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Stimulation by the ephrin-A1 ligand of the EphA2 receptor increases
endothelial permeability. Lung injury increases the expression of
EphA2, but the role of EphA2 in such injury is not well understood. To
determinewhether EphA2 contributes to changes in permeability and
inflammation in the injured lung, we studied wild-type (WT) and
EphA2 knockout (KO) mice, using isolated, perfused lung (IPL) prep-
arationsandamodelofbleomycin-inducedlunginjury.Wealsostudied
the response of endothelial cells to ephrin-A1. In the IPL preparations,
ephrin-A1 increased the filtration coefficient in WT mice, but not in
EphA2 KOmice, demonstrating that EphA2 regulates vascular perme-
ability. In early bleomycin injury in WT mice, the expression of both
EphA2 and ephrin-A1 increased. EphA2 KO animals were protected
from lung injury, showing less water and alveolar protein in the lungs
thanWTmice,consistentwithreducedpermeability.Bleomycincaused
less accumulation of lung leukocytes in EphA2 KO animals than inWT
animals, suggesting that EphA2 regulates inflammation. Todetermine
whether EphA2deficiencyalters theproductionof chemokines,CXCL1
and CCL2 in the lungs were measured. After bleomycin injury, EphA2
KO animals produced less CXCL1 and CCL2 thanWT animals. Because
NF-kbmediates theproductionofchemokines, theeffectoftheephrin-
A1 ligandon theactivationofNF-kb and theexpressionof chemokines
wasmeasured inendothelial cells. Ephrin-a1significantly increasedNF-
kb nuclear translocation and the expression of chemokinemRNA. This
study demonstrates that the expression of EphA2 increases in the in-
jured lung, and not only contributes to changes in permeability, but
also plays a previously unrecognized role in promoting inflammatory
responses.
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The ephrins are a large family of receptor tyrosine kinases and
ligands with demonstrated importance in both neural and vascu-
lar development. Ephrin ligands and Eph receptors are both cell-
surface molecules, and as such, are primarily described to
mediate cell–cell interactions, leading to either repulsive or
attractive cell contacts and the regulation of behaviors such as
axonal pathfinding in the central nervous system. Although less
is known about the role of ephrins in the vasculature, some
members of the family have been implicated in postnatal angio-
genesis. In particular, the EphA2 receptor and its cognate li-
gand ephrin-A1 were shown to contribute to migration and tube
formation in lung endothelial cells (1–3).

Responses that promote cell migration and repulsive cell con-
tacts are generally associated with a loss of cell–cell junctions,
and might be expected to increase vascular permeability. We
previously demonstrated that stimulation by the ephrin-A1

ligand leads both in vitro and in vivo to increases in lung endo-
thelial permeability (4). These effects are associated with evi-
dence of a breakdown of both adherens and tight junctions in
endothelial cells. In addition, we recently presented data dem-
onstrating that the expression of EphA2 and ephrin-A1 is in-
creased in the setting of lung injury caused by viral infection
combined with hypoxia, and that the antagonism of EphA2
signaling ameliorates the vascular leak seen in that model (5).

Acute lung injury is a clinical syndrome characterized not
only by increased vascular and epithelial permeability, but also
by a marked pulmonary inflammatory response. Data regarding
the role of ephrins in inflammatory responses is limited and con-
flicting, although our previous findings led us to question whether
EphA2 and ephrin-A1 also contribute to this aspect of lung in-
jury. To answer these questions and better define the role of
EphA2 in lung injury, we used a murine model of lung injury
caused by the intratracheal instillation of bleomycin. This model
of injury has similarities to human acute lung injury, in that it
involves an early stage characterized by increased permeability
and the formation of edema, with a later transition into a fibro-
proliferative condition (6, 7). Focusing on early-stage bleomycin
injury, we found that the expression of EphA2 and its ligand
ephrin-A1 are increased in the injured lung, and that the loss of
EphA2 confers protection from both the permeability and the
inflammatory changes associated with bleomycin injury.

MATERIALS AND METHODS

Experimental Animals

Wild-type and EphA2-knockout mice were purchased from Jackson
Laboratories (Bar Harbor, ME), and were bred in the vivarium of
the University of Colorado at Denver. Bleomycin (4 U/kg) or sterile
saline alone was administered into the lungs via the vocal cords, under
direct vision. Tissue was collected 4 days after instillation. For bron-
choalveolar lavage fluid (BALF) studies, lungs were lavaged via the tra-
chea with iced saline in three 1-ml aliquots. The BALF was briefly
centrifuged, and the cell pellet was used for cytospins and cell counts.

All animals were allowed free access to food and water, and were
subjected to a similar day and night light cycle. The Institutional Animal
Care and Use Committee of the University of Colorado at Denver ap-
proved all procedures and animal use.

Isolated, Perfused Murine Lung Model

The ex vivo, in situ isolation of murine lungs was performed as previ-
ously described (8). Immediately after lung isolation and perfusion,
baseline pulmonary vascular resistance (PVR) was calculated. In the
appropriate groups, ephrin-A1 was then added to the perfusate at
a final concentration of 2 mg/ml. Measurements of PVR were repeated
at 30 minutes and 60 minutes of perfusion and ventilation. At 60
minutes, experimental perfusion and ventilation ended, and the filtra-
tion coefficient (Kf) was calculated as previously described (8). Kf
values are reported as ml/minute/mm Hg/100 g uninjured lung weight.

Western Blotting, Immunohistochemistry, and ELISAs

The antibodies used here included rabbit EphA2 and rabbit ephrin-A1
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit ephrin-A1 (Zymed,
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Camarillo, CA), murine a-tubulin (Labvision), murine b-actin (Sigma
Chemical Co., St. Louis, MO), and rabbit p65 NF-kb (Labvision,
Fremont, CA). Lung homogenates were studied by standard Western
blotting techniques. For the Western blotting of BALF, 300 ml of fluid
were concentrated in a spin column with a 10-kilodalton (kD) molec-
ular weight cutoff membrane (Centricon 10; Millipore, Billerica, MA),
and the entire concentrated sample was loaded onto a gel.

For histologic studies, lungs were inflation-fixed with 4% parafor-
maldehyde for 24 hours before paraffin-embedding and sectioning.
For ELISA-based array measurements of chemokines (ELISArray;
SABiosciences, Frederick, MD), aliquots of individual lung homoge-
nates (n ¼ 4 per group) were pooled to make the sample for each
group. Measurements of keratinocyte chemoattractant (KC)/CXCL1
and monocyte chemoattractant protein 1 (MCP1)/CCL2 were per-
formed on individual lung homogenates, using single-analyte ELISA
kits (SABiosciences), according to the manufacturer’s directions.

Cell Culture

Human umbilical-vein endothelial cells were purchased from Lonza
(Walkersville, MD), and propagated according to the supplier’s
instructions. For immunofluorescence studies of p65, cells were fixed
with 2% paraformaldehyde and permeabilized with 0.1% Triton-X
before antibody incubation.

Real-Time PCR

For mRNA studies, the expression of mRNAwas analyzed by real-time
RT-PCR. Preliminary gradient optimization experiments (data not
shown) for each primer set determined the ideal annealing temperature.
Results were normalized to the expression of b-actin mRNA for each
sample, and the relative expression was calculated as ddCt.

Statistical Analysis

Statistical analysis was performed using Prism 4.0 (GraphPad Software,
Durham, NC). Multiple-group comparisons were performed using one-
way ANOVA with Tukey post hoc testing. Two-group comparisons
were performed using an unpaired Student t test. Differences were
considered significant at P , 0.05. Results are expressed as means 6
SEM, unless otherwise noted.

RESULTS

Ligand Stimulation of EphA2 Increases Murine Lung

Vascular Permeability

We previously reported that the injection of ephrin-A1 ligand
increases albumin leak into the lungs in intact rats, and that
EphA2 antagonism ameliorates vascular leak in hypoxic,
virus-infected rats (4, 5). To verify that ephrin-A1 and EphA2
also regulate vascular permeability in the murine lung vascula-
ture, we used an isolated, perfused murine lung preparation to
measure the Kf. As shown in Figure 1A, in wild-type animals,

perfusion of the lungs with perfusate containing 2 mg/ml ephrin-
A1 led to a dramatic increase in Kf, compared with lungs per-
fused with buffer alone (P , 0.01), demonstrating that ephrin-
A1 increases vascular permeability in the murine lung. To de-
termine whether EphA2 was the receptor responsible for the
changes in permeability induced by ephrin-A1 in the murine
lung, we repeated these experiments in EphA2 knockout mice.
As shown in Figure 1A, the Kf did not differ between buffer-
perfused wild-type and EphA2-knockout mice, suggesting that
baseline vascular permeability is not altered in EphA2-deficient
animals. In contrast to the wild-type mice, the addition of
ephrin-A1 to the perfusate exerted no effect on Kf in EphA2-
knockout animals, demonstrating that EphA2 is responsible for
the effects of ephrin-A1 on vascular permeability in the murine
lung. Baseline PVR was slightly higher in the EphA2-knockout
animals than in the wild-type mice, but ephrin-A1 exerted no
significant effect on PVR in either genotype (Figure 1B). These
results demonstrate that in the murine lung vasculature, ephrin-
A1 increases endothelial permeability without changing the he-
modynamic forces favoring the formation of edema.

Bleomycin Lung Injury Increases the Expression of Lung

EphA2 and Ephrin-A1

The early stages of lung injury caused by an intratracheal instilla-
tion of bleomycin are characterized by increased permeability and
lung edema, as well as inflammation (6, 7). To determine whether
the expression of EphA2 in the lung increases during early-stage,
bleomycin-induced lung injury, wild-type mice underwent an
intratracheal instillation of bleomycin or saline control. Lung
tissue and lung lavage fluid were collected 4 days later. As mea-
sured by Western blotting, the expression of EphA2 protein in
lung tissue was markedly increased in bleomycin-injured animals
(Figure 2). Immunostaining paraformaldehyde-fixed lung tissue
from saline-instilled animals demonstrated moderate EphA2
staining in the airway epithelium and alveolar macrophages, as
well as weak staining in some alveolar septal corners. In contrast,
bleomycin-injured mice demonstrated marked increases in
EphA2 staining, most notably in edematous and inflamed alveo-
lar septae, as well as in alveolar macrophages.

The principal ligand for EphA2 in the lung is ephrin-A1 (4).
We measured the expression of ephrin-A1 in lung homogenates
from control and bleomycin-injured animals, and as shown in
Figure 3, concentrations of ephrin-A1 protein in lung tissue
increased significantly with bleomycin injury. Ephrin-A1 has
been described in both membrane-bound and soluble forms.
To determine whether ephrin-A1 is released into the alveolar
space during lung injury, we looked for ephrin-A1 protein in
BALF from control and bleomycin-injured animals. A predom-
inant 50-kD band was identified in the lavage fluid, using two

Figure 1. (A) Ephrin-A1 increases lung vascular permeabil-
ity in wild-type but not in EphA2-deficient animals, as

measured by the filtration coefficient (Kf) in isolated, per-

fused murine lungs. *P , 0.01 versus all other groups; n ¼
4–5 animals per group. (B) Pulmonary vascular resistance

(PVR) does not significantly change with ephrin-A1 perfu-

sion in isolated, perfused murine lungs. wt/s, wild-type,

buffer-perfused; wt/EFNA1, wild-type, ephrin-A1–perfused;
KO/s, EphA2-knockout, buffer-perfused; KO/EFNA1, EphA2-

knockout, ephrin-A1–perfused.
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different ephrin-A1–reactive antibodies (Figure 3C). Although
this ephrin-A1 band was barely detectable in lavage fluid from
control animals, markedly increased amounts of ephrin-A1
were evident in the lavage fluid of bleomycin animals. Because
the molecular weight of ephrin-A1 is expected to be 25 kD, an
additional experiment was performed to verify the identity of
this 50-kD band. Preincubation of the detection antibody with
ephrin-A1/Fc protein resulted in the loss of the 50-kD band
(Figure 3D), suggesting that this band represents a higher mo-
lecular weight form of ephrin-A1, perhaps a dimer. These re-
sults suggest that in the bleomycin-injured lung, concentrations
of ephrin-A1 protein are increased not only in the tissue, but
also in the alveolar space.

EphA2 Deficiency Reduces Bleomycin Lung Injury

After finding that bleomycin injury is associated with the in-
creased expression of EphA2 in the lung, we sought to
determine whether EphA2 contributes to the edema and inflam-
mation in those animals by comparing the responses to bleomy-
cin in wild-type and EphA2-deficient mice. EphA2-deficient
mice displayed no overt differences from wild-type animals in
lung architecture, and in saline-instilled animals, wild-type mice
and EphA2-deficient mice were similar in lung wet-to-dry

weight ratio and concentrations of lung lavage fluid total protein
(Figure 4).

As shown in Figure 4, bleomycin injury in wild-type animals
caused lung injury and the formation of edema, as demonstrated
by a significant increase in lung water and concentrations of total
protein in lung lavage fluid. As expected, bleomycin lung injury in
wild-type animals was also characterized by a pronounced neu-
trophil influx into the lung, demonstrated both by lavage fluid cell
counts and by lung myeloperoxidase content. In contrast, EphA2-
deficient mice were largely protected from bleomycin lung injury.
The lung wet-to-dry weight ratio did not increase in EphA2–
deficient, bleomycin-injured animals, and those animals demon-
strated a significantly smaller increase in concentrations of lung
lavage fluid protein than did wild-type animals. The bleomycin-
induced neutrophil influx was also markedly reduced in the
EphA2-deficient animals, as evidenced by a lack of significant
increase in lung myeloperoxidase content, in lung lavage fluid
total cell count, and in lung lavage fluid neutrophil count. These
findings suggest not only that EphA2 is involved in permeability
responses to injury in the lung, but also that EphA2 modulates
the recruitment of inflammatory cell to the injured lung.

Alterations in the recruitment of inflammatory cells to the
injured lung may be attributable to the altered production of

Figure 2. The expression of EphA2 in the

lung increases after bleomycin injury, as

shown by representative Western blots
(A) and densitometry (B). *P , 0.01;

n ¼ 4 per group. (C) Immunohistochem-

istry shows increased EphA2 protein

(brown) in bleomycin-injured lung tissue.
wt/s, wild-type, saline-instilled; wt/bleo,

wild-type, bleomycin-instilled. Scale bar ¼
50 mm.

Figure 3. The expression of ephrin-A1 in the lung increases

after bleomycin injury, as shown by representative Western

blots of lung homogenates (A) and densitometry (B). *P ,
0.01; n ¼ 4 per group. (C) Ephrin-A1 immunoreactivity

also increases in bronchoalveolar lavage fluid (BALF) from

bleomycin-injured animals. This 50-kilodalton band dis-

appears when the primary antibody is preincubated with
ephrin-A1 (D), suggesting that it represents a soluble form

of ephrin-A1 in BALF. pre-inc, preincubated; wt/s, wild-type,

saline-instilled; wt/bleo, wild-type, bleomycin-instilled.
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chemokines. To investigate this possibility, we first used anELISA-
based array to screen for qualitative changes in the expression of
lung chemokines. As shown in Figure 5, these results suggested
that in wild-type mice but not in EphA2-deficient mice, bleomycin
injury was associatedwith substantially increased concentrations of
MCP-1/CCL2, KC/CXCL1, and thymus and activation-regulated
chemokine (TARC)/CCL17 in the lungs. Smaller changes in a sim-
ilar pattern were evident in concentrations of stromal cell–derived
factor-1, MIG, eotaxin, and macrophage-derived chemokine
(MDC)/CCL22, whereas concentrations of RANTES, MIP1a,
MIP1b, IP10, and 6C-kine did not appear to change. To determine
in a quantitative fashion whether the loss of EphA2 prevents the
bleomycin-induced expression of chemokines, we used specific
single-analyte ELISAs to measure lung concentrations of KC/
CXCL1, a key neutrophil chemoattractant, and of MCP1/CCL2,
a key monocyte chemoattractant. As shown in Figure 5, concen-
trations of KC/CXCL1 in the lungs increased substantially in
bleomycin-injured, wild-type animals, but showed little change
in EphA2-knockout animals. Similarly, concentrations of MCP1/
CCL2 in lung tissue increased significantly with bleomycin injury
in wild-type animals, but not in EphA2-knockout animals. These
results suggest that EphA2 contributes to the inflammatory re-
sponse in acute lung injury, at least in part, by modulating the
production of important chemokines.

Ephrin-A1 Increases Concentrations of Endothelial

Nuclear NF-kb

Endothelial cells are a potential source of chemokine production
in the injured lung, and EphA2 is the principal EphA receptor
expressed by endothelial cells. The production of many

chemokines, including MCP-1/CCL2 and KC/CXCL1, is regu-
lated by the transcription factor NF-kb, which is viewed as a mas-
ter transcriptional regulator of inflammation. To determine
whether stimulation by ephrin-A1 directly causes the activation
of NF-kb, we used cultured human endothelial cells and assessed
nuclear accumulations of the p65 subunit of NF-kb by immuno-
fluorescent staining after stimulation with ephrin-A1. As shown
in Figure 6A, stimulation with ephrin-A1 caused a visible in-
crease in concentrations of nuclear p65 protein within 30 minutes.
We confirmed this finding in separate experiments with Western
blots of nuclear extracts isolated from endothelial cells after stim-
ulation with ephrin-A1. As shown in Figure 6B, stimulation with
ephrin-A1 led to significant increases in nuclear concentrations of
p65 after 30–60 minutes (P , 0.001). These results suggest that
the stimulation of endothelial cells by the ephrin-A1 ligand con-
tributes to inflammation, at least in part, by triggering the acti-
vation of NF-kb.

Given these results, we wondered whether the loss of EphA2
altered the response of NF-kb to injury in the intact animal. To
answer this question, the expression of p65 protein in lung tissue
was measured in saline and bleomycin-instilled wild-type and
EphA2-deficient animals. As shown in Figure 6C, p65 was pres-
ent in uninjured, EphA2-deficient animals in similar quantities
as in uninjured, wild-type lung tissue and bleomycin injury led
to a marked increase in lung p65 in wild-type animals, but very
little change in EphA2-deficient animals.

To determine whether stimulation by ephrin-A1 increases the
production of chemokines by endothelial cells, we treated cul-
tured human endothelial cells with ephrin-A1 and measured
the transcription of mRNAs for the chemokines MCP1/CCL2,
CXCL1, and CXCL8, and for the adhesion molecules ICAM1

Figure 4. Bleomycin lung injury is reduced in EphA2-deficient animals, as demonstrated by (A) decreased lung wet-to-dry weight ratio (*P , 0.01,
versus all other groups, n ¼ 6 per group); (B) decreased BALF protein content (*P , 0.001, versus all other groups, **P , 0.05, versus wt/s and KO/s

groups, n ¼ 6 per group); (C) decreased BALF total cell count (*P , 0.01, versus all other groups, n ¼ 6 per group); (D) decreased BALF neutrophil

counts (*P , 0.05, versus all other groups, n ¼ 6 per group); and (E) decreased lung myeloperoxidase (MPO) content (*P , 0.001, versus all other

groups, n ¼ 4 per group). wt/s, wild-type, saline-instilled; wt/bleo, wild-type, bleomycin-instilled; KO/s, EphA2-knockout, saline-instilled; KO/bleo,
EphA2-knockout, bleomycin-instilled.
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and VCAM1, using real-time PCR. As shown in Figure 7, stim-
ulation with ephrin-A1 led to modest but statistically significant
increases in expression of endothelial-cell MCP1/CCL2 and KC/
CXCL1 mRNA. Ephrin-A1 also caused a smaller but statisti-
cally significant increase in the expression of ICAM1 mRNA
(1.45 6 0.13–fold, P ¼ 0.04), but did not significantly alter
CXCL8 or VCAM1 transcription. To verify that EphA2 is
required for the stimulation of chemokine production by
ephrin-A1, endothelial cells were treated with noncoding con-
trol short interfering RNA (siRNA) or EphA2-specific siRNA,
followed 48 hours later by stimulation with ephrin-A1 and mea-
surement via PCR of chemokine mRNA expression. As shown
in Figure 7, ephrin-A1 caused significant increases in the expres-
sion of CXCL1 and CCL2 mRNA in cells treated with control
siRNA, but not in cells treated with EphA2 siRNA.

DISCUSSION

These studies demonstrate that EphA2 contributes to the path-
ophysiology of experimental acute lung injury. The expression in
lung tissue of both the EphA2 receptor and its principal ligand,
ephrin-A1, is increased during the early stages of bleomycin-
induced lung injury. More importantly, EphA2-deficient animals
are protected from such injury.Mechanistically, acute lung injury
is associated with changes in both vascular permeability and the
recruitment of inflammatory cells and generation of chemokines.
EphA2-deficient animals appear to be protected from both the

permeability and the inflammatory changes associated with this
experimental injury. These findings extend previous work that
described a role for EphA2 in the regulation of pulmonary
vascular permeability, and they constitute one of the first dem-
onstrations of a role for EphA2 in the regulation of inflammatory
responses to tissue injury.

The role of EphA2 in the postnatal lung remains poorly un-
derstood. We previously reported that the stimulation of EphA
receptors in the pulmonary vasculature with the exogenous sol-
uble ephrin-A1 ligand leads to increases in albumin extravasa-
tion into the lung (4). Although EphA2 is the most highly
expressed EphA receptor in lung endothelial cells, the effect
of ephrin-A1 on lung vascular permeability had not been shown
definitively to require EphA2. Using the isolated, perfused lung
approach in the present study, we confirmed that an infusion of
ephrin-A1 ligand into the pulmonary vasculature increases vas-
cular permeability, as measured by the filtration coefficient
(Kf). In addition, the permeability response to ephrin-A1 was
lost in EphA2-knockout mice, demonstrating that EphA2 trans-
duces the permeability-increasing effect of ephrin-A1 in the
pulmonary circulation. These results are consistent with our
previously published work, and extend those findings to a second
species. This effect of the ligand stimulation of EphA2 on vas-
cular permeability suggests the hypothesis that changes in the
expression of EphA2 could contribute to pathologic situations
associated with increased vascular permeability, such as acute
lung injury and sepsis.

Figure 5. The expression of
chemokines during lung injury

is reduced in EphA2-deficient

animals. (A) ELISA-based array

shows qualitative differences in
the expression of chemokines

in lung tissue. These results

were validated with specific

ELISA measurements (B, KC/
CXCL1; C, MCP1/CCL2), again

showing reduced of chemo-

kines in response to bleomycin
injury in EphA2-deficient ani-

mals compared with wild-type

animals. *P , 0.05, versus all

other groups; n ¼ 6 per group.
wt/s, wild-type, saline-instilled;

wt/bleo, wild-type, bleomycin-

instilled; KO/s, EphA2-knockout,

saline-instilled; KO/bleo, EphA2-
knockout, bleomycin-instilled.
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Acute lung injury is a common and severe clinical problem in
both adults and children. The acute lung injury caused by an in-
stillation of bleomycin into the airways comprises a model that
recapitulates several key features of human acute lung injury,most
importantly an early edematous phase characterized by increased
permeability and neutrophilic inflammatory cell influx (7, 9). As
a result of these parallels with human lung injury, we studied the
role of EphA2 in the early stages of bleomycin injury. Our results
showed a clear and substantial increase in the expression of
EphA2 in the distal lung of wild-type mice after bleomycin injury,
localized to the alveolar septae and alveolar macrophages. These
findings are consistent with previous results showing an increased
expression of lung EphA2 after other insults, such as injections of
LPS or exposure to hypoxia after a viral respiratory infection (5,
10). Of even greater interest, the response of EphA2-deficient
animals to bleomycin injury suggests that EphA2 is not only
increased in the injured lung, but that it also plays an important
role in the development of such injury. Compared with wild-type
mice, EphA2 -deficient mice accumulated less lung water and
displayed less protein leak into the airspaces after bleomycin
injury. These findings provide additional evidence that EphA2
contributes to the disruption of the alveolar–capillary barrier
seen in acute lung injury, and are consistent with both our iso-
lated, perfused lung experiments and our previous work describ-
ing the pro-permeability effects of the ligand stimulation of
EphA2 in the lung endothelium. Although these data, as well
as those in previous studies, clearly show that EphA2 is expressed
in lung endothelial cells, it is noteworthy that EphA2 is also
expressed in numerous other cell types that contribute to acute
lung injury, including inflammatory cells and alveolar
epithelial cells (11). Whether EphA2 also modulates lung epithe-
lial permeability is not known, but such an effect is plausible,
given that the activation of EphA2 was shown to disrupt adhe-
rens junctions in other epithelia (12–14).

The influx of inflammatory cells to the lung is a key element of
acute lung injury, both in human patients and in our bleomycin
model. We were intrigued to find that EphA2-deficient animals
accumulated far fewer inflammatory cells and, in particular, neu-
trophils in their lungs in response to injury than did wild-type
animals, suggesting that EphA2 contributes not just to changes

in permeability but also to inflammatory responses. Chemokines
are known as key mediators of leukocyte recruitment to the
injured lung, and the altered elaboration of chemokines in
EphA2-deficient animals provided a possible explanation for
our findings. Indeed, concentrations in lung tissue of important
neutrophil (KC/CXCL1) and monocyte (MCP1/CCL2) chemoat-
tractants were markedly lower in EphA2-deficient mice after in-
jury than in control animals. These results suggest a previously
unrecognized contribution of ephrin signaling to the generation
of chemokines and recruitment of leukocytes in the lung, in ad-
dition to effects on endothelial permeability. Whether EphA2
also contributes to the transmigration and retention of recruited
leukocytes is not certain, although reduced permeability in
EphA2-deficient vessels might also be expected to impede the
transmigration of leukocytes. Mechanistically, the production
of chemokines is generally regulated by the activation of proin-
flammatory transcription factors. The finding that the ligand stim-
ulation by ephrin-A1 of endothelial cells triggers the activation of
the prototypical proinflammatory transcription factor NF-kb as
well as the mRNA expression of CXCL1, CCL2, and ICAM1 is
consistent with our observations on the expression of chemo-
kines in intact animals. These results suggest that ligand stimu-
lation of EphA2 has the capacity to regulate inflammatory
responses transcriptionally. Whether other cell types respond
similarly, and whether other transcription factors in addition to
NF-kb are activated by ephrin-A1, remain to be determined. Of
further interest was a trend (that did not reach statistical signif-
icance) toward reduced macrophage numbers in the lavage fluid
from uninjured EphA2-knockout animals compared with unin-
jured control animals. This observation, if borne out in future
studies, could suggest that EphA2 also regulates leukocyte traf-
ficking in the normal lung as well as in the setting of lung injury.

The mechanism by which EphA2 is activated in the injured
lung remains uncertain.As already discussed, one likely possibility
involves ligand stimulation. Ephrin-A1 is the principal ligand for
EphA2, and it is known to be expressed by endothelial cells,
epithelial cells, and some leukocytes (15–17). The expression of
ephrin-A1 is also known to be induced by some cytokines, con-
sistent with a possible role in inflammation (2, 15). In support of
this idea, we found increased concentrations of ephrin-A1 ligand

Figure 6. The stimulation by ephrin-A1 of endo-

thelial cells causes the activation of NF-kb. (A)

Immunofluorescent staining for p65 NF-kb after
stimulation with ephrin-A1 (2 mg/ml) for

30 minutes, compared with unstimulated cells

(red, p65 NF-kb; blue, 4’,6-diamidino-2-phenyl-

indole nuclear counterstain). (B) Quantification
of p65 NF-kb protein concentrations in nuclear

extracts of ephrin-A1–stimulated endothelial

cells. *P , 0.05, versus unstimulated control

sample, n ¼ 5. (C) p65 NF-kb protein in lung
tissue increases with bleomycin injury in wild-

type mice, but not in EphA2-knockout mice, as

shown by Western blot (top) and densitometric
analysis (bottom). *P , 0.01, versus all other

groups; n ¼ 4 per group. min, minutes; wt/s,

wild-type, saline-instilled; wt/bleo, wild-type,

bleomycin-instilled; KO/s, EphA2-knockout, sa-
line-instilled; KO/bleo, EphA2-knockout, bleo-

mycin-instilled.
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protein in the injured lungs. Whereas ephrin-A1 principally
exists as a membrane-anchored protein, soluble forms (both
monomeric and multimeric) have also been described (18–20).
Our results suggest that such forms of ephrin-A1 are released
into the alveolar space in the setting of lung injury. These results
are most consistent with the idea that the increased expres-
sion of both ephrin-A1 ligand and the EphA2 receptor in
the injured lung leads to the increased ligand-mediated
activation of EphA2 in that setting. Alternatively, both the
ligand-independent effects of EphA2 overexpression and the
transactivation of EphA2 by non–ephrin ligands have also
been described (including thrombin, another mediator known
to be released in large amounts in the injured lung) (21, 22).
Whether EphA2 acts via these additional mechanisms in the
setting of lung injury will require further study. Given the
demonstrated role of ephrins in the nervous system as key
regulators of cell–cell contacts and cell–cell signaling, ephrin
ligands and receptors seem likely to play a similar role in the
lung, and to regulate responses to tissue injury via their role
in cell-to-cell communication.

In conclusion, we demonstrate that EphA2 regulates perme-
ability and inflammation in the injured lung, and that EphA2
thus contributes to the pathophysiology of acute lung injury.
The mechanisms by which EphA2 regulates lung inflammation
and leak and the possible role of EphA2 as a therapeutic target in
the injured lung deserve further investigation.
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