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The Duffy antigen receptor for chemokines (DARC) has a high affinity for CC and CXC

chemokines. However, it lacks the ability to induce cell responses that are typical for

classical chemokine receptors. The role of DARC in inflammatory conditions remains to be

elucidated. We studied the role of DARC in a murine model of acute lung injury. We found

that in Darc-gene-deficient (Darc�/�) mice, LPS-induced PMN migration into the alveolar

space was elevated more than twofold. In contrast, PMN adhesion to endothelial cells and

within the interstitial space was reduced in Darc�/� mice. Darc�/� mice also exhibited

increased microvascular permeability. Elevated PMN migration in Darc�/� mice was

associated with increased concentrations of two essential CXCR2 ligands, CXCL1 and

CXCL2/3 in the alveolar space. In the blood, CXCL1 was mostly associated with RBC in WT

mice and with plasma in Darc�/� mice. We found that DARC on RBC prevented excessive

PMN migration into the alveolar space. In contrast, DARC on non-hematopoietic cells

appeared to have only minor effects on leukocyte trafficking in this model. These findings

show how DARC regulates lung inflammation by controlling the distribution and

presentation of chemokines that bind CXCR2.
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Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome

(ARDS) remain major challenges in modern intensive care

medicine that are still associated with high mortality and

morbidity [1]. ALI and ARDS are characterized by excessive

infiltration of PMN into the lung that can disrupt lung integrity

and threaten pulmonary gas exchange. Although the pivotal role

of PMN in lung injury is unchallenged [2–4], molecular

mechanisms underlying PMN trafficking in the lung remain

obscure. Several targets to control PMN infiltration have been

identified and some drug candidates are in clinical trials, but no

specific drug is available for treatment of ALI patients today.

Leukocyte recruitment to the lung is initiated by the release of

chemokines into the alveolar space. Chemokines are small

proteins that are classified according to the number of amino

acids between the first and second cysteine residue at the NH2-

terminal end [5]. Chemokines exert their biological function
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through specific G protein-coupled receptors. Signaling involves

dissociation of the bg subunit from the Gai protein, leading to a

variety of cellular responses including actin polymerization and

cell migration [6–8]. Among chemokines that are found in the

BALF of mice, CXCL1 (keratinocyte-derived chemokine) and

CXCL2/3 (macrophage inflammatory protein 2) are functional

homologues of human growth-regulated oncogenes (GROa, b,

and g) [9–11]. CXCL1 and 2/3 are produced by alveolar macro-

phages and Type II pneumocytes [12] and contribute to the

generation of a chemotactic gradient that attracts chemokine

receptor CXC 2 (CXCR2)-expressing leukocytes. Depletion of

alveolar macrophages attenuates leukocyte recruitment to the

lung and reduces organ damage [13, 14]. Accordingly, pulmon-

ary overexpression of CXCL1 induces a substantial increase in

PMN influx to the lung [15].

In addition to their local effects, CXC chemokines are selec-

tively transported out of the alveolar space into the systemic

circulation [16] where they activate CXCR2-expressing leuko-

cytes, thereby altering their mechanical properties [17] and

enhancing their migratory activity [18]. Furthermore, chemo-

kines can be presented on the pulmonary endothelium where

they cause PMN to adhere and to transmigrate and induce

cytoskeletal changes in endothelial cells that promote the influx

of edema fluid [19].

The Duffy antigen receptor for chemokines (DARC), originally

described as blood group antigen and binding site for Plasmodium

vivax et knowlesi [20], is a receptor that has a broad chemokine

binding profile and binds most inflammatory CC and CXC

chemokines [21]. However, failure to couple with G proteins

causes DARC to function as a decoy chemokine receptor, i.e.

chemokine binding does not induce any known cell responses

beyond chemokine internalization [22]. Recently, DARC has

attracted attention for its ability to modulate HIV infection by

controlling plasma levels of HIV-suppressive chemokine CCL5

(RANTES) [23]. DARC is expressed on RBC, on endothelial cells

of capillaries and postcapillary venules, and on various other cell

types including epithelial cells in kidney and lung. DARC on RBC

may serve as a chemokine sink, thereby limiting activation and

subsequent desensitization of circulating leukocytes [24].

Consistent with this hypothesis, Darc-deficient mice exhibited

increased numbers of PMN in lungs and liver after an i.p. LPS

challenge [25]. However, another group found less PMN infil-

tration into the lung in response to i.p. LPS [26]. Neither study

differentiated LPS-induced PMN accumulation in the different

compartments of the lung or determined the contribution of

endothelial versus RBC DARC.

Endothelial DARC has been implicated in the inhibition of

chemokine-induced angiogenesis in experimental models

[27, 28], most likely by preventing chemokine binding to endo-

thelial CXCR2. Under inflammatory conditions, however, endo-

thelial DARC is involved in the transport of chemokines from the

inflamed tissue to the luminal side of the endothelium [29],

thereby facilitating leukocyte recruitment and aggravating

inflammation [30]. Although elevated expression of DARC has

been demonstrated on the endothelium of various inflamed

tissues [31–33] and its expression has been linked to leukocyte

migration in vitro [21], its contribution to the infiltration of PMN

into the lung is not known.

In the present study, we sought to identify mechanisms by

which DARC regulates PMN trafficking in the lung. In a murine

model of LPS-induced lung injury, we determined the role of

DARC for the different migration steps in the lung. We further

determined the effects of DARC for the spatial distribution of

relevant CXC chemokines and characterized the contribution of

endothelial versus erythrocyte DARC by creating BM chimeras.

Results

DARC limits LPS-induced PMN recruitment into the
BALF

We used a flow cytometry-based method to determine LPS-

induced PMN migration into the different compartments of the

lung. Baseline blood PMN counts were similar in WT and Darc�/�
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Figure 1. LPS-induced migration of PMN into the different lung
compartments of WT (black bars) and Darc�/� (white bars) mice.
Accumulation of PMN in the vasculature (IV) (A), the lung interstitium
(IS) (B), and the bronchoalveolar space (BAL) (C) were analyzed.
Values are mean7SD of n 5 4 animals. �po0.05 versus negative control
without LPS, ]po0.05 versus WT mice within the same treatment group.
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mice (data not shown). After 24 h, LPS inhalation induced

significant PMN recruitment into all compartments of the lung of

WT and Darc�/� mice (Fig. 1). LPS-induced accumulation of

PMN in the intravascular compartment was significantly

decreased in Darc�/� mice compared with WT mice

(0.970.5� 106 versus 1.670.4� 106, po0.05), whereas PMN in

the alveolar space were significantly increased (4.971.0�106

versus 2.270.5� 106, po0.05). Consistent with increased migra-

tion of PMN into the bronchoalveolar space of Darc�/� mice,

PMN accumulation in the interstitial space was relatively reduced

in these mice (1.770.7� 106 versus 2.870.3�106, po0.05).

These data suggest that DARC, although promoting PMN

recruitment from the blood to the pulmonary microcirculation,

limits transmigration into the alveolar space in vivo.

Microvascular permeability

Disturbance of the endothelial barrier function and efflux of

protein-rich fluid into the lung tissue is one of the critical events

in ARDS that can accompany PMN infiltration. We therefore

determined the role of DARC in LPS-induced microvascular

permeability assessed by the extravasation of Evans blue

(Fig. 2A) and by total protein concentration in the BALF

(Fig. 2B). LPS induced a significant increase in microvascular

permeability in WT (271728 versus 92747 mg/g lung, po0.05)

and Darc�/� mice (433721 versus 83749 mg/g lung, po0.05).

The LPS-induced increase in microvascular permeability was

significantly higher in Darc�/� mice (433721 versus 271728

mg/g lung, po0.05). Similarly, LPS-induced total protein Darc�/�

mice in the BALF was significantly higher in Darc�/� mice

compared with WT mice (797758 versus 570776 mg/mL,

po0.05).

Compartmental distribution of chemokines

To determine whether DARC mediates its effects in ALI by

altering the spatial distribution of chemokines, we measured the

concentration of the two essential CXCR2 ligands CXCL1 and

CXCL2/3 in BALF, lung homogenate, plasma, and RBC lysate.

Baseline concentrations of both chemokines did not differ

between WT and Darc�/� mice (Fig. 3). LPS significantly

increased the release of CXCL1 into the BALF and lung tissue

(Fig. 3A). This increase was significantly higher in Darc�/� mice

than in WT mice (po0.05 in either compartment). Similar results

were obtained for CXCL2/3 (Fig. 3B).

Upon LPS inhalation, CXCL1 and CXCL2/3 are released from

alveolar macrophages into the alveolar airspace and transported

to the systemic circulation where they can bind to DARC on RBC

and on pulmonary endothelial cells [16]. Resident cells in the

lung interstitium might be another source of chemokines. We

reasoned that DARC deficiency would influence the spatial

distribution of CXCL chemokines in response to LPS inhalation.

Baseline plasma concentration of CXCL1 and CXCL2/3 was near

the detection limit of the ELISA assay in WT and Darc�/� mice,

but increased significantly upon LPS stimulation. The plasma

CXCL1 increase was markedly enhanced in Darc�/� mice

compared with WT (po0.05). No such difference was observed

with CXCL2/3. Consistent with the concept of DARC functioning

as a chemokine sink, we found large amounts of CXCL1 and

CXCL2/3 bound to RBC of WT but not of Darc�/� mice.

Compartmental distribution of CXCL1 and CXCL2/3 in chimeric

mice that expressed DARC only on hematopoietic cells was

similar to WT mice (Fig. 4). Accordingly, chimeric mice that

expressed DARC only on non-hematopoietic cells showed an LPS-

induced chemokine distribution that was similar to Darc�/� mice,

indicating that in our model, compartmentalization of chemokines

was mainly regulated by DARC on hematopoietic cells.

These studies also provide evidence that in chimeric mice,

reconstitution with donor-derived RBC was almost complete as

chemokines did not bind to RBC of chimeric mice that received

DARC�/� BM.

To determine where the increased CXCL1 was localized in the

lung of Darc�/� mice, we stained lung paraffin sections with an

anti-CXCL1 antibody (Fig. 5). Three hours after LPS exposure,

CXCL1 accumulation in the lung of Darc�/�mice was higher than
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Figure 2. LPS-induced microvascular permeability in WT and Darc�/�

mice, assessed by the extravasation of Evans blue into the lung (A) and
total protein concentration in the BALF (B). LPS inhalation induced a
significant increase in Evans blue extravasation in WT (black bars) and
Darc�/� (white bars) mice. Evans blue extravasation increase in Darc�/�

mice was significantly higher than in WT mice (po0.05). Similarly, LPS-
induced total protein concentration in the BALF was significantly
higher in Darc�/� mice compared with WT mice. Data are mean7SD of
four animals, �po0.05 versus negative control within the same strain,
]po0.05 versus WT mice within the same treatment group.
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in WT mice. Most CXCL1 was found on PMN that were in or near

lung capillaries.

PMN trafficking in chimeric mice

DARC is expressed on RBC and on non-hematopoietic cells such

as endothelial and epithelial cells. To characterize the contribu-

tion of DARC on hematopoietic and non-hematopoietic cells, we

created chimeric mice by transferring BM between WT and

Darc�/� mice. Irradiated mice that received BM from mice of the

same genotype were used as controls.

In control mice (BM transfer from WT to WT,

Fig. 6), LPS-induced PMN accumulation in the different lung

compartments was similar to WT mice (Fig. 1). Similarly,

Darc�/� that had received Darc�/� BM (Fig. 6) showed similar

neutrophil recruitment as Darc�/� mice (Fig. 1), indicating that

irradiation did not affect migratory activity.

When WT mice were reconstituted with BM from

Darc�/� mice, PMN migration into the alveolar space was

enhanced significantly (Fig. 6C). In these mice, PMN accumula-

tion in all lung compartments was not different from completely

DARC-null mice. When DARC was expressed on hematopoietic

cells only, intravascular and interstitial PMN accumulations were

similar to mice that did not express DARC at all. In contrast, PMN

counts in the BALF were significantly reduced when compared

with Darc�/� mice (1.470.3� 106 versus 3.870.9�106,

po0.05). These findings indicate that DARC on BM-derived cells,

i.e. mostly RBC, prevents excessive transmigration of PMN into

the alveolar space. In contrast, DARC on non-hematopoietic

appeared to have only minor effects in our model.

Discussion

In the present study, we sought to characterize pathways that

involve DARC in the pathophysiology of ALI. In an experimental

model induced by LPS inhalation, DARC on RBC prevented

excessive infiltration of PMN into the alveolar space. Increased

PMN accumulation in Darc�/� mice was associated with elevated

amounts of two essential CXC chemokines, CXCL1 and CXCL2/3,

in the BALF. Both chemokines also appeared in the blood of WT

and Darc�/� mice. In WT mice that received LPS, CXCL1 was

mostly bound to RBC. In Darc�/� mice, LPS inhalation increased

plasma levels of CXCL1. Our data are consistent with a dual role

of erythrocyte DARC acting as a chemokine sink and endothelial

DARC promoting adhesion to and transmigration through the

pulmonary endothelium.

The majority of African Americans and West Africans lack

DARC on their erythrocytes [34]. In addition to providing resis-

tance to malaria, Darc deficiency has been related to increased

incidence and mortality of various malignant diseases, most likely

due to the failure of these subjects to eliminate angiogenic

chemokines from the blood [35, 36]. Whether Darc deficiency has

an impact on the course of inflammatory diseases in humans

remains unclear. Racial differences in the course of sepsis have

become evident with significantly higher incidence and poorer

outcome in non-white individuals [37]. Although clinically rele-

vant differences in the cytokine profile between African and

White Americans have been identified [38, 39], the role of DARC

has not been addressed. In an experimental study, intravenous

LPS-injection resulted in higher plasma levels of monocyte

chemoattractant protein-1 (CCL2) and GRO-a (CXCL1) in

DARC1 compared with DARC� subjects [40]. However, these

differences did not translate into altered leukocyte counts or any

organ dysfunction, and the authors of that study concluded that

DARC has no protective effect in their model.

The concept of erythrocyte DARC acting as a sink for circu-

lating chemokines derives from early in vitro studies demon-

strating that in the presence of RBC, IL-8 rapidly disappears from
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the plasma [41]. Later, the IL-8-binding site on erythrocytes was

identified as DARC [24], which suggested that DARC might be a

negative regulator of inflammation. This hypothesis was

supported by the finding that IL-8 lost its ability to activate PMN

when bound to red cells [41]. Consistent with this concept, Darc-

deficient mice exhibited increased numbers of PMN in lungs and

liver after an i.p. LPS challenge [25]. However, this concept did

not remain unchallenged as others found less PMN infiltration

into the lungs or kidneys in response to i.p. LPS [26, 42]. Our

data shed some light on these apparent discrepancies, because in

the previous studies, neutrophil recruitment was not measured

separately in the lung compartments. Using a recently developed

technique that allows detection of PMN in all three lung

compartments revealed that LPS-induced transepithelial migra-

tion of PMN into the alveolar airspace was significantly elevated

in Darc�/� mice whereas PMN accumulation in the pulmonary

vasculature and in the lung interstitium was lower than in WT

mice, suggesting that DARC is not required for PMN adhesion to

and migration through the pulmonary endothelium. However,

PMN entry into the BALF appears to be DARC-dependent.

Elevated plasma levels of chemokines in Darc-deficient

subjects have been found by some [43], but not by others [40],

suggesting that DARC not only contributes to the clearance of

chemokines but also to their release, thus maintaining steady

chemokine levels in the blood [44]. In our study, LPS inhalation

resulted in increased levels of CXCL1 in BALF and plasma of

Darc�/� mice. The same trend was found for CXCL2/3, although

less prominent.

The murine chemokines CXCL1 and CXCL2/3 are the major

chemoattractants responsible for recruiting neutrophils in various

inflammatory models. In the lung, both CXC chemokines are

mainly produced by type II pneumocytes and alveolar macro-

phages. We measured chemokines when chemotactic activity of

the BALF was highest (data not shown). There is conflicting

evidence as to the individual importance of CXCL1 and CXCL2/3

in neutrophil recruitment but it is possible that 3 h after LPS

exposure, different amounts of both chemokines are found.

Synthesis of both chemokines requires TLR-dependent pathways;

however, downstream pathways involve distinct adaptor proteins

[45], and this may explain differences in the concentrations of

both chemokines in our study. In addition, distinct amount of

both chemokines are released from circulating neutrophils

and may contribute to the different concentrations in the plasma

[46, 47].

Elevated chemokine levels in the BALF were associated with

increased PMN transmigration into the alveolar space of Darc�/�
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mice. Our data support the concept of erythroid DARC being a

chemokine sink that rapidly removes chemokines from the

circulation, thereby also diminishing the concentration of alveo-

lar chemokines as they will follow a concentration gradient

between lung and blood. Chemokine levels in the BALF are

higher in Darc�/� mice, but elevated plasma chemokine levels

result in a similar or even reduced chemotactic concentration

gradient between plasma and BALF. At the same time, unbound

chemokines in the blood of Darc�/� mice retain their ability to

activate circulating PMN, which might lead to mechanical

alterations that are sufficient to promote sequestration of PMN in

the pulmonary microcirculation [17]. An intrapulmonary stimu-

lus (LPS inhalation) causes chemokines to be released primarily

into the alveolar space before they are transported into the

systemic circulation [16].

Chemokine-producing cells in the alveolar space include

alveolar macrophages and Type II pneumocytes [12]. In addition,

recruited and migrated PMN contribute to the release of chemo-

kines into the BALF. The present findings are likely specific to the

origin of the inflammatory stimulus in the alveolar space. Although

our current understanding of endothelial DARC is limited, trans-

port of chemokines from the inflamed tissue to the luminal surface

of the vascular endothelium has emerged as one of its roles [21,

29, 30]. Chemokines that are transported to the apical side of the

endothelium are, at least in part, immobilized and presented to

circulating leukocytes, thereby promoting leukocyte adhesion and

transmigration to the site of inflammation [48]. Therefore, endo-

thelial DARC has been considered a critical regulator of leukocyte

transmigration. This concept is supported by the fact that DARC is

selectively expressed on subsets of vascular endothelial cells, such

as postcapillary venules, that are the preferred sites of leukocyte

extravasation. Accordingly, CXCL1-induced migration of PMN

across an endothelial monolayer was reduced in the presence of a

functional blocking antibody to DARC [30]. In the lung, intra-

tracheal LPS instillation led to elevated concentrations of CXCL1

and CXCL2/3 in the BALF when endothelial DARC was selectively

removed [43], which is consistent with a role of DARC in trans-

porting these chemokines across the endothelial membrane. From

the present study (Figs. 3 and 5), the lung interstitium appears to

be another reservoir of CXC chemokines. It remains speculative

whether chemokines were produced within the interstitial space or

originated from the alveolar space. From our migration studies

(Fig. 1), it becomes evident that PMN accumulate in large numbers

in the interstitium and therefore, chemokine release into this

compartment will likely occur, and this is consistent with the

chemokine distribution demonstrated in Fig. 5. Alternatively,

chemokines may follow a hydrostatic gradient that is associated

with LPS-induced increase in microvascular permeability (Fig. 2).

A recent study demonstrated DARC-dependent transport of

chemokines from the abluminal to the luminal side of endothelial

cells [21]. However, these experiments did not consider hydro-

static gradients that may contribute to the chemokine transport in

our model.

In our study, DARC on hematopoietic cells mainly contributed to

the effects of leukocyte trafficking. When WT mice were recon-

stituted with BM from Darc�/� mice, PMN migration into the

DARC +/+ DARC -/-

+ LPS

Figure 5. LPS-induced CXCL1 expression in the lungs of WT and Darc�/� mice shown by immunohistochemistry. Lung paraffin sections were
stained with a CXCL1 antibody (R&D Systems). CXCL1 expression mostly represents PMN that have been recruited to the lung (dark cells). Images
are representative of n 5 4 animals. Insert: isotype control.
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alveolar space was enhanced significantly. In contrast, leukocyte

trafficking in mice that expressed DARC only on non-hematopoietic

cells was similar to Darc�/� mice, suggesting that in our model,

DARC on non-hematopoietic appeared to have only minor effects.

Despite recent evidence of the biological relevance of endo-

thelial DARC [21], these findings are consistent with previous

data reporting a minor significance of endothelial DARC in a

model of LPS-induced lung injury [43]. In that study [43],

however, infiltration of PMN into the BALF was lower when

erythrocyte DARC was absent and plasma chemokine levels were

lower in Darc-deficient mice. This is in strong contrast to our

findings. One important difference between the two studies is

that Lee et al., [43] studied a mild injury with lower PMN counts

in the BALF measured at an early time point. This limited PMN

recruitment was not associated with increased microvascular

permeability and resulted in low CXCL chemokine levels. DARC

appears to be more significant in severe inflammatory disorders

[25], presumably because the RBC sink for chemokines begins to

play a role only when large amounts of chemokines are produced.

Mild lung injury is likely dominated by the effects of DARC on

transendothelial chemokine transport and presentation. Our data

help to resolve the apparent discrepancy between the previous

studies, because we show the distinct impact of both roles of

DARC by BM chimerism and PMN counting in all three

compartments.

Various experimental models of ALI have been established.

We chose a model of LPS inhalation as this method leads to a

consistent migration of PMN into all compartments of the lung.

As a downside of this model, LPS inhalation results in a transient

pulmonary inflammation that is self-limiting and therefore not

suitable for survival studies. It will be very interesting to study the

phenotype of the DARC knockout mice in other, more aggressive

models of ALI, including models of VILI [49] or live bacteria as

both models involve chemokine-dependent PMN trafficking. We

speculate that DARC knockout mice would be much more

susceptible to VILI and therefore exhibit increased mortality.

Other pathways regulating chemokine-dependent pulmonary

leukocyte trafficking have been discussed. Extracellular adeno-

sine, for instance, plays a major role in various models of

pulmonary inflammation [50, 51] and is directly linked to the

release of chemotactic chemokines [52]. Whether DARC is

involved in adenosine-dependent inflammatory pathways

remains speculative but it appears attractive to confirm the

protective effects of various adenosine receptors in DARC-defi-

cient individuals.

Our study confirms and extends previous reports that DARC is

a critical regulator of the compartmentalization of relevant

chemokines and has therefore direct effects on the directed

leukocyte trafficking to inflamed tissue. We show that erythrocyte

DARC limits excessive PMN infiltration into the lung,

whereas endothelial DARC has pro-inflammatory properties by

presenting chemokines on the luminal surface of the inflamed

vascular endothelium, thereby causing intravascular neutrophil

accumulation.

Materials and methods

Mice

WT male C57Bl/6 mice were obtained from Jackson Labs

(Bar Harbor, ME). Mice with a null mutation of the Darc gene

(Darc�/� mice) were obtained from Nobuyo Maeda, University of

North Carolina [25]. All animal experiments were approved by

the Animal Care and Use Committee of the University of Virginia.

Mice were 8–12 wk of age.

Generation of chimeric mice

Chimeric mice were generated by transferring BM between

Darc1/1 WT and Darc�/� mice as described earlier [53]. Briefly,
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recipient mice were lethally irradiated in two doses of 600rad each

(separated by 4h). This regimen results in 490% donor-derived

neutrophils at 6wk of reconstitution. BM from donor mice was

harvested from both femora and tibiae, and �5 million cells were

injected intravenously into recipient mice. BM transplantation was

performed in four groups of mice: (i) BM from Darc�/� into Darc1/1

(chimeric mice express DARC on non-hematopoietic cells only),

(ii) BM from Darc1/1 into Darc�/� (chimeric mice express DARC on

hematopoietic cells only), (iii) BM from Darc�/� into Darc�/�, and

(iv) BM from Darc1/1 into Darc1/1. Mice in groups 3 and 4 served as

negative and positive controls for possible radiation effects. Chimeric

mice were used for experiments 6wk after BM transplantation.

Murine model of ALI

Up to four mice were exposed to aerosolized LPS in a custom-built

cylindrical chamber (20� 9cm) connected to an air nebulizer

(MicroAir, Omron Healthcare, Vernon Hills, IL). LPS from Salmonella

enteritidis (Sigma, St. Louis, MO) was dissolved in 0.9% saline

(500mg/mL) and mice inhaled LPS for 30 min. As previously shown,

this mimics several aspects of ALI including PMN recruitment into all

compartments of the lung, increase in vascular permeability [54],

release of chemokines, and disruption of the pulmonary architecture

[55]. Control mice were exposed to saline aerosol.

PMN trafficking in the lung

PMN recruitment into the different compartments of the lung

(pulmonary vasculature, interstitium, alveolar airspace) was

assessed as described previously [54]. Briefly, 12h after LPS

exposure, intravascular PMN were labeled by an intravenous

injection of Alexa 633-labeled GR-1. After 5 min, mice were

euthanized and non-adherent PMN were removed from the

pulmonary vasculature by flushing 10 mL of PBS at 25 cm H2O

through the spontaneously beating right ventricle. BALF was

withdrawn and lungs were removed, minced, and digested in the

presence of excess unlabeled anti-GR-1 to prevent possible binding of

the injected antibody to extravascular PMN. A cell suspension was

prepared by passing the digested lungs through a 70mm cell strainer

(BD Falcon, Bedford, MA). Total cells in BALF and lung were

counted and the percentage of PMN determined by flow cytometry.

In the BALF, PMN were identified by their typical appearance

in the forward/sideward scatter and their expression of CD45

(clone 30-F11), 7/4 (clone 7/4), and GR-1 (clone RB6-8C5).

In the lung, the expression of GR-1 was used to distinguish

intravascular (CD4517/41GR-11) from interstitial (CD4517/41

GR-1�) PMN, which were not reached by the injected

antibody [54]. The GR-1 antibody recognizes both Ly6C on

monocytes and Ly6G on neutrophils. However, expression

of Ly6C on monocytes is much lower than expression of Ly6G on

neutrophils, so PMN can be safely distinguished by flow cytometry

(Fig. 7).

Pulmonary microvascular permeability

Pulmonary microvascular permeability in WT and Darc�/� mice

was determined by measuring extravasation of Evans blue dye

[56]. Evans blue (20 mg/kg; Sigma-Aldrich) was injected intrave-

nously 30 min prior to euthanasia. Lungs were perfused through

the spontaneously beating right ventricle to remove intravascular

dye. Lungs were removed and Evans blue was extracted as

described previously [57]. The absorption of Evans blue was
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Figure 7. Identification of PMN by flow cytometry. Leukocytes were
identified by their typical appearance in the forward/sidescatter (A)
and their expression of CD45 (B). Among all leukocytes, PMN were
identified by their expression of GR-1 (C) and 7/4 (data not shown).
Please note that monocytes (Mo) also express low levels of Ly6C that is
recognized by the GR-1 antibody. Mean fluorescent intensity, however,
is lower than in PMN. Lymphocytes (Ly) are not recognized by the GR-1
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measured at 620 nm and corrected for the presence of heme

pigments: A620 (corrected) 5 A620 – (1.426�A74010.030) [58].

Extravasated Evans blue was determined in the different animal

groups 6 h after LPS or saline inhalation and calculated against a

standard curve (micrograms Evans blue dye per gram lung).

BALF total protein concentration

BALF total protein levels were determined using a bicinchoninic

acid protein assay (Pierce, Omnilabo International, The Nether-

lands) according to the manufacturer’s instructions with BSA as

standard [59].

Compartmental distribution of chemokines

CXCL1 and CXCL2/3 are released into the alveolar space by

alveolar macrophages and Type II pneumocytes, thereby gener-

ating a chemotactic gradient that attracts CXCR2-expressing

leukocytes from the peripheral blood to the pulmonary micro-

circulation. To determine whether DARC is involved in the

spatial distribution of CXCL1 and CXCL2/3, LPS-induced

release of CXCL1 and CXCL2/3 was measured in BALF, lung

homogenate (BALF removed), plasma, and RBC lysates of WT,

Darc�/�, and chimeric mice using enzyme-linked immunosorbent

assay kits (detection limit 15 pg/mL, R&D Systems, Minneapolis,

MN) [51]. To isolate RBC, heparinized blood was centrifuged

(1000 rpm for 15 min at room temperature); the pellet was

transferred to a borosilicate glass tube and re-centrifuged

in 1 mL 2% methyl cellulose. The upper phase was removed,

and 200mL RBC from the bottom were washed with PBS. An

aliquot of 50 mL RBC was lysed, washed again, and the

supernatant was stored at �801C.

Immunohistochemistry

WT and Darc�/� mice were euthanized 3h after exposure to LPS.

Control mice did not receive LPS. The pulmonary circulation was

perfused free of blood, the trachea was cannulated, and the lung was

inflated with 4% paraformaldehyde for 10min at 25cm H2O. The

lungs were subsequently removed and fixed in paraformaldehyde for

24h. Paraffin-embedded sections (5mm) were stained for PMN

utilizing the avidin-biotin technique (Vector Laboratories) as

described previously [60]. Briefly, deparaffinized and rehydrated

sections were incubated with avidin, 10% goat serum, and 0.5% fish

skin gelatin oil for 1h to block non-specific binding. After washing

with PBS, a polyclonal antibody against mouse CXCL1 (R&D

Systems) was added (1mg/mL) and incubated overnight. Sections

were then washed and incubated with 5mg/mL biotinylated rabbit

anti-goat IgG (Vector Laboratories) for 1h, followed by avidin–bio-

tin–peroxidase complexes (Vectastain Elite ABC kit, Vector Labora-

tories), washed with PBS, incubated with diaminobenzidine (DAB kit,

Vector Laboratories), and counterstained with hematoxylin.

Statistical analysis

Statistical analysis was performed with JMP Statistical Software

(version 7.0, SAS Institute, Cary, NC). Differences between the

groups were evaluated by one way ANOVA followed by a post hoc

Tukey test. Data were presented as mean7SD and po0.05 was

considered statistically significant.
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