two in-

dependent experiments. (C)
Diagram of gating strategy of

cDCs and pDCs by flow

cytometry. The percentages

of cDCs (D), pDCs (E), and
CD103-positive (CD1031)

DCs (F) from CF mice and WT

control mice were quantified

by flow cytometry. Data are
expressed as the means 6
SEMs of the percentages of

stained cells of all lung cells.
Data shown are representative

of six independent experi-

ments, each with n ¼ 4–5

mice/group. *P , 0.05. SSC,
side scatter; FSC, forward

scatter; MHCII, major histo-

compatibility complex class II

molecules; Q, quadrant.
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RESULTS

DCs Express CFTR and Are Decreased in CF Lungs

CFTR protein was detected in purified lung DCs by Western blot
analysis (Figure 1A). The size of the CFTR protein bands was 150
and 170 kD in DCs and whole lung, respectively. CFTR expression
was lower in DCs compared with whole lung. To evaluate whether
the two major DC subsets (cDCs and pDCs) expressed CFTR,
cDCs and pDCs were isolated from the lung single-cell suspensions
of WT mice, and CFTR mRNA expression was quantified by real-
time RT-PCR (Figure 1B). The cDCs and pDCs expressed CFTR
mRNA at comparable concentrations, but the expression in both
DC subsets was lower compared with the expression in whole lung
(3.5-fold for cDCs, and 4.4-fold for pDCs; P , 0.05).

Percentages of cDCs and pDCs were evaluated in single-cell
lung suspensions by flow cytometry, as shown in a diagram detail-
ing the gating strategy of cDCs and pDCs according to flow
cytometry (Figure 1C). The percentage of cDCs accounted for
approximately 2.5% of total lung cells in WT mice, and was
2-fold lower in CF mice (Figure 1D; P , 0.05). Likewise, the
pDC and CD103-positive (CD1031) DC populations were 1.8-
fold and 2.7-folder lower in CF mice compared with WT mice,
respectively (Figures 1E and 1F, P , 0.05).

Altered Maturation of DCs in CF Mice

To evaluate the maturation and activation of lung DCs, the sur-
face expressions of MHCI, MHCII, CD40, and CD86 were an-
alyzed in cDCs, pDCs, and CD1031 DCs by flow cytometry. The
expression of MHCI was decreased in pDCs of CF mice com-
pared with WT control mice (P, 0.05), but was similar in cDCs
(Figure 2A). The expressions of MHCII (Figure 2B), CD40
(Figure 2C), and CD86 (Figure 2D) in cDCs, pDCs, and
CD1031 DCs were lower in cells from CF mice compared with
WT control mice (P, 0.05; all comparisons). In contrast to lung
DCs, the expression of MHCII was increased in splenic cDCs,
pDCs, and CD1031 DCs from CF mice compared with control
mice (see Figure E1A in the online supplement; P , 0.05),
whereas the expression of CD40 was reduced (P , 0.05; Figure
E1B). The expression of CD86 was no different between WT
and CF splenic DCs (Figure E1C).

Decreased Allostimulatory Capacity of CF DCs

To assess whether the T cell–stimulatory potency of CF lung DCs
was affected, we analyzed their allostimulatory capacity via MLR.
Allogeneic splenic T cells from BALB/c mice proliferated less
when cocultured with DCs from CF mice, compared with DCs
from WT mice (P , 0.05; Figure 3). This suggests that DCs from
CF mice are impaired in the initiation of T-cell responses.

DCs and T-Cell Response to Pulmonary Infection with RSV

To evaluate how CF lung DCs respond to infection with a viral
pathogen relevant to CF lung disease, mice were infected with
RSV. Six days after infection, both cDCs (Figure 4A) and pDCs
(Figure 4B) from WT mice increased in number (1.8-fold and
2.1-fold, respectively; P , 0.05). In contrast, the number of
cDCs from CF mice did not increase (Figure 4A). The number
of pDCs in CF mice increased threefold (Figure 4B, P , 0.05).
These data suggest that the overall RSV-induced increase in

Figure 2. Impaired activation and matu-

ration of DCs from CF mice. The cDCs,
pDCs, and CD1031 DCs from CF and WT

mice were analyzed for their surface ex-

pression of MHCI (A), MHCII (B), CD40
(C), and CD86 (D) by flow cytometry.

Data represent the means 6 SEMs of

mean fluorescence intensity (MFI) from

six independent experiments, each with
n ¼ 4–5 mice/group.*P , 0.05.

Figure 3. Allostimulatory capacity of DCs from CFmice. DCs from CF and

WT mice were cocultured with allogeneic T cells purified from spleens of
BALB/c mice labeled with carboxyfluorescein succinimidyl ester at ratios of

1:2, 1:4, 1:8, and 1:16 for 5 days. The proliferation index (mean fluores-

cence intensity of proliferated cells to nonproliferated cells) was deter-
mined by flow cytometry. Data shown are representative of results from

six independent experiments, each with n ¼ 4–5 mice/group. *P , 0.05.
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DCs is blunted in CF mice, because cDCs constitute the major-
ity of lung DCs.

We next evaluated the T cell–stimulatory capacity of lung
DCs after RSV infection. Again, the proliferation of T cells
stimulated by DCs from uninfected CF mice was lower com-
pared with that of T cells stimulated by WT DCs (P , 0.05;
Figure 4C). DCs from WT mice that had been infected with
RSV showed increased T-cell stimulation compared with unin-
fected WT control mice (P , 0.05; Figure 4C). In contrast, the
allostimulatory capacity of DCs from CF mice infected with
RSV was not increased compared with that of DCs from unin-
fected CF mice (Figure 4C). Similar results were obtained when
lung DCs were harvested 3 days after infection with RSV (Fig-
ure E2). This suggests that the capacity of DCs from CF mice to
stimulate T cells is impaired after infection with RSV.

IL-4 and IFN-g were decreased in lung CD4 and CD8 T cells
from CF mice, compared with WT control mice at baseline (Fig-
ure E3; P, 0.05). After infection with RSV, the secretion of IL-4
from CD4 T cells of both WT and CF mice increased (P , 0.5;
Figure E3A). In contrast, IFN-g was only increased in CF CD4
T cells but not in WT CD4 T cells (Figure E3B). Both IL-4
and IFN-g increased in CD8 T cells from WT mice after RSV
infection (P , 0.05; Figure E3C), but not in CD8 T cells from CF
mice (Figure E3D). These data suggest that Th1 and Th2 cytokine
responses in CF lung T cells are decreased at baseline, and are
dysregulated in CD8 but not CD4 T cells after infection with RSV.

CF Pulmonary Milieu Affects Maturation

and Activation of DCs

To determine whether the decreased maturation and activation of
CF DCs was secondary to factors in the milieu of the CF lung or
if it was primarily caused by a lack of CFTR in DCs, the expression
of MHCII, CD40, and CD86 was evaluated in CF andWTDCs cul-
tured in WT or CF BALF (Figures 5A–5C). The lower baseline
expression of MHCII in CF DCs was maintained when the cells
were cultured with WT BALF (P, 0.05; Figure 5A). Interestingly,
when WT DCs and CF DCs were cultured in CF BALF, the ex-
pression of MHCII was comparable between WT and CF DCs
(Figure 5A). A similar pattern was seen for the expression of
CD40 (Figure 5B) and CD86 (Figure 5C) in DCs fromWT and CF
mice when cultured in WT or CF BALF. This suggests that the
decreased surface expression of MHCII, CD40, and CD86 in DCs
is influenced, at least in part, by factors in the milieu of the CF lung.

To assess whether altered sphingolipid metabolism inCF could
contribute to the DC phenotype, we analyzed BALF of the
CF and WT mice for S1P, a sphingolipid mediator involved in
immune-cell trafficking and activation. Interestingly, S1P, normal-
ized to the BALF protein concentration (37.56 3.4 mg/ml in WT

mice; 41.1 6 2.9 mg/ml in CF mice), was decreased in CF BALF
(P , 0.01; Figure 6). These concentrations are comparable to
those analyzed previously in the BALF of C57BL/6 mice by an
enzymatic method and thin liquid chromatography (24, 25).

To evaluate whether decreased S1P could contribute to the CF
lung DC phenotype, DCs isolated fromWTmice were cultured in
WT BALF, CF BALF, or CF BALF supplemented with 0.1, 1.0,
and 10.0 mM S1P for 24 hours. The expression of MHCII (Figure
7A), CD40 (Figure 7B), and CD86 (Figure 7C) in DCs cultured
in CF BALF were decreased compared with those cultured in
WT BALF (P , 0.001; all comparisons). A dose-dependent in-
crease was evident in the expression of MHCII (P, 0.001; Figure
7A) and CD40 (P , 0.001; Figure 7B) with S1P supplementation
to the levels seen in WT BALF. The expression of CD86 also
increased with S1P supplementation, but to a lesser extent (Figure
7C). Similarly, the expressions of human leukocyte antigen
(HLA)-DR (P , 0.05; Figure E4A), CD40 (P , 0.05; Figure
E4B), and CD86 (P , 0.05; Figure E4C) were reduced in normal
human peripheral blood–derived DCs cultured in CF BALF
compared with WT BALF. The supplementation of S1P reversed
the decreased expression of HLA-DR (P , 0.05; Figure E4A),
CD40 (P, 0.05; Figure E4B), and CD86 (P, 0.05; Figure E4C).

The addition of the S1P analog FTY720 at a low dose (20 nM)
increased the expression of MHCII (P , 0.001; Figure 7D) and
CD40 (P , 0.001; Figure 7E), but failed to increase CD86 (Fig-
ure 7G), as did the addition of 1 mM S1P (26). The addition of
S1P receptor (S1PR)2 blocker JTE013 and S1PR1/3 blocker
VPC23019 reversed the S1P-induced increased expression of
MHCII (P , 0.001; Figure 7G) and CD40 (P , 0.001; Figure
7H), but not CD86 (Figure 7I), suggesting that the effect of S1P
on the expression of MHCII and CD40 could be mediated
through S1P receptors. Likewise, S1P increased the expression
of MHCII (P , 0.001; Figure 7J) and CD40 (P , 0.001; Figure
7K), but not CD86 (Figure 7L), in CF DCs cultured in CF BALF.

To evaluate other factors in the CF milieu that could affect
the maturation and activation of DCs, we quantified neutrophil
elastase (NE) and Type 1 IFN in BALF. As expected, elevated
concentrations of IFN-a/b (P , 0.001; Figure E5A) and NE
(P , 0.001; Figure E5B) were seen in CF BALF. Interestingly,
when NE or IFN-a/b was added to WT BALF, the expression
of MHCII (Figure E5C) was only slightly decreased by NE (P,
0.05) and unchanged with IFN-a/b. The expressions of CD40
(Figure E5D) and CD86 (Figure E5E) were not altered.

DISCUSSION

The role of CFTR in cells of the pulmonary immune system is not
completely understood. Pulmonary immune cells are affected
by the altered milieu created by defective CFTR function in

Figure 4. Effects of pulmonary

infection with respiratory syn-
cytial virus (RSV) in DCs of CF

mice. CF and WT mice were

infected with the RSV strain

A2 (106 plaque-forming units/
mouse) via intranasal installa-

tion. The percentages of cDCs

(A) and pDCs (B) from CF and

WT mice were quantified by
flow cytometry after 6 days.

Data are expressed as the

means 6 SEMs of the percentages of stained cells of all lung cells. (C) Allostimulatory capacity of DCs from WT and CF mice after infection with

RSV was assessed by coculture with allogeneic T cells purified from spleens of BALB/c mice labeled with CFSE at a ratio of 1:2 for 5 days. The proliferation
index (mean fluorescence intensity of proliferated cells to nonproliferated cells) was determined by flow cytometry. Data shown represent the results

from six independent experiments, each with n ¼ 4–5 mice/group. *P , 0.05.
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respiratory epithelial cells, but may also be primarily affected by
their own defective CFTR expression. We observed phenotypic
and functional abnormalities in CF lung DCs, including an over-
all decreased number, reduced maturation and activation, and
impaired T cell–stimulatory capacity that were not seen in sys-
temic DCs. Infections outside the respiratory tract are not char-
acteristic of CF, and despite some reports of depressed B and T
cell responses (27, 28), systemic immune responses appear not
to be impaired in CF (29).

Lung immune responses, in contrast, are affected. A recent
analysis of multiple gene expression studies identified altered
MHCI presentation as one of the consistent differences between
a variety of CF and non-CF epithelial cells (12). We show that
CFTR is expressed in lung DCs at similar concentrations in
their two major subfractions (cDCs and pDCs). cDCs comprise
the majority of lung DCs (30), and pDCs are characterized by
their capacity to produce Type 1 interferons (31). It has been
suggested that the balance between the total numbers of cDCs
and pDCs maintains tolerance for inhaled antigens, and that
pDCs mediate the suppression of Th2 immunity (32). The num-
bers of both cDCs and pDCs were decreased in CF mice, which
may cause a shift in the T-helper cell balance, and could thus be
responsible for changes in the type of immune responses to

inhaled antigens. Various studies have described a Th2-favoring
imbalance in the CF lung (17, 33). CD1031 DCs, which com-
prise another lung DC subset, are closely associated with airway
epithelium and can prime Th2 differentiation (34). Lower num-
bers of CD1031 DCs in CF lungs indicate a reduced DC popu-
lation that could migrate across the airway epithelia for antigen
and pathogen capture, transport, and presentation.

Lower numbers of DCs in CF mice suggest defective migra-
tion or recruitment to the lung. DCs, widely distributed through-
out the conducting airways and the peripheral lung, are derived
from CD34 bone marrow progenitors (35). The lower overall
number could thus be a reflection of the decreased recruitment
of monocytes. The half-life of a lung DC is only approximately 2
days (36). Interestingly, the expression of MHCI was not altered
in CF DCs compared with WT DCs. The lower expression of
MHCII, CD40, and CD86 in CF lung DCs indicates decreased
activation and maturation, leading to the impaired proliferation
of allogeneic T cells. Interestingly, this phenotype was not seen
in splenic DCs. The contrasting difference of phenotypes in
systemic and lung DCs suggests a lung-specific alteration in
DC activation. After the infection of CF mice with RSV, num-
bers of lung DCs did not increase, and their allogeneic stimu-
latory capacity was impaired. CF mice react with increased
inflammation and decreased viral clearance to RSV infection
(19). RSV is known to trigger exacerbations of CF lung disease
(37–39) and to facilitate colonization with P. aeruginosa (40).
Both cDCs and pDCs are typically activated and increase in
number in response to RSV infection (41, 42). Lung CD8 T-cell
IL-4 and INF-g responses to RSV infection were also compro-
mised in CF mice, indicating a potential role for T cells in CF
lung disease.

Inflammatory mucosal conditions have been associated with
DC activation. CD40 and CD86 are up-regulated in human lung
myeloid DCs during chronic obstructive pulmonary disease, and
intestinal DCs are up-regulated in inflammatory bowel disease (43,
44). In contrast, the CF lung DC phenotype is characterized by the
decreased expression of MHCII, CD40, and CD86. The decreased
expression of these markers is partly dependent on factors present
in airway epithelial fluid. Inflammatory cytokines, which are
known to be altered in the BALF of CF mice (5), affect the
activation of DCs (45). The decreased concentrations of IL-10
in the CF lung have been shown to lead to an increase in the
expression of CD80 and CD86 (14), contrary to the phenotype
seen in CF lung DCs. One factor abundantly present in CF
airway fluid that could inhibit the maturation of pulmonary
DCs is NE. Both purified NE and CF sputum from adult patients
with CF were able to down-regulate CD40, CD80, and CD86 but
not MHCII in murine bone marrow–derived DCs (46). The de-
creased expression of CD86 supposedly occurred via enzymatic
cleavage by NE. NE, at the concentrations found in CF BALF,

Figure 5. Profiles of DCs from
WT and CF mice in vitro cul-

tured in bronchoalveolar lavage

fluid (BALF). CF and WT DCs

were cultured in vitro in BALF
from either WT or CF mice for

24 hours. The surface expres-

sions of MHCII (A), CD40 (B),
and CD86 (C) in DC were

assessed by flow cytometry.

Data represent the means 6
SEMs of mean fluorescence in-
tensity from three independent

experiments, each with n ¼
4–5 mice/group. *P , 0.05.

Figure 6. Sphingosine-1–phosphate (S1P) in BALF of CF mice. S1P con-

centrations in BALF from either WT or CF mice were analyzed by high-
performance liquid chromatography–mass spectrometry and normalized

for protein content, each with n ¼ 10 mice/group. **P , 0.05.
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did not affect the expression of MHCII and CD40, and only
slightly decreased CD40. Type 1 IFN signaling, recently shown
to be activated in the CF lung (47), could also affect the activation
and maturation of DCs. We found Type 1 IFN to be increased in
CF BALF, but the supplementation of WT lavage with IFN-a/b at
concentrations present in CF BALF did not affect the expression
of the activation and maturation markers in lung DCs. Only

the supplementation of CF BALF with S1P corrected both
MHCII and CD40 expression in murine lung DCs and human
blood DCs. The role of sphingolipids in CF lung disease is
incompletely understood. Most of the focus has centered on
CF-related changes in membrane-bound ceramides (48). Our
study points to a role for sphingolipid mediators. S1P is involved
in the positioning and trafficking of lymphocytes as well as the

Figure 7. Effects of S1P on

maturation and activation of
DCs cultured in vitro in CF

BALF. Lung DCs from WT mice

were cultured in CF BALF sup-

plemented with 0.1, 1.0, and
10.0 mM S1P (A–C), or 20 nM

of the S1P analogue FTY720

or 1 mM S1P (D–F), or 1 and

10 nM of the S1P receptor
inhibitors JTE013 (JTE) or

VPC23019 (VPC) (G–I) for

24 hours. CF lung DCs were

cultured in CF BALF supple-
mented with 0.1, 1.0, and

10.0mMS1P (J–L) for 24 hours.

The surface expression of
MHCII (left panels), CD40

(middle panels), and CD86

(right panels) was assessed

by flow cytometry. Data re-
present the means 6 SEMs

of mean fluorescence inten-

sity. *P , 0.05. **P , 0.01.

***P , 0.001.
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activation of DCs. Critical for these activators are a S1P gradient
between blood and tissue compartments and the presence of S1P
receptors (21, 22). Lung DCs express all known S1P receptors (23).
We do not know the exact mechanism by which decreased S1P
affects the maturation and activation of CF lung DCs. A receptor-
mediated mechanism is likely responsible. Both S1PR1/3 and
S1PR2 inhibition exerted a similar effect on MHCII and CD40
expression. Because different intracellular GTPases are activated
by S1PR1/3 or S1PR2 ligation, these findings suggest that not only
one receptor or intracellular signaling pathway is involved (49–51).

CFTR is involved in the cellular uptake of S1P (52), and
sphingolipid synthesis is increased in CF epithelial cells (20). It
is tempting to speculate that CFTR could be involved in the
secretion of S1P, which would explain the lower concentrations
in BALF despite increased de novo sphingolipid synthesis. Future
studies need to analyze S1P transport in CFTR-deficient cells.
Increased concentrations of S1P in BALF were recently reported
in patients with idiopathic pulmonary fibrosis, which may affect
the epithelial-to-mesenchymal transition in pulmonary fibrosis
(53). A 10-fold or 100-fold increase of S1P above the concentra-
tions found in WT BAL showed a dose-dependent increase in
expression of CD40 and MHCII, without reaching a ceiling. De-
creased S1P in the BALF could not only affect DC function but
also DC recruitment to the lung, which could be reflected by the
decreased overall numbers of DCs in CF lungs. S1P has been
shown to inhibit chemotaxis and the transendothelial migration
of neutrophils, and equally relevant to CF lung disease, to antag-
onize IL-8–mediated neutrophil chemotaxis (54). Increased S1P in
S1P lyase knockout mice is not only associated with lymphopenia,
but also with neutrophilia and impaired neutrophil trafficking
(55). Low S1P in CF may thus not only affect DC recruitment
but also neutrophil recruitment through a common mechanism
that has so far not been studied in the CF lung.

Overall, the present study demonstrates that lung DCs are
functionally affected in CF mice, at least partly because of
low S1P in the lung milieu. Alterations in DC function may play
a role in the susceptibility to CF, and in chronic infections in CF.

Author disclosures are available with the text of this article at www.atsjournals.org.
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