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CCR7 is a chemokine receptor expressed on the surfaces of T cells, B cells, and mature dendritic cells that
controls cell migration in response to the cognate ligands CCL19 and CCL21. CCR7 is critical for the generation
of an adaptive T cell response. However, the roles of CCR7 in the host defense against pulmonary infection and
innate immunity are not well understood. We investigated the role of CCR7 in the host defense against acute
pulmonary infection with Pseudomonas aeruginosa. We intranasally infected C57BL/6 mice with P. aeruginosa and
characterized the expression of CCR7 ligands and the surface expression of CCR7 on pulmonary leukocytes. In
response to infection, expression of CCL19 and expression of CCL21 were oppositely regulated, and myeloid
dendritic cells upregulated CCR7 expression. We further examined the effects of CCR7 deficiency on the inflam-
matory response to P. aeruginosa infection. We infected Ccr7�/� and wild-type mice with P. aeruginosa and char-
acterized the accumulation of pulmonary leukocytes, production of proinflammatory mediators, neutrophil activa-
tion, and bacterial clearance. CCR7 deficiency led to an accumulation of myeloid dendritic cells and T cells in the
lung in response to infection. CCR7 deficiency resulted in higher expression of CD80 and CD86 on dendritic cells;
increased production of interleukin-12/23p40 (IL-12/23p40), gamma interferon (IFN-�), and IL-1�; increased
neutrophil respiratory burst; and, ultimately, increased clearance of acute P. aeruginosa infection. In conclusion, our
results suggest that CCR7 deficiency results in a heightened proinflammatory environment in response to acute
pulmonary P. aeruginosa infection and contributes to more efficient clearance.

The lung samples significant volumes of air and possesses a
large surface area for efficient gas exchange; however, these
characteristics present significant challenges for the mainte-
nance of a sterile environment (25). Routine exposures to
airborne pathogens are typically cleared by resident compo-
nents of the innate immune system (25). More severe expo-
sures require the recruitment of phagocytic cells and the in-
duction of adaptive immune mechanisms to prevent local and
systemic colonization (4).

Pseudomonas aeruginosa is a Gram-negative bacterium and
a common etiological agent in the development of nosocomial
infections and chronic respiratory infections in patients with
cystic fibrosis (34). Clearance of P. aeruginosa from the lung
requires the efforts of diverse cells, including recruited and
resident leukocytes in addition to pulmonary epithelial cells
(34). Previous studies have identified a variety of cells that act
directly or indirectly through the production of soluble medi-
ators, including antimicrobial peptides and cytokines, to effec-
tively clear pulmonary P. aeruginosa infection. Cells implicated
in the pulmonary response to P. aeruginosa infection include
epithelial cells (11), neutrophils (38), alveolar macrophages
(14, 21), T cells (28), natural killer T (NKT) cells (28), NK cells
(42), and dendritic cells (DCs) (30). Of these, DCs remain the
least investigated cell type.

Leukocyte accumulation at the site of infection is a critical
and highly regulated component of immune system function.
Chemokines are a family of chemoattractant cytokines, which
guide migration through binding of G protein-coupled recep-
tors on the surface of leukocytes (33). Ligation of chemokine
receptors leads to leukocyte activation and migration accord-
ing to varying chemokine gradients. The diverse array of che-
mokines and chemokine receptors act to coordinate the com-
plex cellular interactions required to respond to various
pathogens (23). The chemokine receptor CCR7 orchestrates a
complex series of molecular interactions, including chemotaxis
and cell activation of T cells, B cells, and mature DCs, through
cognate ligands CCL19 and CCL21 (9). CCL19 and CCL21 are
expressed primarily in secondary lymphoid organs, but they are
also expressed in other tissues, such as the gastrointestinal
tract, kidney, and lung (27, 43). Previous studies demonstrated
that disruption of cellular interactions coordinated through
CCR7 impaired T cell function and increased susceptibility to
viral infections (10, 12, 19, 29). These results were attributed to
disruption of lymph node architecture and impaired T cell and
DC migration to the lymph node, which prevented efficient
antigen presentation to naïve T cells. Recent reports demon-
strated additional functions of CCR7 signaling beyond migra-
tion, including enhanced dendritic cell function through in-
creased phagocytosis, cytokine production, and upregulation
of costimulatory molecules (24, 46).

Previous studies have examined the role of CCR7 or its
ligands in pulmonary infections (15, 17, 19), but how CCR7
shapes the immune response to pathogen exposures in the lung
remains unclear. In this study, we investigated whether cellular
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migration and activation due to CCR7 signaling were required
for the host defense against acute pulmonary P. aeruginosa
infection. Specifically, we investigated whether the ligands for
CCR7 are modulated in response P. aeruginosa infection and
how disruption of the CCR7 receptor-ligand axis transformed
the inflammatory response to infection. We found that CCR7
deficiency led to T cell and DC accumulation, increased pro-
duction of inflammatory cytokines, enhanced neutrophil acti-
vation, and, ultimately, more effective clearance of P. aerugi-
nosa.

MATERIALS AND METHODS

Mice and genotyping. Ccr7�/� mice (Ccr7tm1R for strain, C56BL/6 back-
ground) were previously generated by Förster et al. (10). Ccr7�/� mice and
C57BL/6 (B6) mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). Ccr7�/� mice were crossed with B6 mice, and heterozygotes were bred to
produce Ccr7�/� mice and wild-type (WT) littermates. Progeny from heterozy-
gote crosses were identified using PCR (wild-type forward primer, 5�-CGT GTC
CTC GCC GTT-3�; wild-type reverse primer, 5�-CCC CGG GCA ATG TCC
TGA-3�; Ccr7�/� forward primer, 5�-GTC TCC GCC TCC ATG CTT CAC
C-3�; Ccr7�/� reverse primer, 5�-CTC TCG TGG GATCAT TGT TTT TCT-3�).
Amplification of PCR products for both genotyping reactions was performed by
denaturation at 95°C for 2 min and then 35 cycles of amplification at 95°C for
45 s, 55°C for 30 s, and 72°C for 60 s, followed by extension at 72°C for 5 min.
Mice were between 8 and 12 weeks of age at the time of experimental use. Mice
were housed under pathogen-free conditions in accordance with institutional
guidelines, and all experimental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee at the University of Cincinnati
College of Medicine.

P. aeruginosa inoculation. Stationary-phase P. aeruginosa, strain PAO1 (16),
was used in all experiments. Isolated single colonies grown on tryptic soy agar
plates were inoculated in Luria broth, followed by overnight incubation of
shaken cultures at 37°C. The cultures were diluted with Luria broth to an optical
density (OD) at 600 nm of 1.5, and P. aeruginosa was harvested by centrifugation
(6,800 � g, 3 min), followed by three 1-ml washes and an appropriate final
dilution with sterile Hanks balanced salt solution (HBSS) without Ca2� or Mg2�.
Mice were anesthetized with isoflurane and infected intranasally with a 20-�l
suspension.

Bacterial enumeration. At 16 hours after infection with 1 � 107 CFU of
PAO1, Ccr7�/� mice and wild-type (WT) littermate controls were euthanized
with an intraperitoneal (i.p.) injection of sodium pentobarbital (Nembutal) (150
to 200 mg/kg; Henry Schein) followed by exsanguination via severing of the
posterior abdominal aorta, and the left lobes of lungs were harvested and ho-
mogenized in 1 ml of phosphate-buffered saline (PBS) with a Pyrex Tenbroeck
tissue grinder. Serial dilutions of lung homogenates diluted in PBS were plated
onto tryptic soy agar plates and incubated overnight at 37°C, and individual
colony counts in terms of log10 CFU were determined.

Quantitative RT-PCR for CCR7 ligands. At 16 hours postinfection, mice were
euthanized as described above, and the right lobes of the lungs were harvested
and snap frozen in liquid nitrogen. Frozen tissue was homogenized using a
Tissumizer (Tekmar Co.), and total RNA was isolated with Trizol reagent (In-
vitrogen). DNase treatment to remove residual DNA was performed using the
Turbo DNA-free kit (Ambion). RNA absorbance at 260 nm was read using a
NanoDrop (Thermo Fisher), and the A260 value was multiplied by 40 �g/ml and
the appropriate dilution factor to arrive at the RNA concentration. Reverse
transcription of total RNA was performed using the high-capacity cDNA Archive
kit (Applied Biosystems). Probes and primers for CCL19 and RPL32 were
obtained from Applied Biosystems. Quantitative reverse transcription-PCR (RT-
PCR) was performed using TaqMan universal PCR master mix (Applied Bio-
systems) for CCL19 and RPL32 on an Applied Biosystems 7300 real-time PCR
system. The following primers were used for CCL21: forward primer, 5�-CCA
GCC CCA GGG AAA CAA AG-3�; reverse primer, 5�-AGG CGG GCT ACT
GGG CTA TCC-3�. Quantitative RT-PCR for CCL21 was performed using
Power SYBR green PCR master mix (Applied Biosystems) on an Applied Bio-
systems 7300 real-time PCR System. Expression of mRNA was quantified by the
��CT method using RPL32 as the endogenous control.

ELISA. For quantitation of CCL19 and CCL21 proteins, mice were euthanized
at 16 h postinfection and lung tissue from the right lobes was harvested as
described above. Frozen tissue was homogenized using a Tissumizer (Tekmar
Co.), and total protein was isolated using T-Per reagent (Pierce Biotechnology).

Sandwich enzyme-linked immunosorbent assays (ELISAs) were performed using
DuoSet kits (R&D Systems) specific to CCL19 and CCL21 according to the
manufacturer’s protocol. Absorbance was read at 450 nm with background sub-
traction at 590 nm on a Tecan SpectraFluor Plus. Seven-point standard curves
were generated using a four-parameter logistic curve fit (SigmaPlot 10).

Interleukin-12/23p40 (IL-12/23p40) in bronchoalveolar lavage (BAL) fluid
(BALF) was measured by sandwich ELISA using a DuoSet kit (R&D Systems)
according to the manufacturer’s protocol. P. aeruginosa-infected and uninfected
CCR7-deficient mice and wild-type littermates were euthanized, and the lungs
were lavaged with two 1-ml aliquots of HBSS without Ca2� or Mg2� (pH 7.2,
37°C; Invitrogen). Recovered BAL fluid samples were then centrifuged (400 �
g, 10 min, 4°C), and the supernatant from the first lavage was aliquoted and
stored at �80°C. Absorbance was read at 450 nm with background subtraction at
590 nm on a Tecan SpectraFluor Plus. Standard curves were generated using a
four-parameter logistic curve fit (SigmaPlot 10).

Characterization of lung leukocyte populations by flow cytometry. Mice were
euthanized as described above, and the lungs were voided of blood by perfusion
through the right ventricle with 6 ml of PBS containing 0.6 mM EDTA. The lungs
were not lavaged prior to this, thereby ensuring that leukocytes in the alveolar
space were also recovered in the lung digest for flow cytometric analysis. Lungs
were withdrawn aseptically from the chest cavity, washed with PBS, diced into
pieces with a total volume of �300 �l, and digested in 5 ml of RPMI 1640 with
2.05 mM L-glutamine (HyClone) containing 175 U/ml collagenase I-A, 0.2 U/ml
pancreatic elastase, 35 U/ml hyaluronidase, 20 kU/ml DNase I (Sigma-Aldrich),
10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 �g/ml streptomycin
(MP Biomedicals) for 1 h at 37°C on an orbital shaker (60 rpm). The digested
lungs were sheared through 19- and 21-gauge needles and filtered through 40-�m
cell strainers (BD Biosciences) to obtain a single-cell suspension. Residual red
blood cells (RBCs) were lysed with RBC lysis solution (Qiagen), and cells were
centrifuged in 30% Percoll (Sigma-Aldrich). Cells were washed, counted with a
hemacytometer, resuspended in fluorescence-activated cell sorter (FACS) buffer
(2 mM EDTA, 0.5% bovine serum albumin [BSA], and 0.05% sodium azide in
PBS) to a concentration of 107 cells/ml, and incubated with purified mouse Fc
Block (Becton Dickinson) at 4°C for 10 min at a concentration of 5 �g/107 cells.
The following antibodies (Abs) were used for cell surface staining of leukocytes:
phycoerythrin (PE)-conjugated rat anti-mouse CD8a (clone 53-6.7; eBioscience),
peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated hamster anti-mouse
CD3e (clone 145-2C11; eBioscience), fluorescein isothiocyanate (FITC)-conju-
gated rat anti-mouse CD4 (clone GK1.5; eBioscience), allophycocyanin (APC)-
conjugated rat anti-mouse CCR7 (clone 4B12; eBioscience), FITC-conjugated
Armenian hamster anti-mouse CD11c (clone NA418; eBioscience), PerCP-
Cy5.5-conjugated rat anti-mouse CD11b (clone M1/70; eBioscience), FITC-con-
jugated rat anti-mouse B220 (clone RA3-6B2; eBioscience), PE-conjugated rat
anti-mouse PDCA-1 (clone eBio129c; eBioscience), allophycocyanin-conjugated
Armenian hamster anti-mouse CD80 (clone: 16-10A1; eBioscience), allophyco-
cyanin-conjugated rat anti-mouse CD86 (clone GL1; eBioscience), FITC-conju-
gated rat anti-mouse F4/80 (clone BM8; eBioscience), PerCP-Cy5.5-conjugated
rat anti-mouse GR-1 (clone RB6-8C5; eBioscience), allophycocyanin-conjugated
rat anti-mouse CD11b (clone M1/70; eBioscience), and FITC-conjugated rat
anti-mouse NKp46 (clone 29A1.4; eBioscience). All staining was performed for
30 min on ice in the dark except for staining with allophycocyanin-conjugated rat
anti-mouse CCR7 and the corresponding isotype control, which were stained for
30 min in the dark at 37°C. After staining, cells were washed once with 2 ml of
FACS buffer and resuspended in 500 �l of FACS buffer. Additionally, the
appropriate isotype control Abs were used to set photomultiplier tube voltages.
Flow cytometry was performed using a BD FACSCalibur system, and the data
were analyzed using BD CellQuest Pro software or FlowJo v7.2.5 (Tree Star).

The following strategies were employed to identify lung leukocyte populations
from the whole-lung digest. Lymphocytes were identified by forward-scatter
(FSC) and side-scatter (SSC) properties and further divided into B cells (B220�),
CD4� T cells (CD3� CD4�), CD8 T cells (CD3� CD8�), NKT cells (CD3�

NK1.1�), and NK cells (NKp46� CD3�). Dendritic cells and alveolar macro-
phages were identified according to the strategy described by Vermaelen and
Pauwels (39). Briefly, CD11chigh cells were identified and then divided into
myeloid dendritic cells (mDCs) (low autofluorescence in FL2 and FSC/SSC
properties) and alveolar macrophages (high autofluorescence in FL2 and FSC/
SSC properties). Myeloid dendritic cells were further divided into intraepithelial
(IE) mDCs and CD11bhigh dendritic cells (CD11b mDCs) on the basis of high
CD11b expression (2, 7, 36). Plasmacytoid dendritic cells were identified on the
basis of coexpression of B220 and PDCA-1. Neutrophils were identified as
GR-1high, CD11bhigh, F4/80-negative cells.

Cytokine profiling of BALF. Mice were euthanized, and the lungs were lavaged
with two 1-ml aliquots of HBSS without Ca2� or Mg2� (pH 7.2, 37°C; Invitro-
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gen). Recovered bronchoalveolar lavage (BAL) fluid (BALF) samples were
centrifuged (400 � g, 10 min, 4°C), and the supernatant from the first lavage was
aliquoted and stored at �80°C. Cytokine (gamma interferon [IFN-�], IL-1�,
monocyte chemoattractant protein 1 [MCP-1], tumor necrosis factor alpha
[TNF-�], and granulocyte-macrophage colony-stimulating factor [GM-CSF])
concentrations in the BAL fluid supernatants were determined by enzyme-linked
immunosorbent assay (ELISA) using Milliplex Multiplex kits (Millipore, Bil-
lerica, MA) according to the manufacturer’s protocol. In a 96-well multiscreen
filter plate, 25 �l of sample in duplicate was incubated with 25 �l of antibody-
coated beads overnight at 4°C on a plate shaker. The plates were then washed
two times on a vacuum apparatus, and 25 �l of secondary antibody was added
and incubated at room temperature for 1 h while shaking. Finally, 25 �l of
streptavidin-RPE was added directly to the secondary antibody and incubated for
30 min at room temperature with shaking. Plates were then washed two more
times, and 150 �l of sheath fluid was added. Plates were shaken for 5 min and
then read using Luminex technology on the Bio-Plex (Bio-Rad, Hercules, CA).
Concentrations were calculated from standard curves using recombinant pro-
teins and expressed in pg/ml. The cytokine analysis was conducted by the Cyto-
kine and Mediator Measurement Core laboratory at Cincinnati Children’s Hos-
pital Medical Center.

Flow cytometric analysis of oxidative burst. Mice were euthanized, and the
lungs were lavaged with two 1-ml aliquots of HBSS without Ca2� or Mg2� (pH
7.2, 37°C; Invitrogen). The BAL fluid samples recovered from the first 1-ml
lavage were centrifuged (400 � g, 10 min, 4°C) to recover the supernatant. The
cell pellet from the first lavage was resuspended with the fluid from the second
lavage and centrifuged to pellet the cells. The cells were washed with HBSS and
counted using a hemacytometer before being resuspended at 106 cells/ml in
HBSS–1 �M dihydrorhodamine-123 (DHR-123). Cells were incubated at 37°C
for 15 min and placed on ice. Flow cytometry analysis was performed immedi-
ately, as described above. DHR-123 is preferentially oxidized by H2O2, yielding
rhodamine-123, which is detected in FL1 on a BD FACSCalibur (41). Alveolar
macrophages and neutrophils were identified according to autofluorescence in
FL2/FL3 (neutrophils, low autofluorescence; alveolar macrophage, high
autofluorescence) and forward- and side-scatter properties. Peripheral blood was
harvested by cardiac puncture using a 3-ml syringe and a 21-gauge needle. Red
blood cells were lysed with RBC lysis solution (Qiagen). The cells were washed
with HBSS and counted using a hemacytometer before being resuspended in
HBSS–1 �M dihydrorhodmine-123 as described above. Following the 15-min
incubation at 37°C, phorbol myristate acetate (PMA) was added to a final
concentration of 10 �M, and cells were incubated at 37°C for an additional 10
minutes. Cells were placed on ice, and flow cytometry analysis was performed as
described above.

Statistical analyses. Data are presented as means 	 standard errors of the
means (SEM). Statistically significant differences between groups were identified
by Student’s t test, and a P value of 
0.05 was considered statistically significant.

RESULTS

CCL19 and CCL21 are oppositely regulated following P.
aeruginosa infection in WT and Ccr7�/� mice. We examined
the pulmonary expression and regulation of CCR7 ligands to
investigate the functional significance of the CCR7 receptor-
ligand axis. We identified constitutive pulmonary expression of
both CCR7 ligands at the RNA and protein levels. CCL19
transcripts in the lung were increased approximately 6-fold at
16 h postinfection (Fig. 1A). CCL19 protein was increased in
accordance with mRNA levels (202.5 ng/ml versus 361.4 ng/ml)
(Fig. 1B). In contrast, CCL21 transcripts and protein were
reduced in the lung after P. aeruginosa infection (66%; 2,356.7
ng/ml versus 1,653.4 ng/ml, respectively) (Fig. 1A and B).

CCR7 deficiency resulted in increased basal expression of
CCL19 transcripts and protein, but CCL21 expression was not
different than that in WT mice (Fig. 1A and B). Following P.
aeruginosa infection of Ccr7�/� mice, CCR7 ligands were reg-
ulated similarly to those in WT mice. CCL19 transcripts were
modestly increased after infection (P � 0.098) (Fig. 1A), and
CCL19 protein was significantly increased (282.2 ng/ml versus
438.7 ng/ml) (Fig. 1B). Moreover, CCL21 transcripts and pro-

tein levels were also reduced in Ccr7�/� mice following P.
aeruginosa infection (Fig. 1).

A greater proportion of mDCs in the lung express CCR7
after P. aeruginosa infection. CCR7 expression is regulated in
response to immune stimulation, and increased receptor ex-
pression is known to modulate cellular activation (26, 29).
Therefore, we performed an extensive characterization of
CCR7 expression on pulmonary leukocytes in uninfected and
P. aeruginosa-infected WT mice; these data are summarized in
Table 1. CCR7 expression was detectable only on T cells, B
cells, and dendritic cells in both infected and uninfected mice.
The proportion of myeloid dendritic cells (mDCs) expressing
CCR7 increased approximately 8-fold after infection (Table 1).
Although CCR7 expression on the surface of CD8� T cells
increased after infection, CCR7 expression on the surface of
CD4� T cells decreased (Table 1). However, the proportion of
both T cell subsets expressing CCR7 was unchanged after
infection. The majority of B cells expressed CCR7, and infec-

FIG. 1. Characterization of CCL19 and CCL21 expression in the
lung in response to P. aeruginosa infection and CCR7 deficiency.
(A) Total RNA was isolated from lung homogenates of infected and
uninfected Ccr7�/� and WT mice. CCL19 and CCL21 transcripts were
assayed by quantitative RT-PCR and normalized to Rpl32. (B) CCL19
and CCL21 proteins were assayed by sandwich ELISA. Total protein
was isolated from lung homogenates of infected and uninfected
Ccr7�/� and WT mice. Data are presented as means 	 SEM (n � 5 to
12 mice/group). �, ��, and ���, P 
 0.05, P 
 0.01, and P 
 0.001,
respectively.
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tion had no effect on the proportion or amount of CCR7
expressed (Table 1).

Numbers of lung leukocyte populations from uninfected and
P. aeruginosa-infected Ccr7�/� mice. We hypothesized that the
lungs of Ccr7�/� mice would have altered numbers of T cells,
B cells, and DCs because subsets of these populations express
CCR7 and because CCL19 and CCL21 are constitutively ex-
pressed in the lung. Therefore, we performed flow cytometric
analysis to identify leukocyte populations in whole-lung digests
and calculated absolute numbers using the total number of
lung leukocytes recovered. CD4� and CD8� T cells accumu-
lated in the lungs as a result of CCR7 deficiency (Fig. 2A).
However, CCR7 deficiency had no effect on plasmacytoid DC
(data not shown), mDC, or B cell accumulation in uninfected
mice (Fig. 2A and B).

Furthermore, we hypothesized that CCR7 deficiency would
lead to changes in the accumulation of T cells, B cells, and
dendritic cells in response to infection. The absolute number of
mDCs was increased in response to P. aeruginosa infection in
WT mice (Fig. 2B). CCR7 deficiency resulted in a greater

increase in mDCs in response to infection (Fig. 2B). Total B
cells and T cells were reduced in WT mice after infection. T
cell numbers were not reduced in response to infection in
Ccr7�/� mice (Fig. 2A). However, CCR7 deficiency did not
result in a difference in B cells in P. aeruginosa-infected mice
(Fig. 2A).

CCR7 deficiency had no effect on the accumulation of other
lung leukocyte populations (i.e., NK cells, alveolar macro-
phages, NKT cells, and neutrophils) in uninfected or P. aerugi-
nosa-infected mice (data not shown).

Ccr7�/� mDCs express higher levels of costimulatory mol-
ecules after P. aeruginosa infection. A previous study con-
cluded that CCR7 signaling increases the expression of co-
stimulatory molecules on the surface of DCs (24). Therefore,
we investigated whether CCR7 deficiency leads to impaired
upregulation of costimulatory molecules on mDCs after P.
aeruginosa infection. Basal expression of costimulatory mole-
cules on mDCs was intermediate and was not affected by
CCR7 deficiency (data not shown). CCR7 deficiency resulted
in an increase in the mean fluorescence intensity of the co-

TABLE 1. Flow cytometric analysis of CCR7 expression on the surface of pulmonary leukocytes from uninfected and
P. aeruginosa-infected mice

Cells
% CCR7�a in: MFI of CCR7� subsetb in:

Uninfected mice PAO1-infected mice Uninfected mice PAO1-infected mice

mDCse 3.31 	 0.76 23.90 	 4.23d 520.08 	 19.17 610.60 	 75.80
CD11b 2.99 	 0.85 31.02 	 5.74d 388.63 	 64.71 561.62 	 58.36
IE 3.45 	 0.74 22.64 	 4.66d 557.78 	 24.77 657.20 	 99.32

Plasmacytoid DCs 9.38 	 0.77 NDc 29.30 	 1.33 ND
CD8� T cells 80.37 	 0.96 76.80 	 2.71 109.71 	 2.41 161.31 	 14.51d

CD4� T cells 82.13 	 0.76 74.08 	 3.70 203.83 	 5.73 185.01 	 2.81d

B cells 60.40 	 1.42 67.36 	 3.30 29.28 	 0.12 23.75 	 0.26

a Values are presented as means 	 SEM (n � 4 or 5 mice/group) for the percentage of each leukocyte population that expressed CCR7.
b Values are presented as means 	 SEM (n � 4 or 5 mice/group) for the mean fluorescence intensity of the CCR7-positive subset of each leukocyte population.
c ND, not determined. The recovery of plasmacytoid dendritic cells in the lung digest after infection was not sufficient for reliable statistics.
d Significantly different (P 
 0.05) from value for the uninfected control group as calculated by Student’s t test.
e Myeloid dendritic cells are defined by high CD11c expression, low autofluorescence in FL2, and FSC/SSC properties. mDCs are divided into two populations,

intraepithelial (IE) mDCs and CD11b mDCs, on the basis of high CD11b expression.

FIG. 2. Enumeration of pulmonary leukocyte populations. Lung cells were harvested from uninfected and infected Ccr7�/� and WT mice.
Leukocytes were isolated and stained with the following antibodies: FITC-conjugated B220, PerCP-Cy5.5-conjugated CD3e, PE-conjugated CD8a,
FITC-conjugated CD4, FITC-conjugated CD11c, and PerCP-Cy5.5-conjugated CD11b. The numbers of myeloid dendritic cell populations (A) and
lymphocyte populations (B) isolated from lung digests were enumerated by multiplying percentages obtained by flow cytometry by absolute counts.
Data are presented as means 	 SEM (n � 4 to 12 mice/group). �, ��, and ���, P 
 0.05, P 
 0.01, and P 
 0.001, respectively.
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stimulatory molecules CD80 and CD86 on the surface of highly
CD80/CD86 positive mDCs (i.e., activated) after P. aeruginosa
infection (Fig. 3A). CCR7 deficiency had no effect on the
proportion of mDCs expressing high levels of costimulatory
molecules in response to P. aeruginosa infection (Fig. 3C).
However, CCR7 deficiency led to a greater absolute number of
mDCs that express higher levels of costimulatory molecules in
response to infection.

IL-12/23p40, IFN-�, and IL-1� are increased in Ccr7�/�

mice in response to P. aeruginosa infection. We hypothesized

that greater absolute numbers of T cells and more highly ac-
tivated mDCs would lead to increased production of soluble
inflammatory mediators. Therefore, we measured cytokine and
chemokine levels in bronchoalveolar lavage fluid. CCR7 defi-
ciency resulted in a 15-fold increase in IFN-� in response to
infection (Fig. 4A). IL-1� and IL-12/23p40 levels were in-
creased approximately 2-fold due to CCR7 deficiency in re-
sponse to infection (Fig. 4A). CCR7 deficiency had no effect
on the increased production of TNF-�, MCP-1, or GM-CSF in
response to infection (Fig. 4B). CCR7 deficiency resulted in a

FIG. 3. CD11c� dendritic cells from Ccr7�/� mice infected with P. aeruginosa express higher levels of costimulatory molecules CD80 and CD86
than those from WT mice. (A) Lungs from Ccr7�/� and WT mice were digested at 16 h after infection with P. aeruginosa. Lung leukocytes were
isolated and stained with the following Abs: FITC-conjugated CD11c, PerCP-Cy5.5-conjugated CD11b, and either allophycocyanin-conjugated
CD80 or allophycocyanin-conjugated CD86. Myeloid dendritic cells (mDCs) were identified by high CD11c expression, low autofluorescence in
FL2, and FSC and SSC properties. CD11b mDCs and IE mDCs were divided on the basis of high CD11b expression. The mean fluorescence
intensities (MFI) of cells expressing high levels of CD80 or CD86 from each population are presented as means 	 SEM (n � 5 mice/group). �
and ��, P 
 0.05 and P 
 0.01, respectively, compared to WT. (B) Representative histograms show expression profiles of costimulatory molecules
gated on total mDCs. Heavy black lines represent Ccr7�/�, dotted lines represent WT, and gray shaded histograms represent pooled mDCs from
infected Ccr7�/� and WT mice stained with the appropriate APC-conjugated isotype control. (C) The percentage of each population of mDCs
expressing high levels of CD80 or CD86 is represented as open circles. Horizontal lines represent the mean for each group.
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2-fold increase in basal production of IL-12/23p40 and GM-
CSF (Fig. 4). IFN-�, TNF-�, and MCP-1 were undetectable in
uninfected mice of either strain (data not shown). These data
suggest that CCR7 deficiency leads to a heightened proinflam-
matory environment in response to P. aeruginosa infection.

Neutrophils recovered from the BALF of Ccr7�/� mice ex-
hibit enhanced respiratory burst activity after infection with P.
aeruginosa. We examined whether CCR7 deficiency leads to
increased phagocytic cell activation in response to P. aerugi-
nosa infection by measuring the respiratory burst activity of
cells recovered from BALF. CCR7 deficiency led to an in-
crease in neutrophil respiratory burst in response to infection
(Fig. 5A). Alveolar macrophage respiratory burst was modestly
increased in Ccr7�/� mice in response to infection (P � 0.063)
(Fig. 5A). Nonspecific stimulation of neutrophils recovered
from peripheral blood of Ccr7�/� and WT mice revealed no
differences in respiratory burst, which demonstrated that
CCR7 deficiency had no direct effect on the capacity of neu-
trophils to become activated (Fig. 5B).

CCR7-deficient mice clear pulmonary P. aeruginosa infec-
tion more effectively. We infected Ccr7�/� and WT mice in-
tranasally with 1 � 107 CFU of P. aeruginosa to investigate the
functional consequences of CCR7 deficiency in the host re-
sponse to P. aeruginosa. We examined the bacterial load in the
lungs at three time points after infection: 0 h, 4 h, and 16 h.
Clearance of P. aeruginosa from the lungs of Ccr7�/� mice was
significantly increased compared to that of WT littermates at
16 h postinfection (Fig. 6). However, clearance of P. aeruginosa
was not different at 4 h postinfection. P. aeruginosa CFU re-
covered from the lungs of WT and Ccr7�/� mice immediately
after intranasal inoculation indicated no difference in dose.
CCR7 deficiency had no effect on the relative cellularity re-
covered from the BALF or on the kinetics of neutrophil re-
cruitment at 4 or 16 h postinfection (data not shown). These
data suggest that CCR7 deficiency results in an enhanced host
defense against P. aeruginosa infection.

DISCUSSION

CCR7 is a critical facilitator of the interactions between DCs
and T cells, which are necessary for the rapid induction of an
effective T cell-mediated adaptive response. CCR7 expression
guides cells toward increasing concentrations of CCL19 and

CCL21, which are expressed predominantly in secondary lym-
phoid organs. CCL19 and CCL21 expression has been identi-
fied in peripheral organs, such as the lung (27, 43), but their
role in host defense is not fully understood. Previous studies
employing models of pulmonary infection have shown that
CCR7 deficiency leads to impaired host defense (1, 6, 15, 18,
19, 22, 31). However, we demonstrated that CCR7 deficiency

FIG. 4. Ccr7�/� mice have increased levels of IL-12/23p40, IFN-�, and IL-1� in the BALF following P. aeruginosa infection compared to WT
mice. Bronchoalveolar lavage was performed at 16 h after infection on Ccr7�/� mice and WT mice and on uninfected control mice. IL-12/23p40
in BALF was assayed by sandwich ELISA. IFN-�, IL-1�, TNF-�, MCP-1, and GM-CSF were assayed by a Luminex bead-based assay. Data are
presented as means 	 SEM (n � 5 to 10 mice/group) �, ��, and ���, P 
 0.05, P 
 0.01, and P 
 0.001, respectively, compared to WT.

FIG. 5. Neutrophils recovered after P. aeruginosa infection from
the BALF of Ccr7�/� mice have increased respiratory burst compared
to those from WT mice. (A) Ccr7�/� and WT mice were lavaged at
16 h after infection with P. aeruginosa. Cells recovered from BALF
were incubated with dihydrorhodamine-123, and respiratory burst was
assayed by measuring conversion of dihydrorhodamine-123 to fluores-
cent rhodamine-123 by flow cytometry. Neutrophils and macrophages
were identified according to FSC and SSC characteristics. Data pre-
sented as means 	 SEM (n � 6 mice/group). ��, P 
 0.01 compared
to WT. (B) Respiratory burst of peripheral blood neutrophils and
macrophages from Ccr7�/� and WT mice in response to PMA stimu-
lation. Data are presented as means 	 SEM (n � 4 mice/group).
(C) Representative histograms showing intensity of rhodamine-123
staining of cells recovered from the BALF of infected mice. Heavy
black lines, Ccr7�/�; dotted lines, WT; shaded gray histograms, pooled
cells recovered from BALF of infected Ccr7�/� and WT mice without
dihydrorhodamine-123 staining.
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results in the accumulation of T cells and activated mDCs in
lungs in response to P. aeruginosa infection, which alters the
inflammatory environment causing increased production of IL-
1�, IL-12/23p40, and IFN-�, resulting in an enhanced neutro-
phil antimicrobial capacity and more efficient clearance.

Our results demonstrate that CCL19 expression and CCL21
expression are differently regulated, leading to an increase in
CCL19 and a decrease in CCL21 in the lung after P. aeruginosa
infection. Earlier studies examining the effects of CCL19 and
CCL21 binding to CCR7 identified similarities in affinity, Ca2�

flux, and chemotaxis (32, 35). However, subsequent studies
demonstrated that binding of CCL19 leads to receptor desen-
sitization, greater ERK1/2 recruitment, and increased mito-
gen-activated protein kinase (MAPK) signaling (20, 45). How
these differences in signaling translate into functional differ-
ences between ligation of CCR7 by CCL19 or CCL21 is not
fully understood. Our data suggest that CCR7 deficiency leads
to T cell accumulation in the lung and that T cell egress in
response to P. aeruginosa infection is CCR7 mediated. These
results are in congruence with previous studies showing that
memory T cells migrate to the periphery, where they require
CCR7 expression to continue to lymph nodes before reenter-
ing circulation (3, 5). Our results suggest that P. aeruginosa
infection promotes T cell migration out of the lung, and we
speculate this is accomplished in part through shifting the
balance of CCR7 ligand expression toward CCL19 and away
from CCL21. CCL21 expression in the lung has been identified
in perivascular lymphatic vessels and peribronchial regions
(17). Although CCL19 expression has been identified in the
lung, the localization of CCL19 expression has not been de-
termined. However, limiting the expression of CCL19 in the
lung to the lymphatic vessels would provide a mechanism by
which increasing CCL19 expression relative to CCL21 expres-
sion would promote CCR7-mediated migration out of the
lung. It is interesting to note that CCL19 expression in the lung
is substantially higher in Ccr7�/� mice, which may suggest a

homeostatic, albeit futile, response to alleviate the accumula-
tion of T cells in Ccr7�/� mice. It remains to be fully examined
whether biasing expression toward CCL19 or CCL21 is a
means to dynamically modulate leukocyte migration out of the
lung.

A substantial proportion of mDCs expressed CCR7 only
after P. aeruginosa infection in our model, and CCR7 defi-
ciency resulted in an accumulation of mDCs only in response
to P. aeruginosa infection. This is in agreement with previous
reports that conclude that CCR7 and its ligands are required
for the migration of activated dendritic cells from the periph-
ery to the lymph node (10, 17, 29). However, other studies have
investigated additional roles for CCR7 in dendritic cell func-
tion other than migration and concluded that CCR7 signaling
is critical for full maturation of licensed dendritic cells (1, 24).
These two studies used plt mice, which are a naturally occur-
ring mutant strain that lack CCL19 and expresses CCL21 only
at reduced levels in some peripheral organs. Our results clearly
indicate that CCR7 signaling is not required for upregulation
of costimulatory molecules in response to infection and, fur-
thermore, that mDCs from Ccr7�/� mice actually express
higher levels of costimulatory molecules than those from WT
mice. This discrepancy is presumably due to the use of plt mice
as opposed to Ccr7�/� mice. It is reasonable to suggest that
basal signaling of CCR7 on licensed mDCs suppresses full
maturation of mDCs and that binding of CCL19 and CCL21
overcomes this suppression. This would provide an explanation
for why mDCs expressing CCR7 in a largely ligand-free environ-
ment exhibit impaired maturation but maturation of CCR7-defi-
cient mDCs is promoted.

Our data suggest that CCR7 deficiency leads to enhanced
clearance of pulmonary P. aeruginosa infection. CCR7 defi-
ciency did not result in increased recruitment of neutrophils in
response to P. aeruginosa infection; however, neutrophils re-
covered from the BALF of Ccr7�/� mice possess greater an-
timicrobial capacity in response to infection. We were unable
to identify expression of CCR7 on the surface of neutrophils
from either uninfected or P. aeruginosa-infected mice, and ex
vivo stimulation demonstrated that neutrophils from Ccr7�/�

and WT mice do not differ in their capacity to become acti-
vated. These results suggest that increased neutrophil activa-
tion in Ccr7�/� mice is not a cell autonomous effect. We
measured levels of regulatory cytokines that may affect neu-
trophil activation to address this issue and observed increased
expression of IL-1�, IFN-�, and IL-12/23p40 in Ccr7�/� mice
upon P. aeruginosa infection. The stimulatory effects of IFN-�
on neutrophil activity are well documented (reviewed in refer-
ences 8 and 44), and the proinflammatory effects of IL-12,
which are primarily due to the stimulation of IFN-� produc-
tion, have been examined in detail (reviewed in reference 37).
Attributing the increased production of IL-12 and IFN-� in
infected Ccr7�/� mice to specific cell types remains unre-
solved. However, it is plausible to suggest that mDCs, which
are more numerous and more activated in Ccr7�/� mice after
infection, are responsible for the increased production of IL-
12. Dendritic cells are known to produce large amounts of
IL-12 early in the course of infection, which stimulates other
cells, mainly T cells, NKT cells, and NK cells, to produce IFN-�
(37). Our previous studies identified NK cells as the predom-
inate source of IFN-� following acute pulmonary P. aeruginosa

FIG. 6. CCR7 deficiency leads to increased pulmonary clearance of
acute P. aeruginosa respiratory infection. Ccr7�/� and WT mice were
intranasally infected with 1 � 107 CFU of P. aeruginosa, and bacterial
CFU in the lungs were assessed at 0, 4, and 16 h postinfection. Data
are presented as means 	 SEM (0 h, n � 4 mice/group; 4 h, n � 3 to
5 mice/group; 16 h, n � 9 to 12 mice/group). �, P 
 0.05.
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infection (42). It would reasonable to expect that this would be
the case for Ccr7�/� mice, although the accumulation of T cells
in Ccr7�/� mice presents the possibility that activation of this
population could be responsible in part for the increased pro-
duction of IFN-�.

Our results contrast with those of previous studies that have
examined the role of CCR7 in infection. Many studies em-
ployed viral pathogens (6, 15, 18, 19, 31), while other studies
investigated infections by Listeria monocytogenes (22) or Leish-
mania donovani (1). Each of these studies indicated that clear-
ance of infection is delayed or impaired in plt or Ccr7�/� mice.
The effective clearance of infection in the previous studies
requires the generation of a pathogen-specific, adaptive T cell
response. P. aeruginosa infection differs in that immunocom-
petent mice clear infection with impunity within 48 to 72 h,
before a specific adaptive T cell response can be generated.
Our results suggest that CCR7 deficiency is protective for host
defense to infection when the initiation of an adaptive T cell
response to a novel pathogen is dispensable, presenting the
possibility of therapeutic benefit in delaying the expression of
CCR7 on activated DCs in certain clinical situations. A recent
study described the ability of 9-cis-retinoid and fenretinide to
inhibit upregulation of CCR7 on DCs and described their
potential uses as an immunosuppressant (40). Conversely, our
results suggest that in certain contexts, blocking CCR7 expres-
sion may result in immunostimulation. It would be of interest
to explore whether pharmacological intervention to tempo-
rarily delay CCR7 expression would enhance the host response
to infection without significantly impairing the initiation of an
adaptive T cell response.

Another factor that may contribute to the discrepancy be-
tween our results and studies that demonstrated an impaired
or delayed clearance of infection due to CCR7 deficiency is the
nature of P. aeruginosa and how it interacts with the host.
Unlike the pathogens employed in the studies mentioned
above (1, 6, 15, 18, 19, 22, 31), P. aeruginosa is an extracellular
pathogen. Recently, a study by Hartigan et al. examined the
role of CCR7 in host defense against Aspergillus fumigatus (13),
which is also an extracellular pathogen. Employing a murine
model of invasive aspergillosis, the authors concluded that
CCR7 deficiency results in increased survival and clearance of
infection. In agreement with our results, the authors concluded
that the enhanced host defense associated with CCR7 defi-
ciency is primarily the result of more beneficial regulation of
the inflammatory response by dendritic cells (13). More re-
search is necessary to examine how broadly applicable our
results are to other infections caused by extracellular patho-
gens. However, our results suggest that the host defense to
extracellular pathogens is better served by dendritic cells that
remain in situ to help shape the response than by dendritic cells
migrating to the lymph node. It is interesting to speculate why
migration to the lymph node is the default response of den-
dritic cells to infection when clearly there are some occasions
when it is beneficial for dendritic cells to remain at the site of
infection. The results from our model of acute P. aeruginosa
infection identify a potential target for therapeutic interven-
tion, with the goal being the retention of dendritic cells at the
site of infection.

Our results underscore the dual role of dendritic cells in
innate and adaptive immunity and present a framework for

how CCR7 biases dendritic cell function toward the promotion
of one or the other. It remains to be ascertained whether these
results are more broadly applicable to other infections and
whether therapy based on delaying CCR7 expression can by
employed without severely undermining the adaptive response.
However, our results elucidate a previously unappreciated as-
pect of CCR7 function in host defense and identify a new
potential target for therapeutic intervention.
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