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SUMMARY

 

Various CC chemokine receptors are expressed on effector cells in allergic in-
flammation and their distinct expression pattern may dictate, to a large extent, the migra-
tion of inflammatory cells to sites of airway inflammation. The lipopolysaccharide (LPS)-

 

inducible CC chemokine receptor (L-CCR) is an orphan chemokine receptor that has
previously been identified in the murine macrophage cell line RAW 264.7 and in murine
brain glial cells. In this study we investigated the induction and localization of L-CCR mRNA
expression in mouse lung after ovalbumin (OVA)-induced airway inflammation. Both RT-
PCR experiments and in situ hybridization (ISH) experiments in whole lung sections re-
vealed a rapid upregulation of L-CCR mRNA expression as early as 1 hr and 3 hr after OVA

 

challenge. Expression was found predominantly in MAC3

 

�

 

 macrophages and in bronchial
epithelium, as shown by ISH and immunohistochemistry (IHC). We demonstrated that
L-CCR mRNA expression is strongly upregulated in mouse lung after OVA challenge and is
localized in macrophages and bronchial epithelium. Regarding the likely role of L-CCR as a
chemokine receptor with the putative ligand monocyte chemotactic protein-1 (MCP-1,
CCL2), this receptor may have an important function in the early phase of airway
inflammation.

 

(J Histochem Cytochem 52:401–410, 2004)

 

C

 

hemokines

 

 are small chemotactic cytokines that or-
chestrate the inflammatory response by attracting leu-
kocytes to sites of inflammation, and stimulating their
degranulation or release of inflammatory mediators
(Rollins 1997; Mackay 2001). Chemokines are subdi-
vided into four families, i.e., CXC, CC, C, and CX3C
(Murphy et al. 2000). Their biological effects on tar-
get cells are mediated through interactions with a large
superfamily of seven transmembrane-spanning G-pro-
tein-coupled receptors.

The immune response associated with allergic air-
way inflammation is characterized by infiltration of
the airways with eosinophils, basophils, lymphocytes,

neutrophils, and macrophages (Lukacs et al. 1995).
Several CC chemokine receptors, i.e., CCR2, CCR3,
CCR4, CCR6, and CCR8, have been associated with
effector cells in allergic inflammation, and their dis-
tinct expression is crucial for the migration of inflam-
matory cells to sites of allergic airway inflammation
(D’Ambrosio et al. 2001; Lukacs 2001). Knockout
mouse models have provided further evidence of the
importance of CC chemokine receptor signaling in al-
lergic airway inflammation. Disruption of one of the
above-mentioned CC chemokine receptors was associ-
ated with attenuated eosinophil recruitment to the
lung (CCR3, CCR4, CCR6, and CCR8) (Chensue et
al. 2001; Lukacs et al. 2001; Humbles et al. 2002;
Schuh et al. 2002), reduced Th2-type cytokine levels
(CCR4, CCR6, and CCR8) (Chensue et al. 2001;
Lukacs et al. 2001; Schuh et al. 2002), and reduced
airway hyperresponsiveness (CCR4 and CCR6) (Lu-
kacs et al. 2001; Schuh et al. 2002). Surprisingly,
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CCR3

 

�

 

/

 

�

 

 knockout mice showed increased airway
hyperresponsiveness with no changes in Th2 cytokine
levels (Humbles et al. 2002). With respect to the de-
velopment of pulmonary eosinophilia and airway hy-
perresponsiveness during allergen-induced airway
inflammation, conflicting results have been obtained
with CCR2

 

�

 

/

 

�

 

 knockout mice (Campbell et al. 1999;
Blease et al. 2000; MacLean et al. 2000; Kim et al.
2001). Interestingly, the CCR2 ligand monocyte che-
motactic protein-1 (MCP-1, CCL2) is notably increased
in murine airways after allergen challenge (Gonzalo et
al. 1996), and neutralization of CCL2 resulted in
clearly reduced accumulation of eosinophils, coinciding
with reduced airway hyperresponsiveness and reduced
IgE and IL-4 levels (Gonzalo et al. 1998). In humans,
ten CC chemokine (CCRs) and five CXC chemokine
receptors (CXCRs) have been cloned thus far (Mur-
phy et al. 2000). In addition, a variety of orphan re-
ceptors with chemokine-like structures have been de-
scribed (see databases such as www.GPCR.org).

The orphan chemokine receptor lipopolysaccharide
(LPS)-inducible CC chemokine receptor (L-CCR) was
first characterized in the mouse macrophage cell line
RAW 264.7 (Shimada et al. 1998). Recently, RT-PCR
and in situ hybridization (ISH) experiments revealed
L-CCR mRNA expression in both mouse microglia
and astrocytes (Zuurman et al. 2003). Similar to re-
sults obtained with the RAW 264.7 cell line (Shimada
et al. 1998), L-CCR mRNA expression was enhanced
under proinflammatory conditions (Zuurman et al.
2003). Because L-CCR mRNA expression has also
been found in mouse lung tissue (Biber et al. 2003), we
investigated the induction and localization of L-CCR
mRNA expression in the lung in a murine model of
ovalbumin (OVA)-induced airway inflammation.

 

Materials and Methods

 

Antibodies and Reagents

 

MAC3 and GR1 rat anti-mouse MAbs were purchased from
Pharmingen (San Diego, CA). Goat polyclonal antibody
against CCR2 (C20) was purchased from Santa Cruz Tech-
nology (Santa Cruz, CA). Taq-polymerase was purchased
from InViTek (Berlin, Germany). TA vectors pCR2.1 and
pCRII were obtained from Invitrogen (Breda, The Nether-
lands). Digoxigenin-conjugated UTP and alkaline phos-
phatase (AP)-conjugated sheep anti-digoxigenin were from
Boehringer Mannheim (Mannheim, Germany). Ovalbumin,
50 

 

�

 

 Denhardt’s solution, and RNase were purchased from
Sigma (St Louis, MO). Biotinylated goat anti-rat F(ab)

 

2

 

 frag-
ments were from Southern Biotechnology Associates (Bir-
mingham, AL) and biotinylated rabbit anti-goat immunoglob-
ulins were purchased from DAKO (Glostrup, Denmark).

 

OVA Challenge

 

Two weeks before the in vivo procedures, 8–10-week-old
male C57BI/6-J mice were obtained from Harlan (Heath-

field, UK). Mice were challenged by a modification of the
challenge procedure described by Gonzalo et al. (1996). In
brief, mice were sensitized intraperitoneally (IP) with OVA
(0.1 mg/mouse) in PBS at day 0, followed by 5 min of inha-
lation with a 2% OVA aerosol in PBS at day 8, using spe-
cially designed perspex cages with an internal volume of 9
liter, in which the mice could move freely. For control exper-
iments, a second group of mice inhaled PBS instead of OVA.
For allergen provocation, mice were repetitively challenged
for 20 min with a 1% OVA aerosol in PBS once a day at
days 15–18. Control mice were challenged for 20 min with
PBS. Mice were sacrificed 1, 3, or 6 hr after the last OVA
challenge and 3 hr after the last PBS challenge. Both lungs of
the challenged mice were dissected and immediately placed
in liquid nitrogen. The study was approved by the University
of Groningen Committee for Animal Experimentation,
which is responsible for the care and proper use of experi-
mental animals.

 

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

 

Mouse lung tissue was lysed in guanidinium isothiocyanate/
mercaptopropanol buffer and total RNA was extracted with
slight modifications according to Chomczynski and Sacchi
(1987). Total RNA was transcribed into cDNA and ampli-
fied by PCR as described (Biber et al. 1997), using primer
pairs for CCL2, L-CCR, and GAPDH, respectively. PCR
products were size-fractionated on a 1.5% agarose gel and
mRNA expression was determined relative to GAPDH mRNA
expression. Potential contamination by genomic DNA was
checked by running the reverse transcription reactions with-
out reverse transcriptase and using GAPDH primers in sub-
sequent PCR amplifications. Primer sequences, cycle num-
bers, and annealing temperatures are listed in Table 1.
Cloning into a PCR2.1 vector and subsequent sequencing
checked the identity of all PCR products.

 

In Situ Hybridization (ISH)

 

ISH was performed as described (Copray and Brouwer
1994). In brief, the L-CCR PCR product was cloned into the
dual promoter PCR II vector and linearized. L-CCR sense
and antisense probes were synthesized by run-off transcrip-
tion and the use of digoxigenin-conjugated UTP according
to the manufacturer’s protocol (Boehringer Mannheim).
Lung tissue sections (4 

 

�

 

m) were incubated in 4% parafor-
maldehyde, rinsed with potassium phosphate buffered saline
(KPBS), and digested for 30 min in maleate buffer contain-
ing 0.5% Triton. Then lung sections were rinsed in 2 

 

�

 

 SSC
(1 

 

�

 

 SSC 

 

�

 

 150 mM NaCl, 15 mM Na-citrate), dehydrated
in an ethanol series, and dried by air. Sections were hybrid-
ized overnight at 60C in a solution containing 50% forma-
mide, 0.3 M NaCl, 10 mM Tris (pH 8.0), 1 mM EDTA,
0.05% tRNA, 1 

 

�

 

 Denhardt’s solution, and 10% dextran
sulfate. Final probe concentrations in hybridization buffer
were 1.5 ng/

 

�

 

l. After hybridization the sections were treated
with 10 

 

�

 

g/ml of ribonuclease A for 30 min at 37C and
washed in 0.1 

 

�

 

 SSC at 65C. The immunological detection
of the digoxigenin-labeled RNA–RNA complex was pre-
ceded by 30 min of preincubation at room temperature (RT)
in 0.1 M Tris, 0.15 M NaCl, pH 7.5 (buffer 1) containing
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5% BSA. Sections were incubated for 2 hr at RT with the
AP-conjugated sheep anti-digoxigenin diluted 1:500 in
buffer 1 containing 1% BSA. After thorough rinsing in buffer
1 and a 10-min preincubation in an alkaline buffer solution
(ABS: 0.1 M Tris, 0.1 M NaCl, 0.05 M MgCl

 

2

 

.6H

 

2

 

O, pH
9.5), the AP activity was revealed with a freshly prepared so-
lution of 0.34 mg/ml nitroblue tetrazolium and 0.17 mg/ml
5-bromo-4-chloro-3-indolyl phosphate in ABS. Endogenous
phosphatase activity was inhibited by the addition of le-
vamisole (0.24 mg/ml) to the staining solution. The color de-
velopment was terminated after approximately 75 min by
placing the sections in a buffer solution consisting of 0.01 M
Tris, 1 mM EDTA, pH 8.5. For analyzing constitutive L-CCR
mRNA expression, color development was terminated after
3–4 hr. The dark-purple precipitate, indicating the presence
of hybridized mRNA, was visualized with brightfield mi-
croscopy. Control experiments included hybridization with
digoxigenin-labeled sense probes and hybridization after
treatment of the sections with RNase for 30 min.

 

Immunohistochemistry

 

Frozen lung sections were dried and incubated in acetone for
10 min. For immunodetection of macrophages, neutrophils,
and CCR2, lung sections (4 

 

�

 

m) were incubated with MAC3,
GR1 MAbs and a goat polyclonal antibody against CCR2
(C20), respectively. Staining was detected using biotinylated
goat anti-rat F(ab)

 

2

 

 fragments (MAC3 and GR1) and bio-
tinylated rabbit anti-goat immunoglobulins (CCR2), fol-
lowed by incubation with AP-labeled streptavidin. The AP
activity was revealed by 1 mg/ml Fast Red staining in 0.1 M
Tris-HCl (pH 8.2) containing 0.2 mg/ml naphthol AS-MX,
0.3% MgSO

 

4

 

, and 0.24 mg/ml levamisole to inhibit endoge-
nous phosphatase activity. Eosinophils in lung tissue were
revealed by cyanide-resistant diaminobenzidine (DAB) stain-
ing. Measurement of numbers of eosinophils in lung tissue
was done by computer-assisted morphometric analysis and
expressed as volume percent of tissue.

 

Results

 

Regulation of L-CCR mRNA Expression in Mouse 
Lung After OVA Challenge

 

OVA challenge was performed as described in Materi-
als and Methods. For RT-PCR analysis and ISH ex-
periments, both lungs were removed at 1, 3, or 6 hr
after the last of four consecutive daily challenges with
OVA and at 3 hr after challenges with PBS as a con-
trol. Compared to the lungs of PBS-challenged mice
(Figure 1A), eosinophils were largly increased at 6 hr

after OVA challenge (Figure 1B). Whereas neutrophils
were not detectable in lung sections of PBS-challenged
mice (Figure 1C), they were numerous at 1 hr after
OVA challenge (Figure 1D). Using a similar challenge
protocol, Gonzalo et al. (1996) described an increase
in CCL2 mRNA expression. We therefore used OVA-
induced CCL2 mRNA expression, as observed with
RT-PCR, as an additional positive control in our chal-
lenge protocol (Figure 1E). Compared to the lungs of
PBS-challenged mice, L-CCR mRNA expression had
increased after OVA challenge. Semiquantitative anal-
ysis revealed a strong increase in L-CCR mRNA expres-
sion 1 and 3 hr after OVA, whereas L-CCR mRNA
expression had returned to control levels at 6 hr after
OVA challenge. GAPDH mRNA expression was simi-
lar at all time points (Figure 1E).

Results obtained with RT-PCR were verified by ISH.
Compared to lung sections of PBS-challenged mice
(Figure 2A), an upregulation of L-CCR mRNA ex-
pression was visible 1 and 3 hr after OVA challenge
(Figures 2B and 2C). Sense staining in a sequential
lung section 3 hr after OVA challenge was clearly neg-
ative (Figure 2D), indicating specificity of the antisense
signal. Similar to the results obtained by RT-PCR,
L-CCR mRNA expression declined 6 hr after OVA
challenge in two of three separate experiments (data
not shown). Whereas ISH conditions in the above-
mentioned experiments were chosen to detect an in-
duction of L-CCR mRNA expression, more prolonged
staining revealed constitutive expression of L-CCR
mRNA in lung tissue 3 hr after PBS challenge, as
shown in Figure 3E. Prolonged staining of lung tissue
3 hr after PBS challenge with the sense L-CCR probe
was clearly negative (Figure 3F).

 

Localization of L-CCR mRNA Expression in Mouse 
Lung After OVA Challenge

 

Results obtained with both RT-PCR and ISH analysis
indicated an increase in L-CCR mRNA expression in
mouse lung after OVA challenge. Additional experi-
ments were performed to identify which cell types ex-
press L-CCR mRNA. It is known that the cellular in-
filtrate in mouse lung after OVA challenge consists of
eosinophils, lymphocytes, macrophages, and neutro-
phils (Blyth et al. 1996). Because L-CCR mRNA ex-
pression has recently been reported in macrophage-

 

Table 1

 

Primers used for mouse CCL2 (formerly known as MCP-1), L-CCR and GAPDH

 

Gene Primer sequence (5

 

�

 

–3

 

�

 

) Annealing temperature (C) Number of cycles Size PCR product (bp)

CCL2 AGCCAGATGCAGTTAACGC (forward) 56 32 221
CTGATCTCATTTGGTTCCGA (reverse)

L-CCR CTGGCGGTGTTTATCTTGGT (forward) 56 30 489
AACCAGCAGAGGAAAAGCAA (reverse)

GAPDH CATCCTGCACCACCAACTGCTTAG (forward) 60 28 346
GCCTGCTTCACCACCTTCTTGATG (reverse)
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Figure 1 IHC staining (A–D) and RT-PCR analyis of CCL2 (formerly known as MCP-1) and L-CCR mRNA expression (E) of frozen lung sections
dissected from mice 1, 3, or 6 hr after the last of four daily repetitive challenges with 1% OVA. Lungs dissected from mice 3 hr after 4 days
of repetitive challenge with PBS served as a control. (A–B) Compared to the lungs of PBS-challenged mice (A), cyanide-resistant diaminoben-
zidine (DAB) staining of frozen lung sections showed increased infiltration of eosinophils (arrowheads, dark brown reaction product)
around the airways and pulmonary blood vessels at 6 hr after OVA challenge (B). (C–D) Frozen lung sections were incubated with MAb GR1
to stain neutrophils. Whereas neutrophils were not detectable in lungs of PBS-challenged mice (C), increased neutrophilic infiltration (ar-
rowheads, red reaction product) was visible already at 1 hr after OVA challenge (D). Bars � 100 �m. (E) Both L-CCR and CCL2 mRNA expres-
sion were rapidly induced as early as 1 hr after OVA challenge. GAPDH mRNA expression was similar in all mice at all time points. Numbers
of cycles, primer annealing temperatures, and PCR product size are listed in Table 1. Similar results were found in three independent exper-
iments. MM, molecular weight marker; highlighted band is 500 bp.
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like cells (Shimada et al. 1998; Zuurman et al. 2003),
we performed L-CCR ISH combined with specific im-
munohistochemistry (IHC) of macrophages using an
MAC3 MAb. Because, for technical reasons, double
staining was not possible, we analyzed L-CCR mRNA
expression and MAC3 staining in serial lung sections.
MAC3 staining (Figure 3A), together with ISH of
L-CCR mRNA in directly adjacent lung sections (Fig-
ure 3B), clearly shows L-CCR mRNA expression in
macrophages 3 hr after OVA challenge. L-CCR mRNA
also localized in macrophages 1 hr after OVA chal-
lenge (data not shown).

Because it was apparent in Figures 3A and 3B that
L-CCR mRNA expression was not found only in mac-
rophages, we evaluated localization of L-CCR mRNA

in other cell types. ISH experiments showed strong ex-
pression of L-CCR mRNA in bronchial epithelium at
both 3 hr (Figure 3B) and 1 hr (Figure 3D) after OVA
challenge. Moreover, prolonged staining revealed con-
stitutive L-CCR mRNA expression in bronchial epi-
thelium, as observed in lung tissue 3 hr after PBS chal-
lenge (Figure 3E). We also performed IHC with MAb
GR1 to stain neutrophils (Figure 3C) and L-CCR ISH
in sequential lung sections (Figure 3D). Again, double
staining was not possible for technical reasons. The
timepoint and localization of L-CCR mRNA expres-
sion suggest L-CCR mRNA expression in neutrophils
1 hr (Figures 3C and 3D) and 3 hr (data not shown)
after OVA challenge. In addition, the presence of infil-
trated eosinophils was examined. Because eosinophils

Figure 2 Representative L-CCR mRNA ISH in frozen lung sections from mice obtained 1 or 3 hr after the last of four daily challenges with
1% OVA and 3 hr after the last of four daily challenges with PBS. (A–C) ISH experiments confirm the OVA-induced expression of L-CCR
mRNA expression at 1 hr (B) and 3 hr (C) after OVA challenge (dark-purple reaction product) compared to PBS challenge (A). (D) Hybridiza-
tion with the sense L-CCR probe 3 hr after OVA challenge in a sequential lung section did not reveal positive staining, indicating specificity
of the antisense probe. Similar results were obtained in three independent experiments. Bars � 50 �m.
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in our model were increased only at 6 hr after OVA
challenge (Figures 1B and 4) and L-CCR mRNA ex-
pression was normalized at this timepoint (Figure 1E),
no expression of L-CCR mRNA was present in eosin-
ophils.

 

Localization of CCR2 Protein in Mouse Lung

 

L-CCR mRNA was expressed in murine bronchial epi-
thelium and in lung macrophages. Moreover, we con-
firmed the previously observed OVA-induced CCL2

mRNA in mouse lung tissue (Gonzalo et al. 1996).
The only identified CCL2 receptor is CCR2, which
is also highly expressed on monocytes/macrophages
(Murphy et al. 2000). Accordingly, mouse models
with target disruption of CCR2 have identified CCR2
to be important for monocyte/macrophage recruitment
to sites of inflammation (Boring et al. 1997; Kurihara
et al. 1997). To determine CCR2 protein expression in
mouse lung, IHC with a goat polyclonal antibody
against CCR2 (C20) crossreacting with mouse CCR2
was performed. Clear CCR2 expression was seen on

Figure 3 L-CCR mRNA ISH and IHC in sequential lung sections. (A) Frozen lung sections were incubated with MAb MAC3 to stain macro-
phages (M�). Representative staining (arrow, red reaction product) 3 hr after OVA challenge is shown. (B) The combination with ISH in a di-
rectly adjacent slide revealed that MAC3� macrophages express L-CCR mRNA (arrow, dark-purple reaction product). (C) Frozen lung sections
were incubated with MAb GR1 to stain neutrophils (N). Representative staining (arrows, red reaction product) 1 hr after OVA challenge is
shown. (D) ISH in a sequential lung section revealed that the localization and timepoint of L-CCR mRNA expression (arrow, dark-purple
staining) correlated with infiltrated neutrophils at 1 hr after OVA challenge. (B,D) Note the L-CCR mRNA expression in the bronchial epithe-
lium (BE) (arrowheads, dark-purple reaction product) 1 hr (D) and 3 hr (B) after OVA challenge. (E) Longer staining also revealed constitu-
tive L-CCR mRNA expression in the bronchial epithelium (arrowhead) as observed in lung tissue 3 hr after PBS challenge. (F) Prolonged hy-
bridization with the sense L-CCR probe 3 hr after PBS challenge did not reveal positive staining, indicating specificity of the antisense probe.
Similar results were obtained in two independent experiments. Bars � 25 �m.
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macrophages in both PBS- (control) and OVA-chal-
lenged animals at all time points. Representative
positive staining of macrophages at 1 hr after OVA
challenge is shown in Figure 5A. In addition, CCR2-
positive cells were found attached to the vascular
endothelium 6 hr after OVA challenge, probably rep-
resenting monocytes or lymphocytes (Figure 5B). No
expression of CCR2 was identified on either bronchial
epithelium or vascular endothelium in mouse lung at
any time point, as shown in Figures 5A and 5B.

 

Discussion

 

Because L-CCR mRNA has been detected in murine
lung (Biber et al. 2003) and its expression was induced
in a proinflammatory response (Shimada et al. 1998;
Zuurman et al. 2003), we have investigated its induc-
tion and localization of expression in the lung in a
murine model of OVA-induced allergic airway in-
flammation. The results showed a rapid upregulation
of L-CCR mRNA expression in mouse lung after OVA
challenge. This L-CCR mRNA expression was clearly
localized in lung macrophages and in bronchial epi-
thelium.

Our results revealed a rapid upregulation of L-CCR
mRNA in whole lung tissue after OVA challenge. At
present, little is known about allergen-induced expres-
sion of CC chemokine receptors. An allergen-induced
increase of CCR4 protein (Panina–Bordignon et al.
2001) and mRNA (Nouri–Aria et al. 2002) expression
has been observed in lung tissue of atopic asthmatics,

whereas CCR4 mRNA was undetectable in the lungs
of non-asthmatic subjects both before and after aller-
gen challenge (Nouri–Aria et al. 2002). In addition, al-
lergen provocation studies performed on mice have re-
vealed allergen-induced expression of CCR2 and
CCR5 on macrophages (Wells and Proudfoot 1999).
In accordance with the latter observation, we have
found a rapid induction of CCR2 mRNA in mouse
lung after OVA challenge by RT-PCR experiments in
whole lung sections (data not shown).

In our study, we found L-CCR mRNA expression
in MAC3

 

�

 

 mouse lung macrophages. This expression
is in accordance with results obtained by Shimada et
al. (1998) in the murine macrophage RAW264.7 cell
line. CCR1, CCR2, and CCR5 proteins are expressed
on human monocytes/macrophages (Murphy et al.
2000). Similar expression levels of CCR2 and CCR5
proteins have been identified on murine monocytes/
macrophages (Mack et al. 2001), and CCR2 is ex-
pressed on mouse resident alveolar macrophages (Maus
et al. 2002). In accordance, we also found CCR2 pro-
tein to be expressed on mouse lung macrophages. Fur-
thermore, the orphan CC chemokine receptor human
chemokine receptor (HCR) has recently been identi-
fied on human monocytes/macrophages (Migeotte et
al. 2002). The role played by alveolar macrophages in
allergic lung inflammation pertains to their ability to
serve as an antigen-presenting cell. More important,
however, is their ability to produce pro- and anti-
inflammatory cytokines, lipid mediators, radical oxy-
gen species, and chemokines (Lukacs et al. 1995; Jan-
sen 1996; Gosset et al. 1999). Chemokine receptors
expressed on monocytes/macrophages not only play a
crucial role in the selective recruitment of these cells to
sites of inflammation (Kurihara et al. 1997), but are
also important in the regulation of adhesion molecule
expression and the release of inflammatory media-
tors by monocytes/macrophages (Jiang et al. 1992;
Mackay 2001). In addition to L-CCR mRNA expres-
sion in macrophages, our results suggest L-CCR ex-
pression in neutrophils. Unlike the more easily identi-
fied macrophages, mostly lying in clusters without
many admixed cells, neutrophils were scattered. There-
fore, it was not possible to be sure about the exact lo-
calization of L-CCR mRNA expression in neutrophils
in sequential lung sections. Further experiments using
a purified neutrophil population from mouse lung
would be needed to confirm L-CCR mRNA expres-
sion in neutrophils. Whereas L-CCR mRNA was rap-
idly induced and observed at 1 and 3 hr after OVA
challenge, eosinophils were selectively increased at
6 hr after OVA challenge and showed no L-CCR
mRNA expression.

In human asthmatics, CCL2 (formerly known as
MCP-1) expression in the airways is notably increased
(Sousa et al. 1994; Alam et al. 1996). The rapid upreg-

Figure 4 Eosinophils, expressed as volume percent in whole tissue
as revealed by computer-assisted morphometric analysis. Eosino-
phils were revealed by cyanide-resistant DAB staining of frozen
lung sections dissected from mouse 3 hr after PBS (control; circles,
n�3) and 1 hr (diamonds, n�3), 3 hr (triangles, n�3) and 6 hr
(squares, n�3) after OVA challenge.
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ulation of CCL2 mRNA observed in our murine
model of OVA-induced airway inflammation confirms
findings by Gonzalo et al. (1996), who have also
shown that CCL2 mRNA expression correlates with
the accumulation of monocytes/macrophages in the
lung (Gonzalo et al. 1998). Moreover, neutralization
of CCL2 resulted in reduced accumulation of mono-
cytes/macrophages, T-lymphocytes, and eosinophils,
coinciding with reduced IgE and IL-4 levels in the
bronchoalveolar lavage and reduced airway hyper-
responsiveness (Gonzalo et al. 1998). In addition,
CCL2-deficient mice have impaired monocyte traf-
ficking (Lu et al. 1998) and are unable to mount Th2
cytokines (IL-4 and IL-5), suggesting a role for CCL2
in Th2 polarization (Gu et al. 2000). CCR2 is the only
CCL2 receptor identified thus far (Murphy et al.
2000). Although both CCL2- and CCR2-deficient
mice show defects in monocyte/macrophage recruit-
ment (Boring et al. 1997; Kurihara et al. 1997; Lu et
al. 1998), conflicting results have been obtained in
CCR2

 

�

 

/

 

�

 

 knockout mice with respect to the develop-
ment of pulmonary eosinophilia and airway hyperre-
sponsiveness during allergen-induced airway inflam-
mation (Campbell et al. 1999; Blease et al. 2000;
MacLean et al. 2000; Kim et al. 2001). Therefore, dif-
ferential use of CCR2 by multiple ligands or the exist-
ence of a second CCL2 receptor has been hypoth-
esized (Lukacs 2001). Cultured murine microglia
highly express L-CCR mRNA and show biotinylated
CCL2-binding signals, CCL2-induced intracellular

calcium mobilization, and CCL2-promoted chemotac-
tic response in the absence of detectable CCR2 mRNA
expression (Zuurman et al. 2003). In addition, expres-
sion of L-CCR in HEK 293 cells revealed functional
chemokine responses to CCL2 (Biber et al. 2003). It is
therefore tempting to speculate that L-CCR is a func-
tional chemokine receptor (Zuurman et al. 2003). Be-
cause brain microglia show many macrophage-like
properties, we speculate that L-CCR could contribute
to the activation of lung macrophages and the recruit-
ment of monocytes to murine lung, possibly via CCL2
binding. Obviously, target disruption of L-CCR in a
murine model of airway inflammation will be neces-
sary to reveal a possible role of L-CCR in leukocyte
recruitment or activation during airway inflammation.

Interestingly, ISH experiments revealed L-CCR
mRNA expression in the bronchial epithelium. Recent
reports describe functional CC chemokine receptors
on structural cells, such as smooth muscle cells
(Schecter et al. 2000) and endothelial cells (Salcedo et
al. 2000). Positive CCR3 staining of the airway epi-
thelium has been observed in biopsies from asthmatic
subjects, and stimulation with the CCR3 agonist
CCL11 (formerly known as eotaxin) revealed a func-
tional receptor on the human bronchial epithelial
BEAS-2B cell line (Stellato et al. 2001). Moreover, the
CXC chemokine receptor CXCR4 has also shown to
be functionally expressed on the alveolair epithelial
A549 cell line (Murdoch et al. 1999) and on primary
human bronchial epithelial cells (Eddleston et al.

Figure 5 IHC staining of frozen lung sections with a goat polyclonal antibody against CCR2 (C20). (A) Lung sections incubated with C20 re-
vealed positive CCR2 staining on macrophages (M�) (arrow, red reaction product). Representative staining 1 hr after OVA challenge is
shown. (B) At 6 hr after OVA challenge, C20 staining revealed CCR2-positive cells (arrow, red reaction product) attached to the vascular en-
dothelium, probably representing monocytes or lymphocytes (M/L). (A,B) CCR2 antibody staining did not reveal CCR2 expression on either
the bronchial epithelium (BE) or vascular endothelium (VE) (arrowheads). For every timepoint, similar results were obtained in three differ-
ent mice. Bars � 25 �m.
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2002). Because the epithelial cell is a main source of
chemokines, an autoregulatory function for chemo-
kine receptors on the epithelial cell has been hypothe-
sized (Stellato et al. 2001). L-CCR might be a func-
tional chemokine receptor on the mouse bronchial
epithelium. With regard to the latter hypothesis, it is
interesting that in our mouse model no expression of
the only identified CCL2 receptor CCR2 was ob-
served in bronchial epithelium.

In conclusion, we have shown a rapid upregulation
of L-CCR mRNA expression in the lung in a murine
model of OVA-induced airway inflammation. Strong
L-CCR mRNA expression was found in macrophages
and in bronchial epithelium. It is conceivable that
L-CCR is a functional chemokine receptor, possibly
with CCL2 as a ligand. This receptor may play a role
in attraction and activation of macrophages during the
early phase of the inflammatory response in the lung.

 

Acknowledgments

 

Supported by an unrestricted grant from the Groningen
University Institute for Drug Exploration (GUIDE). Part of
the research was supported by the Dutch Spinoza grant (D.S.
Postma).

We wish to thank Pieter Klok and Nieske Brouwer for
excellent technical assistance during the in vivo procedures
and in situ hybridization experiments, respectively. We are
grateful to Siep Noorman for his contribution in making the
photographs.

 

Literature Cited

 

Alam R, York J, Boyars M, Stafford S, Grant JA, Lee J, Forsythe P,
et al. (1996) Increased MCP-1, RANTES, and MIP-1alpha in
bronchoalveolar lavage fluid of allergic asthmatic patients. Am J
Respir Crit Care Med 153:1398–1404

Biber K, Klotz KN, Berger M, Gebicke–Harter PJ, van Calker D
(1997) Adenosine A1 receptor-mediated activation of phospholi-
pase C in cultured astrocytes depends on the level of receptor ex-
pression. J Neurosci 17:4956–4964

Biber K, Zuurman MW, Homan H, Boddeke HWGM (2003) Ex-
pression of L–CCR in HEK 293 cells reveals functional chemo-
kine responses in the absence of high affinity binding. J Leuko-
cyte Biol 74:243–251

Blease K, Mehrad B, Standiford TJ, Lukacs NW, Gosling J, Boring
L, Charo IF, et al. (2000) Enhanced pulmonary allergic responses
to Aspergillus in CCR2

 

�

 

/

 

�

 

 mice. J Immunol 165:2603–2611
Blyth DI, Pedrick MS, Savage TJ, Hessel EM, Fattah D (1996) Lung

inflammation and epithelial changes in a murine model of atopic
asthma. Am J Respir Cell Mol Biol 14:425–438

Boring L, Gosling J, Chensue SW, Kunkel SL, Farese RV Jr, Brox-
meyer HE, Charo IF (1997) Impaired monocyte migration and
reduced type 1 (Th1) cytokine responses in C–C chemokine re-
ceptor 2 knockout mice. J Clin Invest 100:2552–2561

Campbell EM, Charo IF, Kunkel SL, Strieter RM, Boring L, Gosling
J, Lukacs NW (1999) Monocyte chemoattractant protein-1 me-
diates cockroach allergen-induced bronchial hyperreactivity in
normal but not CCR2

 

�

 

/

 

�

 

 mice: the role of mast cells. J Immunol
163:2160–2167

Chensue SW, Lukacs NW, Yang TY, Shang X, Frait KA, Kunkel
SL, Kung T, et al. (2001) Aberrant in vivo T helper type 2 cell re-
sponse and impaired eosinophil recruitment in CC chemokine re-
ceptor 8 knockout mice. J Exp Med 193:573–584

 

Chomczynski P, Sacchi N (1987) Single-step method of RNA isola-
tion by acid guanidinium thiocyanate-phenol-chloroform extrac-
tion. Anal Biochem 162:156–159

Copray JC, Brouwer N (1994) Selective expression of neurotrophin-3
messenger RNA in muscle spindles of the rat. Neuroscience
63:1125–1135

D’Ambrosio D, Mariani M, Panina–Bordignon P, Sinigaglia F
(2001) Chemokines and their receptors guiding T lymphocyte re-
cruitment in lung inflammation. Am J Respir Crit Care Med
164:1266–1275

Eddleston J, Christiansen SC, Zuraw BL (2002) Functional expres-
sion of the C-x-C chemokine receptor CXCR4 by human bron-
chial epithelial cells: regulation by proinflammatory mediators. J
Immunol 169:6445–6451

Gonzalo JA, Lloyd CM, Kremer L, Finger E, Martinez A, Siegelman
MH, Cybulsky M, et al. (1996) Eosinophil recruitment to the
lung in a murine model of allergic inflammation. The role of T cells,
chemokines, and adhesion receptors. J Clin Invest 98:2332–2345

Gonzalo JA, Lloyd CM, Wen D, Albar JP, Wells TN, Proudfoot A,
Martinez A, et al. (1998) The coordinated action of CC chemo-
kines in the lung orchestrates allergic inflammation and airway
hyperresponsiveness. J Exp Med 188:157–167

Gosset P, Tillie–Leblond I, Oudin S, Parmentier O, Wallaert B, Jo-
seph M, Tonnel AB (1999) Production of chemokines and proin-
flammatory and antiinflammatory cytokines by human alveolar
macrophages activated by IgE receptors. J Allergy Clin Immunol
103:289–297

Gu L, Tseng S, Horner RM, Tam C, Loda M, Rollins BJ (2000)
Control of TH2 polarization by the chemokine monocyte
chemoattractant protein-1. Nature 404:407–411

Humbles AA, Lu B, Friend DS, Okinaga S, Lora J, Al Garawi A,
Martin TR, et al. (2002) The murine CCR3 receptor regulates
both the role of eosinophils and mast cells in allergen-induced
airway inflammation and hyperresponsiveness. Proc Natl Acad
Sci USA 99:1479–1484

Jansen HM (1996) The role of alveolar macrophages and dendritic
cells in allergic airway sensitization. Allergy 51:279–292

Jiang Y, Beller DI, Frendl G, Graves DT (1992) Monocyte chemo-
attractant protein-1 regulates adhesion molecule expression and
cytokine production in human monocytes. J Immunol 148:2423–
2428

Kim Y, Sung S, Kuziel WA, Feldman S, Fu SM, Rose CE Jr (2001)
Enhanced airway Th2 response after allergen challenge in mice
deficient in CC chemokine receptor-2 (CCR2). J Immunol
166:5183–5192

Kurihara T, Warr G, Loy J, Bravo R (1997) Defects in macrophage
recruitment and host defense in mice lacking the CCR2 chemo-
kine receptor. J Exp Med 186:1757–1762

Lu B, Rutledge BJ, Gu L, Fiorillo J, Lukacs NW, Kunkel SL, North
R, et al. (1998) Abnormalities in monocyte recruitment and cy-
tokine expression in monocyte chemoattractant protein 1-defi-
cient mice. J Exp Med 187:601–608

Lukacs NW (2001) Role of chemokines in the pathogenesis of
asthma. Nature Rev Immunol 1:108–116

Lukacs NW, Prosser DM, Wiekowski M, Lira SA, Cook DN (2001)
Requirement for the chemokine receptor CCR6 in allergic pul-
monary inflammation. J Exp Med 194:551–555

Lukacs NW, Strieter RM, Kunkel SL (1995) Leukocyte infiltration
in allergic airway inflammation. Am J Respir Cell Mol Biol 13:1–6

Mack M, Cihak J, Simonis C, Luckow B, Proudfoot AE, Plachy J,
Bruhl H, et al. (2001) Expression and characterization of the
chemokine receptors CCR2 and CCR5 in mice. J Immunol
166:4697–4704

Mackay CR (2001) Chemokines: immunology’s high impact fac-
tors. Nature Immunol 2:95–101

MacLean JA, De Sanctis GT, Ackerman KG, Drazen JM, Sauty A,
DeHaan E, Green FH, et al. (2000) CC chemokine receptor-2 is
not essential for the development of antigen-induced pulmonary
eosinophilia and airway hyperresponsiveness. J Immunol 165:
6568–6575

Maus UA, Koay MA, Delbeck T, Mack M, Ermert M, Ermert L,



 

410

 

Oostendorp, Hylkema, Luinge, Geerlings, Meurs, Timens, Zaagsma, Postma, Boddeke, Biber

 

Blackwell TS, et al. (2002) Role of resident alveolar macrophages
in leukocyte traffic into the alveolar air space of intact mice. Am
J Physiol 282:L1245–1252

Migeotte I, Franssen JD, Goriely S, Willems F, Parmentier M (2002)
Distribution and regulation of expression of the putative human
chemokine receptor HCR in leukocyte populations. Eur J Immu-
nol 32:494–501

Murdoch C, Monk PN, Finn A (1999) Functional expression of
chemokine receptor CXCR4 on human epithelial cells. Immunol-
ogy 98:36–41

Murphy PM, Baggiolini M, Charo IF, Hebert CA, Horuk R, Mat-
sushima K, Miller LH, et al. (2000) International Union of Phar-
macology. XXII. Nomenclature for chemokine receptors. Phar-
macol Rev 52:145–176

Nouri–Aria KT, Wilson D, Francis JN, Jopling LA, Jacobson MR,
Hodge MR, Andrew DP, et al. (2002) CCR4 in human allergen-
induced late responses in the skin and lung. Eur J Immunol
32:1933–1938

Panina–Bordignon P, Papi A, Mariani M, Di Lucia P, Casoni G,
Bellettato C, Buonsanti C, et al. (2001) The C–C chemokine re-
ceptors CCR4 and CCR8 identify airway T cells of allergen-chal-
lenged atopic asthmatics. J Clin Invest 107:1357–1364

Rollins BJ (1997) Chemokines. Blood 90:909–928
Salcedo R, Ponce ML, Young HA, Wasserman K, Ward JM, Klein-

man HK, Oppenheim JJ, et al. (2000) Human endothelial cells
express CCR2 and respond to MCP-1: direct role of MCP-1 in
angiogenesis and tumor progression. Blood 96:34–40

Schecter AD, Calderon TM, Berman AB, McManus CM, Fallon JT,
Rossikhina M, Zhao W, et al. (2000) Human vascular smooth
muscle cells possess functional CCR5. J Biol Chem 275:5466–
5471

Schuh JM, Power CA, Proudfoot AE, Kunkel SL, Lukacs NW, Hoga-
boam CM (2002) Airway hyperresponsiveness, but not airway
remodeling, is attenuated during chronic pulmonary allergic re-
sponses to Aspergillus in CCR4

 

�

 

/

 

�

 

 mice. FASEB J 16:1313–1315
Shimada T, Matsumoto M, Tatsumi Y, Kanamaru A, Akira S

(1998) A novel lipopolysaccharide inducible C–C chemokine re-
ceptor related gene in murine macrophages. FEBS Lett 425:490–
494

Sousa AR, Lane SJ, Nakhosteen JA, Yoshimura T, Lee TH, Poston
RN (1994) Increased expression of the monocyte chemoattrac-
tant protein-1 in bronchial tissue from asthmatic subjects. Am J
Respir Cell Mol Biol 10:142–147

Stellato C, Brummet ME, Plitt JR, Shahabuddin S, Baroody FM, Liu
MC, Ponath PD, et al. (2001) Expression of the C–C chemokine
receptor CCR3 in human airway epithelial cells. J Immunol
166:1457–1461

Wells TN, Proudfoot AE (1999) Chemokine receptors and their an-
tagonists in allergic lung disease. Inflamm Res 48:353–362

Zuurman MW, Heeroma J, Brouwer N, Boddeke HW, Biber K
(2003) LPS-induced expression of a novel chemokine receptor
(L-CCR) in mouse glial cells in vitro and in vivo. Glia 41:327–
336


