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In	models	of	acute	lung	injury,	CXC	chemokine	receptor	2	(CXCR2)	mediates	migration	of	polymorphonuclear	
leukocytes	(PMNs)	into	the	lung.	Since	CXCR2	ligands,	including	CXCL1	and	CXCL2/3,	are	chemotactic	for	
PMNs,	CXCR2	is	thought	to	recruit	PMNs	by	inducing	chemotactic	migration.	In	a	model	of	PMN	recruitment	
to	the	lung,	aerosolized	bacterial	LPS	inhalation	induced	PMN	recruitment	to	the	lung	in	wild-type	mice,	but	
not	in	littermate	CXCR2–/–	mice.	Surprisingly,	lethally	irradiated	wild-type	mice	reconstituted	with	CXCR2–/–	BM	
still	showed	about	50%	PMN	recruitment	into	bronchoalveolar	lavage	fluid	and	into	lung	interstitium,	but	
CXCR2–/–	mice	reconstituted	with	CXCR2–/–	BM	showed	no	PMN	recruitment.	Conversely,	CXCR2–/–	mice	recon-
stituted	with	wild-type	BM	showed	a	surprisingly	large	defect	in	PMN	recruitment,	inconsistent	with	a	role	
of	CXCR2	on	PMNs	alone.	Cell	culture,	immunohistochemistry,	flow	cytometry,	and	real-time	RT-PCR	were	
used	to	show	expression	of	CXCR2	on	pulmonary	endothelial	and	bronchial	epithelial	cells.	The	LPS-induced	
increase	in	lung	microvascular	permeability	as	measured	by	Evans	blue	extravasation	required	CXCR2	on	non-
hematopoietic	cells.	Our	data	revealed	what	we	believe	to	be	a	previously	unrecognized	role	of	endothelial	and	
epithelial	CXCR2	in	LPS-induced	PMN	recruitment	and	lung	injury.

Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome 
(ARDS)  are  clinical  syndromes  characterized  by  an  excessive 
inflammatory response to both pulmonary and extrapulmonary 
stimuli that ultimately leads to a disruption of alveolar-capillary 
integrity with severe consequences for pulmonary gas exchange. 
Both ALI and ARDS are still associated with a high mortality, and 
a specific therapy is not available (1).

Recruitment of neutrophils (polymorphonuclear leukocytes; 
PMNs) into the lung is a key event in the early development of 
ALI and ARDS, as previously demonstrated in neutropenic ani-
mals and humans (2, 3). PMN recruitment into the lung occurs 
in a cascade-like sequence of activation, sequestration in pulmo-
nary vessels, and transendothelial (from blood to interstitium) and 
transepithelial (from interstitium to alveolar airspace) migration 
(4). Although interactions between leukocytes and endothelium 
have been well characterized in the systemic microcirculation, 
molecular requirements in the lung are not completely under-
stood. Depending on the injury model and stimulus, adhesion 
molecules on leukocytes and endothelium may or may not be 
involved due to unique properties of the pulmonary microcircula-
tion (5). Each migration step is regulated by distinct molecules (6), 
and the importance of investigating discrete steps of PMN migra-
tion in the lung has been emphasized (7).

CXCR2  is  a  7-transmembrane  G  protein–coupled  receptor 
that is activated by CXC chemokines containing the ELR (Glu-
Leu-Arg) motif, including murine CXCL1 (keratinocyte-derived 

chemokine; KC) and CXCL2/3 (macrophage inflammatory pro-
tein 2; MIP-2) (8). Both chemokines are functional homologs of 
human CXCL8 (IL-8), which has been associated with the devel-
opment and outcome of ARDS (9, 10). Upon activation, CXCR2 is 
phosphorylated, leading to receptor desensitization and internal-
ization, intracellular removal of the ligand, and finally, degrada-
tion or re-expression of the receptor on the cell membrane (11). 
CXCR2 is expressed on PMNs, where its activation induces a vari-
ety of cell responses including degranulation, respiratory burst, 
phagocytosis, directed cell movement, integrin activation, and 
transmigration (12–14). Among nonhematopoietic cells, CXCR2 
expression has been demonstrated in pulmonary endothelial cells 
(15), where it was associated with angiogenetic activity in lung 
tumors (16) and fibroproliferative processes (17), but its involve-
ment in PMN migration was not tested. Both knockout and recep-
tor-blocking strategies have revealed that CXCR2 is a pivotal medi-
ator of PMN recruitment in lung injury (18–20). Although CXCR2 
expressed by nonhematopoietic cells has been discussed (21), the 
role of endothelial and possibly epithelial CXCR2 in acute lung 
inflammation remains to be defined.

In the present study, we  investigated the role of  leukocytic, 
endothelial, and epithelial CXCR2 in a murine model of LPS-
induced lung injury by creating chimeric mice expressing CXCR2 
on either hematopoietic or nonhematopoietic cells. Our data 
showed that endothelial/epithelial CXCR2 was a major contribu-
tor to LPS-induced PMN recruitment and lung damage.

Results
CXCR2 mediates LPS-induced PMN recruitment into bronchoalveolar lavage. 
In CXCR2+/+ mice, LPS inhalation (12 hours) induced significant 
PMN recruitment (3.6 ± 1.1 × 106 cells) into bronchoalveolar lavage 
(BAL; Figure 1). As expected (21), CXCR2–/– mice were completely pro-
tected from PMN influx into the alveolar airspace. CXCR2+/– mice 
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exhibited significant, but reduced, PMN migration upon LPS stimu-
lation (1.5 ± 0.5 × 106 cells). This suggests that the expression level 
of CXCR2 is rate limiting under (patho)physiological conditions. 
Cytospins of BAL fluid confirmed PMN as the predominant cell type 
in CXCR2+/+ mice after LPS stimulation (Figure 1). In contrast, BAL 
fluid of CXCR2–/– mice was dominated by (resident) alveolar mac-
rophages. Although total leukocyte counts did not differ between 
CXCR2+/+ and CXCR2–/– mice, CXCR2–/– mice exhibited significantly 
greater PMN counts (Table 1), as observed previously (22), which 
makes the observed reduction in migration even more striking.

CXCR2 mediates transendothelial PMN migration into the lung intersti-
tium. After we found near-complete abolishment of PMN migra-
tion into the alveolar airspace in CXCR2–/– mice, we investigated 
which of the trafficking steps (vascular accumulation, transendo-
thelial migration, and transepithelial migration) was mediated by 
CXCR2. We assessed PMN counts in the different lung compart-
ments using flow cytometry. PMNs in the lung homogenate were 
identified by their typical appearance in the forward scatter–side 
scatter (Figure 2A) and their expression of CD45 and CD11b. 
Granulocyte-1 (GR-1, also known as Ly6C/G) was injected intrave-
nously and served as a marker for intravascular PMNs (CD11b+GR-
1+). Accordingly, CD11b+GR-1– cells represented interstitial PMNs 
after alveolar PMNs had been removed. In control CXCR2+/+ mice 
(saline inhalation), PMNs were detected in the pulmonary vascu-
lature, consistent with the concept of a physiologically margin-
ated pool (23). Almost no PMNs were observed in the interstitial 
space (Figure 2B). LPS inhalation induced significant (P < 0.001) 
PMN migration into the interstitium of CXCR2+/+ mice (69% of 
all pulmonary PMNs; Figure 2C). In CXCR2–/– mice, LPS-induced 
accumulation of PMNs in the pulmonary vasculature was not 
reduced. However, recruited PMNs did not migrate into the lung 
interstitium (Figure 2D), suggesting a critical role for CXCR2 in 
transendothelial migration.

In vitro chemotaxis.  Next  we  investigated  whether  altered 
chemotactic activity in BAL from CXCR2–/– mice contributed to 
defective PMN migration. LPS-exposed BAL, CXCL1, and CXCL2/3 
were used in an in vitro transmigration assay. A 96-well chemotaxis 
system was loaded with chemoattractants, and BM-derived PMNs 
from either CXCR2+/+ or CXCR2–/– mice were placed on top of the 
filter above each well. As expected, LPS-exposed BAL induced a 

significant migration of PMNs from CXCR2+/+ mice (Figure 3). 
Furthermore, both CXCL1 and CXCL2/3 exhibited chemotactic 
activity. PMNs from CXCR2–/– mice did not migrate toward CXCL1 
or CXCL2/3. Surprisingly, PMNs from CXCR2–/– mice migrated 
to LPS-exposed BAL from CXCR2–/– mice (Figure 3) and CXCR2+/+ 
mice  (data not shown), suggesting the contribution of other, 
CXCR2-independent chemoattractants. However, CXCR2-inde-
pendent migration seemed to be negligible in vivo. This led us to 
hypothesize that endothelial CXCR2, which was not a factor of the 
in vitro assay, might be required for PMN migration in mice.

PMN trafficking in chimeric mice.  To  investigate  the  role  of 
endothelial CXCR2, we created chimeras and controls by transfer-
ring BM between CXCR2+/+ and CXCR2–/– mice. Animals were used 
for experiments 6 weeks after BM transplantation (BMT). Com-
plete reconstitution was confirmed by real-time RT-PCR (Figure 
4A). In all groups, mice were assessed 12 hours after LPS inhalation. 
PMNs were detected in all lung compartments as described above. 
Consistent with the findings in CXCR2–/– mice, CXCR2–/– mice 
reconstituted with BM from CXCR2–/– mice exhibited almost no 
LPS-induced transendothelial PMN migration and no PMNs in 
BAL (Figure 4B). When CXCR2+/+ mice were reconstituted with BM 
from CXCR2–/– mice, PMN migration into lung interstitium and 
alveolar airspace were reduced by approximately 50%, confirming 
that CXCR2 on hematopoietic cells was involved in PMN migra-
tion. Surprisingly, a very similar reduction was seen when CXCR2–/–  
mice were reconstituted with BM from CXCR2+/+ mice, suggesting 
a critical role for CXCR2 on nonhematopoietic cells. Intravascular 
PMN accumulation did not differ among the groups.

Endothelial CXCR2 expression. To investigate the expression of 
CXCR2  on  pulmonary  endothelial  cells,  RNA  was  extracted 
from isolated lung endothelial cells, and the amount of CXCR2 
mRNA was determined and normalized to GAPDH. Pulmonary 
endothelial cells expressed CXCR2 mRNA (Figure 5). CXCR2 mRNA 
was also detected in BAL from CXCR2+/+, but not CXCR2–/–, mice. 
In CXCR2+/+ mice reconstituted with BM from CXCR2–/– mice, low 
levels of CXCR2 mRNA were found, suggesting that most CXCR2 

Figure �
LPS inhalation caused a significant recruitment of PMN into the BAL. 
In CXCR2–/– mice, PMN recruitment was completely abolished. In mice 
heterozygous for the CXCR2 allele (CXCR2+/–), a reduction of ∼50% 
was observed. Data are mean ± SD of n = 6 mice in each group. Cyto-
spins of LPS-exposed BAL in CXCR2+/+ and CXCR2–/– mice are shown 
above the corresponding bars. *P < 0.05 versus CXCR2+/+; #P < 0.05 
versus no LPS.

Table �
Baseline cell counts

	 CXCR2+/+	 CXCR2–/–	 P
Leukocytes 5.5 ± 1.6 5.9 ± 1.4 0.72
PMNs 1.0 ± 0.2 3.7 ± 1.4 <0.05
Lymphocytes 4.3 ± 1.6 2.2 ± 0.4 <0.05
Monocytes 0.2 ± 0.1 0.4 ± 0.2 0.13
PMNs (%) 18.4 ± 4.1 58.5 ± 10.8 <0.05
Lymphocytes (%) 77.0 ± 6.0 35.2 ± 6.0 <0.05
Monocytes (%) 4.4 ± 2.3 7.3 ± 3.8 0.25

Baseline differential cell counts were performed in CXCR2+/+ and 
CXCR2–/– mice using an automatic analyzer. Data are mean ± SD  
of 4 samples.
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mRNA in BAL came from hematopoietic cells. Consistent with 
this interpretation, CXCR2–/– mice reconstituted with CXCR2+/+ BM 
showed almost normal CXCR2 expression in BAL cells.

Next, CXCR2 expression was  investigated by  immunohisto-
chemistry.  In CXCR2+/+ mice,  strong endothelial expression of 
CXCR2 protein was found in large and small pulmonary vessels as 
well as within alveolar septal walls (Figure 6A, arrow). Interestingly, 
a strong CXCR2 expression was also detected along the epithelial 
layer of larger airways (Figure 6C). In contrast, CXCR2–/– did not 
show any CXCR2 expression (Figure 6, B and D)

In lung homogenate, leukocytes (CD45+) and nonleukocytes 
(CD45–) were analyzed separately for their expression of CXCR2 
by flow cytometry (Figure 7B). Among CD45+ cells, only GR-1high 
PMNs expressed detectable CXCR2 (Figure 7C). The majority of 
endothelial cells (CD45–CD31+), but not all, exhibited CXCR2 
expression (Figure 7A). In addition, CXCR2 was also found on a 
sizeable population of CD45–CD31– cells, probably representing 
bronchial epithelial cells.

Pulmonary microvascular permeability.  In  addition  to  PMN 
infiltration, vascular leakage is most critical in ALI. We there-
fore tested the role of endothelial and leukocytic CXCR2 in the 
LPS-induced increase in microvascular permeability. In CXCR2+/+ 
mice, LPS inhalation caused a significant increase in Evans blue 
leakage  into the  lung (Figure 8). This  increase was absent  in 
CXCR2–/– mice as well as in CXCR2–/– mice after reconstitution 
with BM from CXCR2+/+ mice. In contrast, CXCR2+/+ mice recon-
stituted with BM from CXCR2–/– mice exhibited almost normal 
LPS-induced protein leakage, suggesting that endothelial CXCR2 
is critical for LPS-induced protein leakage in lung injury.

Cytoskeletal remodeling. To test whether endothelial CXCR2 acti-
vation induces cytoskeletal rearrangements of endothelial cells, 
we stained for F-actin in isolated pulmonary endothelial cells 
(Figure 9). Stimulation with CXCL1 induced a marked increase in  
F-actin–positive stress fibers as early as 5 minutes after activation. 
Stress fibers were most pronounced at cell-cell borders. This effect 
was dose dependent. After 120 minutes, most endothelial cells 

appeared in a polygonal, retracted shape. No effects were observed 
in untreated cells (data not shown). This confirms the potential of 
endothelial CXCR2 to mediate vascular permeability.

Discussion
In a murine model of ALI, we characterized the involvement of 
CXCR2 in the different migration steps of PMN and in vascular leak-
age. We found that CXCR2 is crucial for transendothelial and tran-
sepithelial migration of PMNs, but not for their accumulation in the 
pulmonary vasculature in response to aerosolized LPS. In addition 
to PMNs responding to a chemotactic gradient generated by CXCR2 
ligands at the site of inflammation, we identified what we believe to 
be a previously unrecognized role for endothelial CXCR2 in mediat-
ing endotoxin-induced PMN migration and protein leakage.

CXCR2 plays a major role in experimental ALI. CXCR2–/– mice 
were previously shown to be protected from hyperoxia-induced 
PMN infiltration, lung edema, and vascular protein leakage (18). 
In addition, CXCR2 expression in the lung was shown to increase 
with high-peak pressure ventilation, and mice were protected from 
ventilator-induced lung damages by using anti-CXCR2 strategies 
(21). It was previously determined that the beneficial effects of 
ventilation with lower tidal volumes observed in ARDS patients 
(24) might be attributed to preventing CXCR2-dependent leuko-
cyte recruitment. In both studies (18, 21), indicators of lung injury 
were restored almost to baseline.

In our study, CXCR2–/– mice were completely protected from 
endotoxin-induced PMN migration and vascular protein leakage. 
Based on previous studies, this was expected, but it is still remark-

Figure �
Flow cytometry of lung homogenate. (A) PMNs were identified by their 
typical appearance in the forward scatter (FSC) and side scatter (SSC) 
and their expression of CD45 and CD11b (data not shown). GR-1 was 
injected intravenously to distinguish between intravascular and extra-
vascular (i.e., interstitial after removal of BAL) PMNs. (B) In control ani-
mals (saline inhalation), 88% of PMNs were found intravascularly. (C) 
LPS caused transendothelial migration into the interstitium, as dem-
onstrated by the appearance of CD11+GR-1– PMNs. (D) In contrast, 
transendothelial migration was suppressed in CXCR2–/– mice.

Figure �
Chemotactic activity of LPS-exposed BAL from CXCR2+/+ mice and 
the 2 critical CXCR2 ligands, CXCL1 and CXCL2/3, was assessed in 
an in vitro transmigration assay. PMNs isolated from CXCR2+/+ mice 
showed significant migration toward LPS-exposed BAL, CXCL1, 
and CXCL2/3. PMNs from CXCR2–/– mice did not migrate toward the 
CXCR2 ligands, but still migrated toward LPS-exposed BAL from 
CXCR2–/– mice. Data are mean ± SD of 3 experiments. **P < 0.001 
versus negative control (medium only).
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able in that many other strategies, such as antiadhesive approach-
es, inhibit PMN migration into the lung only partially, if at all 
(25–27). To our knowledge, no model of lung injury has yet been 
demonstrated to be CXCR2 independent, confirming the pivotal 
role of this chemokine receptor.

Recently, a murine CXCR1-like receptor has been reported by 2 
independent groups (28, 29). This receptor has been confirmed by 
RT-PCR and Northern blot. However, in both studies, no receptor 
protein was detected. Activation with CXCL1, CXCL2/3, or CXCL8 
had no effect on CXCR1-expressing cells. Further investigations are 
needed to confirm the presence of this receptor as well as its biologi-
cal impact. Our studies as well as others’ (18, 21) showed that PMN 
migration was reduced almost to baseline in CXCR2–/– mice, sug-
gesting that the contribution of CXCR1 might not be important.

The current concept of PMN recruitment into the lung includes 
the production of chemoattractants, for instance the chemokines 
CXCL1 and CXCL2/3, by stimulated alveolar macrophages or 
other cells in the alveolar compartment (30). This is thought to 
generate a chemotactic gradient attracting CXCR2-expressing leu-
kocytes to the lung. Consistent with this idea, LPS-exposed BAL 
exhibited strong chemotactic activity. This was most pronounced 
when PMNs from CXCR2+/+ mice were allowed to migrate toward 
BAL from CXCR2+/+ mice. In an endothelial cell–free chemotaxis 
assay, PMNs from CXCR2–/– mice were able to migrate, although at 
a reduced rate, toward LPS-exposed BAL from CXCR2–/– mice. This 
implicates the presence of a CXCR2-independent chemotactic 
pathway. In a previous study, incubation of human PMNs with a 
CXCL8 receptor inhibitor was shown to reduce CXCL8-, but not 
fMLP-, PAF-, LTB4-, or C5a-induced chemotaxis (14, 31).

Our in vivo data show that CXCR2-independent PMN migra-
tion was negligible. However, PMN accumulation in the pulmo-
nary vasculature in vivo occurred even in the absence of CXCR2. 
This is in line with previous data showing that pertussis toxin, 

an inhibitor of Gαi-dependent signaling, blocked LPS-induced 
PMN migration but not accumulation in the lung vasculature 
(4). It has been suggested that endothelial-derived or exogenous 
chemokines can be deposited on endothelial cells to mediate leu-
kocyte arrest at inflammatory sites (32, 33). However, due to the 
unique architecture of the pulmonary microvasculature, chemo-
kines may not be required for arrest to a firmly adherent state 
(34). Our data support this concept, as PMN accumulation was 
not reduced in CXCR2–/– mice.

Surprisingly, PMN migration into the lung was suppressed when 
nonhematopoietic cells did not express CXCR2. Nonhematopoi-
etic CXCR2 had a significant impact on both transendothelial and 
transepithelial migration, implicating a crucial role for endothelial 
and epithelial CXCR2. Endothelial expression of CXCR2 has previ-
ously been demonstrated in different human tissues (15). Belperio 
et al. demonstrated that endothelial CXCR2 mediated chemokine-
induced angiogenesis in a model of lung cancer (16) and bron-
chiolitis obliterans syndrome (17). Anti-CXCR2 strategies were 
able to reduce injury in both models, but the role of endothelial 
and epithelial CXCR2 in PMN migration was unexpected. In our 
studies, CXCR2 was detected on two-thirds of all endothelial 

Figure 5
CXCR2 mRNA expression in pulmonary endothelial cells (PECs) and 
BAL. Isolated pulmonary endothelial cells exhibited readily detectable 
amounts of CXCR2 mRNA. BAL from CXCR2+/+ also showed CXCR2 
mRNA expression, but negligible CXCR2 mRNA was found in the BAL of 
CXCR2–/– mice. In CXCR2+/+ mice reconstituted with BM from CXCR2–/–  
mice, low levels of CXCR2 mRNA were detected, most likely derived 
from contamination with epithelial cells. CXCR2 mRNA expression was 
almost normal when CXCR2–/– mice were reconstituted with BM from 
CXCR2+/+ mice. CXCR2 mRNA levels were normalized to GAPDH and 
presented as mean ± SD of n = 3 samples.

Figure �
LPS-induced PMN migration into different lung compartments. (A) 
Complete reconstitution of hematopoietic cells after BMT was con-
firmed by RT-PCR (whole blood). Solid lines, positive (CXCR2+/+) and 
negative (CXCR2–/–) controls; lines with diamonds, CXCR2+/+ mice 
reconstituted with BM from CXCR2–/– mice. (B) When CXCR2+/+ mice 
were reconstituted with BM from CXCR2–/– mice, interstitial (gray bars) 
and BAL (white bars) PMN content was reduced by 40% and 50%, 
respectively. When CXCR2–/– mice were reconstituted with BM from 
CXCR2+/+ mice, the reduction was by 50% and 60%, respectively. 
LPS-induced accumulation of PMN in the pulmonary vasculature 
(black bars) did not differ among the groups. CXCR2+/+ mice recon-
stituted with BM from CXCR2+/+ and CXCR2–/– mice reconstituted with 
BM from CXCR2–/– served as positive and negative controls. Data are 
mean ± SD of n = 4 mice. *P < 0.05 versus positive control.
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cells (Figure 7A). Our present data did not allow us to identify 
the origin of CXCR2-expressing endothelial cells. As shown by 
immunohistochemistry, CXCR2 was detected on conduit vessels 
as well as within septal walls, where most capillaries reside. Our 
findings demonstrating that endothelial CXCR2 mediated PMN 
migration and vascular permeability are consistent with the pres-
ence of PMNs in capillaries, the most likely site of cell migration in 
the lung. However, this does not exclude PMN expression on endo-
thelium of larger vessels, which might or might not be involved in 
cell migration and permeability.

We have demonstrated that activation of CXCR2 on endothelial 
cells resulted in rapid actin polymerization and formation of stress 
fibers, ultimately leading to a retraction of these cells. This is con-
sistent with previous reports (35) and supports the potential of 
endothelial CXCR2 to mediate vascular permeability.

Interestingly, we also found strong expression of CXCR2 on epi-
thelial cells. This is consistent with previous findings (30) demon-
strating that type II pneumocytes in culture not only produce CXC 
chemokines but also their cognate receptor. Epithe-
lial CXCR2, in addition to endothelial CXCR2, may 
contribute to cell retraction promoting recruitment 
of inflammatory cells and the formation of edema.

Clinical implications. At present, the absence of a 
specific therapy for ALI/ARDS results in substantial 
mortality, which has been decreasing only moder-
ately over the past decades (36). In several studies, 
neutropenia has been shown to attenuate the extent 
of lung damage (2, 3), highlighting the pivotal role 
of PMN recruitment in the early development of the 
disease. The human CXCR2 (and CXCR1) ligand 
CXCL8  is produced  in  the BAL of patients with 
ARDS and largely accounts for its chemotactic activ-
ity (9). Moreover, CXCL8 levels in the BAL have been 
demonstrated to affect prognosis of ARDS. PMN 
recruitment to sites of inflammation is required to 
fight bacterial infections (37); thus an inhibition of 
PMN migration might have untoward consequences. 

However, previous reports impressively demonstrated that genetic 
deletion or complete inhibition of CXCR2 improved survival in 
murine models of sepsis (38, 39), suggesting an immunomodula-
tory rather than immunosuppressive role of inhibiting CXCR2.

Our study showed a partial inhibition of PMN recruitment in mice 
heterozygous for the CXCR2 allele, suggesting a potential benefit of 
a pharmaceutical receptor-blocker capable of partially inhibiting its 
target. Furthermore, in humans, a specific CXCR2 inhibitor might 
allow CXCL8 to still act through CXCR1, which might be particu-
larly important for chemokine-induced release of granule enzymes 
and superoxide generation (13). New types of specific CXCR2 inhib-
itors, including orally available reagents, are being developed (40, 
41). Our data suggest that CXCR2 on nonhematopoietic cells may 
be a novel therapeutical target to control lung injury.

Methods
Mice. CXCR2+/– mice (22) on the Balb/c background were purchased from 
The Jackson Laboratory. Interbreeding of CXCR2+/– mice yielded CXCR2–/–, 
CXCR2+/–, and CXCR2+/+ pups at the expected Mendelian ratio. Wild-type 
littermates (CXCR2+/+) served as control animals. PCR of tail biopsies was 
performed to determine the CXCR2 genotype as previously described (22). 
All animal experiments were approved by the Animal Care and Use Com-
mittee of the University of Virginia. Mice were 8–12 weeks of age.

Generation of chimeric mice. Chimeric mice were generated by transferring 
BM as described previously (42). Briefly, recipient mice were lethally irra-
diated in 2 doses of 600 rad each (separated by 4 hours). BM from donor 
mice was harvested from both femora and tibiae, and approximately 5 
million cells were injected intravenously into recipient mice. BMT was 
performed in 4 groups of mice: (a) BM from CXCR2–/– into CXCR2+/+ (chi-
meric, expressing CXCR2 on nonhematopoietic cells only); (b) BM from 
CXCR2+/+ into CXCR2–/– (chimeric, expressing CXCR2 on hematopoietic 
cells only); (c) BM from CXCR2–/– into CXCR2–/–; and (d) BM from CXCR2+/+ 
into CXCR2+/+. Mice in the latter 2 groups served as negative and positive 
controls for possible radiation effects. Chimeric mice were used for experi-
ments 6 weeks after BMT, and complete reconstitution of the transferred 
BM was confirmed by real-time RT-PCR (primers: forward, AGCAAA-
CACCTCTACTACCCTCTA; reverse, GGGCTGCATCAATTCAAATACCA; 
probe, ACCTAAACGGTGGCCCCTCGGGG).

Murine model of ALI. We used an endotoxin inhalation approach to induce 
pulmonary PMN migration (4). Up to 4 mice were exposed to aerosolized 
LPS in a custom-built cylindrical chamber (20 cm × 9 cm) connected to an 

Figure 6
CXCR2 protein expression shown by immunohistochemistry. (A) 
Lungs from CXCR2+/+ mice demonstrated CXCR2 expression among 
large vessels, small vessels (insert), and alveolar septal walls (arrow) 
and among the epithelial layer of large airways (C). No CXCR2 was 
detected in lungs from CXCR2–/– mice (B and D).

Figure 7
CXCR2 expression in lung homogenate. (B) Leukocytes (CD45+) and nonleukocytes 
(CD45–) were analyzed separately for their expression of CXCR2 (shown in C and 
A, respectively). (A) Among all CD45– cells, endothelial cells were identified by their 
expression of CD31. The majority of endothelial cells (∼67%) expressed CXCR2. 
In addition, CXCR2 was found in a large population of CD31– cells. (C) Among all 
leukocytes (CD45+), only PMNs (GR-1high) exhibited CXCR2 surface expression. 
Neither monocytes/macrophages (Mfs; GR-1intermediate) nor most lymphocytes (Lys; 
GR-1negative) showed detectable CXCR2 expression.



research article

6	 The	Journal	of	Clinical	Investigation      http://www.jci.org

air nebulizer (MicroAir; Omron Healthcare Inc.). The outlet of the cham-
ber was connected to a vacuum pump, and a constant flow rate of 15 ml/
min was ensured by a flow meter (Gilmont Instruments). LPS from Salmo-
nella enteritidis (Sigma-Aldrich) was dissolved in 0.9% saline (500 µg/ml), 
and mice were allowed to inhale LPS for 30 minutes. As previously shown 
by our laboratory, this results in a time-dependent PMN recruitment into 
all compartments of the lung with a peak between 12 and 24 hours (4). 
Control mice were exposed to saline aerosol.

Assessment of PMN trafficking in the lung. PMN recruitment into the 3 com-
partments of the lung (pulmonary vasculature, interstitium, and alveolar air-
space) was assessed 12 hours after LPS exposure. Mice were anesthetized with 
an intraperitoneal injection of ketamine (125 mg/kg; Sanofi Winthrop Phar-
maceuticals Inc.), xylazine (12.5 mg/kg; Phoenix Scientific Inc.) and atropine 
sulfate (0.025 mg/kg; Fujisawa). To determine PMN counts in the alveolar 
airspace, the ribcage was opened through a midline incision, and the trachea 
was cannulated (22 GA Insyte; BD) and 5 × 1 ml of cold PBS was infused 
and withdrawn. BAL fluid was centrifuged for 5 minutes at 300 g. The pellet 
was resuspended in 1 ml PBS with 1% BSA and 0.1% sodium azide, and a  
10-µl aliquot was used to count cells in a hemocytometer (Reichert Inc.). Cell 
viability was determined by Trypan Blue (Sigma-Aldrich) exclusion.

Percentage fraction of PMNs in BAL was determined by flow cytometry 
(FACSCalibur; BD). PMNs were identified by their typical appearance in the 
forward/side scatter and their expression of CD45 (clone 30-F11), CD11b 
(clone M1/70), and GR-1 (clone RB6-8C5). Appropriate isotype controls 
(rat IgG2b) were used to compensate for nonspecific antibody binding. All 
antibodies were purchased from BD Biosciences — Pharmingen except the 
anti-mouse GR-1 antibody, which was purified from supernatant of the 
GR-1 hybridoma (ATCC) by the biomolecular facility of the University of 
Virginia and fluorescently labeled with an F(ab)-based staining kit follow-
ing the manufacturer’s directions (Alexa Fluor 633; Invitrogen Corp.).

In order to track PMNs in the different lung compartments, we recently 
developed a flow cytometry–based method (4). Five minutes prior to eutha-
nasia, Alexa 633–labeled GR-1 to murine PMNs was injected intravenously. 
We have previously shown that this results in a complete labeling of all 
intravascular, but not interstitial or alveolar, PMNs (4). After 5 minutes, 
mice were euthanized, and nonadherent PMN were removed from the 
pulmonary vasculature by flushing 10 ml of PBS at 25 cm H2O through 
the spontaneously beating right ventricle after cutting the inferior vena 
cava to allow exsanguination. BAL was performed as described above to 

retrieve alveolar PMNs. Then lungs were removed, minced, and digested 
with 125 U/ml collagenase type XI, 60 U/ml hyaluronidase type I-s, and 
60 U/ml DNase1 (all from Sigma-Aldrich) at 37°C for 30 minutes. Addi-
tion of excess unlabeled anti–GR-1 prevented possible binding of the 
injected antibody to extravascular PMNs. A cell suspension was made 
by passing the digested lungs through a 70-µm cell strainer (BD Biosci-
ences — Falcon). Erythrocytes were lysed, and remaining leukocytes were 
resuspended and counted. PMNs were then identified as described above, 
except that the expression of GR-1 was used to distinguish intravascular 
(CD45+CD11b+GR-1+)  from interstitial  (CD45+CD11b+GR-1–) PMNs, 
which were not reached by the injected antibody. To confirm the purity of 
PMNs within the different populations as defined by flow cytometry, we 
sorted both CD45+CD11b+GR-1+ and CD45+CD11b+GR-1– cells within the 
appropriate forward/side scatter gate (FACSVantage; BD) and character-
ized them morphologically by cytospin (Diff-Quick staining; IMEB Inc.).

Expression of CXCR2 in PMNs and pulmonary endothelial cells in the 
lung homogenate was determined by flow cytometry. Anti-CD31 (clone 
MEC 13.3; BD Biosciences — Pharmingen) was used to identify endothelial 
cells (CD31+CD45–). CXCR2 expression was determined with a monoclo-
nal rat anti-mouse CXCR2 antibody (R&D Systems). Appropriate isotypes 
were used to set the FACS gates.

PMN chemotaxis assay. Altered chemotactic activity  in the BAL from 
CXCR2–/– mice might affect PMN migration into the lung. To test this 
hypothesis, we performed an in vitro chemotaxis assay. BM from CXCR2+/+ 
and CXCR2–/– mice was harvested as described above, and PMNs were 
purified from a 3-layer Percoll gradient (78%, 66%, and 54%) (43). Isolated 
PMNs were labeled with calcein AM (5 µM; Invitrogen Corp.) and washed 
twice. A 96-well chemotaxis system (ChemoTx, 3-µm filter pore size; Neuro 
Probe Inc.) was loaded with triplicates of undiluted BAL from CXCR2+/+ or 
CXCR2–/– mice (3 hours after LPS exposure), recombinant CXCL1 (250 ng/
ml; PeproTech), or recombinant CXCL2/3 (250 ng/ml; PeproTech). This 
chemokine concentration was found to be optimal for PMN chemotaxis 
within a tested range of 10–1,000 ng/ml (data not shown). PMN suspen-
sion (25 µl, 3.0 × 106/ml) was placed on top of the filter above each well, 
and the chamber was incubated for 1 hour at 37°C and 5% CO2 (44). After 
incubation, nonmigrated cells were removed from the top of the filter, and 
fluorescence in the wells (excitation, 485 nm; emission, 530 nm) was mea-
sured with a multiwell fluorescence plate reader. Values were corrected for 
baseline fluorescence (medium only).

Isolation of pulmonary endothelial cells. Pulmonary endothelial cells were 
isolated using a positive immunomagnetic selection (modified from ref. 
6). Lungs were removed, minced, and digested in 0.2% collagenase (Sigma-
Aldrich). A single-cell suspension was prepared by passing the digested 
lungs through a 70-µm cell strainer (BD Biosciences — Falcon), and cells 
were incubated with biotinylated anti-CD31 (Mec 13.3) at 4°C for 1 hour. 
Cells were then washed, and magnetic antibiotin nanoparticles (EasySep 
Biotin Selection Kit; StemCell Technologies) were added. After 60 minutes 
of incubation, unlabeled cells were poured off. Endothelial cells were cul-
tured in gelatin-coated flasks until confluent and used for real-time PCR.

CXCR2 real-time PCR.  Real-time  RT-PCR  was  performed  on  samples 
from CXCR2+/+ and CXCR2–/– mice to confirm complete reconstitution in 
mice undergoing BMT and assess CXCR2 mRNA expression in pulmonary 
endothelial cells. RT-PCR primers and Taqman probes were designed using 
Beacon Designer V4.0 software (PREMIER Biosoft International). Total 
RNA was isolated using RNeasy Mini-Kit (QIAGEN) with DNase treatment 
(RNase-Free DNase Kit; QIAGEN). Reverse transcription was performed 
using Omniscript RT Kit (QIAGEN) and oligo-dT primers. The primers were 
tested for specificity by standard PCR using cDNA made from both CXCR2+/+ 
and CXCR2–/– mRNA. This confirmed that wild-type samples produced the 
correct sized band, while no band was present in the knockout samples. 

Figure 8
Pulmonary microvascular permeability was assessed in CXCR2+/+, 
CXCR2–/–, and chimeric mice. In CXCR2–/– mice and in CXCR2–/– mice 
reconstituted with BM from CXCR2+/+ mice, LPS-induced protein leakage 
was significantly reduced compared with CXCR2+/+ mice. In contrast, no 
protection was observed in CXCR2+/+ mice reconstituted with BM from 
CXCR2–/–. *P < 0.05 versus CXCR2+/+ mice. Data are mean ± SD of  
n = 4 mice.
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Reaction conditions were optimized, and cDNA samples were multiplexed 
with GAPDH and CXCR2 primers on an iCycler iQ Real-Time Detection 
System (Bio-Rad). Values were determined using iCycler iQ Real-Time Detec-
tion System software (version 3.0a; Bio-Rad) and normalized to GAPDH. 
The  primers  for  CXCR2  were  as  follows:  forward,  AGCAAACACCTC-
TACTACCCTCTA; reverse, GGGCTGCATCAATTCAAATACCA; probe, 
ACCTAAACGGTGGCCCCTCGGGG. The primers for GAPDH were as fol-
lows: forward, GGCTCATGACCACAGTCCAT; reverse, GCCTGCTTCAC-
CACCTTCT; probe, CCTGGAGAAACCTGCCAAGTATGATGAC.

Immunohistochemistry. CXCR2+/+ and CXCR2–/– mice were euthanized, and 
the pulmonary circulation was perfused free of blood with 10 ml PBS (pH 7.4, 
4°C) at 20 cmH2O via the spontaneously beating right ventricle. The trachea 

was cannulated, and the lung was inflated with 4% paraformaldehyde (PFA) 
for 10 minutes at 25 cmH2O. The lungs were subsequently removed and fixed 
in PFA for 24 hours. Paraffin-embedded sections (5 µm) were stained for 
CXCR2 using the avidin-biotin technique (Vector Laboratories) as previously 
described (45). Briefly, deparaffinized and rehydrated sections were incubated 
with avidin, 10% rabbit serum, and 0.5% fish skin gelatin oil for 1 hour to 
block nonspecific binding. After washing with PBS, rat anti-mouse CXCR2 
was added (1 µg/ml) and incubated overnight. Sections were then washed and 
incubated with 5 µg/ml biotinylated rabbit anti-rat IgG (Vector Laboratories) 
for 1 hour, followed by avidin-biotin-peroxidase complexes (Vectastain Elite 
ABC kit; Vector Laboratories), washed with PBS, incubated with diaminoben-
zidine (DAB kit; Vector Laboratories) and counterstained with hematoxylin.

Pulmonary microvascular permeability. We determined pulmonary microvascu-
lar permeability in CXCR2+/+, CXCR2–/–, and chimeric mice using the Evans blue 
dye extravasation technique (46). Evans blue (20 mg/kg; Sigma-Aldrich) was 
injected intravenously 30 minutes 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 
(47). The absorption of Evans blue was measured at 620 nm and corrected for 
the presence of heme pigments: A620 (corrected) = A620 – (1.426 × A740 + 0.030) 
(48). Extravasated Evans blue was determined in the different animal groups 
6 hours after LPS or saline inhalation and calculated against a standard curve 
(micrograms Evans blue dye per gram lung).

Cytoskeletal remodeling. To demonstrate  that pulmonary endothelial 
cells are capable of responding to CXCR2-mediated activation, we inves-
tigated the distribution of F-actin as described previously (35, 49). Briefly, 
endothelial cells were allowed to adhere on gelatin-coated glass cover-
slips overnight (medium with 10% FBS). Cells were then serum-starved 
for 6 hours and treated with 10 or 100 ng/ml of recombinant CXCL1 
(Peprotech). Untreated cells served as control. At different times, cells 
were washed, fixed (4% PFA), permeabilized (0.1% Triton X-100, Sigma-
Aldrich), and stained with FITC-phalloidin (Invitrogen Corp.). Coverslips 
were mounted on glass slides, and microscopy was performed on a Nikon 
Diaphot inverted fluorescence microscope.

Cytospins of BAL. Cytospins of BAL from CXCR2+/+ and CXCR2–/– mice 
harvested 12 hours after LPS exposure were prepared using a cytocentri-
fuge (Thermo Shandon). Cytospun cells were stained (Diff-Quick staining; 
IMEB Inc.), air dried, and coverslipped.

Blood counts. To reveal possible differences among the different groups of 
mice, baseline differential blood counts were performed (Hemavet 850 FS; 
CDC Technologies Inc.).

Statistics. Statistical analysis was performed with JMP Statistical Software 
(version 5.1; SAS Institute Inc.). Differences between the groups were evalu-
ated by 1-way ANOVA followed by a post-hoc Tukey test. Data were pre-
sented as mean ± SD, and P ≤ 0.05 was considered statistically significant.
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Figure 9
Endothelial cell response to CXCR2 activation was investigated by 
F-actin localization. Isolated pulmonary endothelial cells were treated 
with 10 or 100 ng/ml of recombinant CXCL1, and F-actin was localized 
by phalloidin staining. CXCL1 induced an increase in F-actin formation 
over time. Stress fibers appeared rapidly and were most pronounced 
at cell-cell borders. After 120 minutes, most endothelial cells appeared 
in a polygonal, retracted shape. Images are representative of 3 experi-
ments with similar results.
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