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Both Eph receptors and ephrin ligands have been
implicated in blood vessel and neuronal develop-
ment. Recent studies suggested that EphA2 inhibition
reduces tumor angiogenesis, but its role in blood
vessel development and inflammation is unclear. We
examined these issues using either airways of patho-
gen-free, EphA2-deficient mice at various ages or
EphA2-deficient mice whose airways were inflamed
by either Mycoplasma pulmonis infection or ovalbu-
min sensitization and challenge. EphA2-deficient
mice had fewer capillaries, a greater number of en-
dothelial sprouts, and greater capillary diameters
than age-matched, wild-type control mice. Moreover,
capillaries in EphA2-deficient mice had significantly
less pericyte coverage, suggesting abnormal interac-
tions between endothelial cells and pericytes. These
differences were apparent in early postnatal life but
decreased during progression into adulthood. In in-
flamed airways, significantly more angiogenesis and
lymphangiogenesis, a greater number of infiltrating
leukocytes, and higher expression levels of inflamma-
tory cytokine mRNA were present in EphA2-deficient
mice after M. pulmonis infection. Additionally, in aller-
gic airway inflammation with ovalbumin sensitization
and challenge, a greater number of lymphatic sprouts
and infiltrating leukocytes, higher mRNA expression
levels of TH2 cytokines and chemokines related to
allergic airway inflammation, and enhanced airway
hyper-responsiveness were present in EphA2-deficient
mice. We conclude that defective pericyte coverage causes
capillary defects, abundant endothelial sprouts, and thick
capillary diameters in EphA2-deficient mice, indicating
that these animals have exaggerated responses to airway
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inflammation. (4m J Patbol 2009, 174:2388-2399; DOI:
10.2353/ajpath.2009.080949)

Formation of blood vessel networks is regulated by coor-
dinated attractive and repulsive guidance cues. Among
guidance cues, Eph receptors with Ephrin ligands are
recognized as one of the major cues."” The A and B
families of Eph receptors and ephrin ligands are the two
families that are known. Within each family of Eph recep-
tors, one ligand can bind to multiple receptors and, con-
versely, one receptor can bind to multiple ligands.®° In
addition, Eph/ephrin signaling is bidirectional, such that
signal transduction pathways can be activated by ephrin
ligands on binding to the receptor.2 Among the B family,
targeted disruption of EphB4 and ephrinB2 in mice
showed that these molecules are essential for angiogenic
remodeling and embryonic survival.'®"" Among the Eph
A family, endothelial cells in tumors express EphA2.8:12

For blood vessel development, the association of en-
dothelial cells with mural cells—pericytes and smooth
muscle cells—is important for forming stable, functional,
and organized blood vessels.'® Defective association of
endothelial cells with pericytes enhances formation of
new endothelial sprouts,’® and association of endothelial
cells with pericytes controls capillary diameter.'* Recent
studies have suggested a critical role of Ephrin-Eph in-
teractions in mural cells. EphrinB2 is expressed on mural
cells and plays essential roles in vivo.”'*'%' Among A
families, EphA2 and EphA4 are expressed on smooth
muscle cells of blood vessels.'” 8
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In addition to the expression by endothelial cells in
tumors, many tumor cells themselves express EphA2'°
and inhibition of EphA2 reduced tumor growth rate and
tumor angiogenesis.??°22 However, little is known about
the role of EphA2 in other angiogenic processes such as
inflammation. Up-regulation of EphA2 mRNA expression
was reported in the liver and lung during inflammation
induced by systemic administration of lipopolysaccha-
ride in rats.?® Although the role of EphA2 in airway inflam-
mation is unknown, EphA2 has been shown to be ex-
pressed in endothelial, epithelial, and dendritic cells, but not
on lymphocytes, monocytes, and granulocytes.?® One
method of inducing airway inflammation is to infect mice
with Mycoplasma pulmonis, which caused leukocyte influx,
angiogenesis, blood vessel remodeling, lymphangiogen-
esis, mucosal edema, epithelial changes, and fibrosis typ-
ical of chronic airway inflammation.?4-2°

Asthma is also considered an inflammatory disorder of
the airways and characterized by airway hyper-respon-
siveness, inflammatory infiltrates, and reversible airway
obstruction.®" The airway inflammation in asthma con-
sists mainly of eosinophils, mast cells, and CD4~ lym-
phocytes, the latter of which are believed to play a central
role in the pathogenesis of bronchial asthma by produc-
ing a number of key Th2 cytokines, which include inter-
leukin (IL)-4, IL-5, and IL-13, that induce many of the
features of the pathophysiology of the disease.®*3* IL-4
plays an important role in B cell class switch and has a
unique role in the differentiation of naive T helper precur-
sor cells to the Th2 subset of cells.®® IL-5 is essential for
eosinophil mobilization and differentiation, whereas IL-13
is required for the induction of mucus production and
airway hyper-responsiveness.®*>®” In addition to these
cytokines, chemokines such as eotaxin-1 and eotaxin-2
are involved in recruitment of eosinophils and T cells to
the inflammatory site.®*®*° Blood vessel remodeling in
airways has been suggested to be involved in asthma“®®
but little is known about specifically how it is involved in
asthma.*"*2 Moreover, even less is known about involve-
ment of airway lymphangiogenesis in asthma. A com-
monly used mouse model of allergic asthma is where
animals are immunized with ovalbumin (OVA) and later
exposed to inhaled OVA, this induces an influx of Th2
lymphocytes, eosinophils, and the development of airway
hyper-responsiveness.*?

The mouse trachea has a discrete and segmented
network of blood vessels aligned with the framework of
cartilage rings. This characteristic allows clear observa-
tion and quantification of blood vessel changes such as
in inflammation and development.?®44

Accordingly, the present study sought to determine the
distribution of immunoreactivity for EphA2 on airway
blood vessels, the effect of EphA2 deficiency on neonatal
blood vessel development from early neonatal life to
adulthood, and the response to inflammation. Our ap-
proach was first to use immunohistochemistry to deter-
mine the distribution of immunoreactivity for EphA2 and
its ligands in tracheas isolated from 2- to 25-week-old
control wild-type and EphA2-deficient mice to compare
the development of the tracheal blood vessels during the
neonatal ages. Our study revealed defective capillary
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development and pericyte association with endothelial
cells in EphA2-deficient mice. We used two models of
airway inflammation induced by M. pulmonis infection or
by sensitization and inhalation of allergen (ovalbumin).
EphA2-deficient mice revealed an exaggerated response
to both types of airway inflammation.

Materials and Methods
Mice

EphA2-deficient mice (strain 006028, Jackson Laborato-
ries, Bar Harbor, ME) were a mixture of 129xC57BL/6 (strain
B6129F2/J) background, backcrossed with C57BL/6 ge-
netic background for two generations. These mice were
originally described.*®> B6129F2/J mice (strain 101045,
Jackson Laboratories) were used as control mice. Spe-
cific pathogen-free mice were housed under barrier con-
ditions. Before being subjected to experimental proce-
dures, mice were anesthetized by intramuscular injection
of ketamine (83 mg/kg) and xylazine (13 mg/kg). All
experimental procedures were approved by the Institu-
tional Animal Care and Use Committees of the University
of California, San Francisco, or MedImmune, Inc.

M. pulmonis Infection

Mice at 10 weeks of age were inoculated intranasally on
day 0 with 50 ul of broth containing 3.3 X 10° colony-
forming units of M. pulmonis organisms (strain CT7) as
described previously.?® Mice were anesthetized before
inoculation and then allowed to recover. At 14 days after
M. pulmonis infection, mice were anesthetized again for
further studies. Body weights of the mice were measured
daily, and relative body weights were shown in percent-
ages by setting the body weights on day 0 as 100%.

Immunohistochemistry

Mice were perfused for 2 minutes with fixative (1% para-
formaldehyde in phosphate-buffered saline; PBS, pH 7.4)
from a cannula inserted through the left ventricle into the
aorta.?® Tracheas were removed and immersed in fixative
for 1 hour. Tissues were washed and stained immunohis-
tochemically by incubating whole mounts with one or
more primary antibodies diluted in PBS containing 0.3%
Triton X-100, 0.2% bovine serum albumin, 5% normal
goat serum, and 0.1% sodium azide, as described pre-
viously.?® The following antibodies were used at indi-
cated concentrations: lymphatics: lymphatic vessel en-
dothelial hyaluronan receptor 1 (LYVE-1), 1:500 (rabbit
polyclonal 07-538; Upstate Biotechnology, Billerica, MA or
AngioBio, Del Mar, CA); CD31, 1:500 (hamster anti-mouse
PECAM-1, clone 2H8; Thermo Scientific, Waltham, MA);
pericytes: desmin, 1:2000 (rabbit polyclonal 8592; Ab-
cam, Cambridge, MA); EphA2, 1:500 (goat polyclonal
AF639; R&D Systems, Minneapolis, MN). Secondary an-
tibodies were labeled with fluorescein isothiocyanate,
cyanine 3 (Cy3), or Cy5, 1:500 (Jackson ImmunoRe-
search Laboratories Inc., West Grove, PA). Specimens
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were viewed with a fluorescence microscope (Axiophot;
Carl Zeiss Microlmaging, Inc.) with a 3-CCD low light
RGB video camera (CoolCam, SciMeasure Analytical
Systems, Atlanta, GA) or a confocal microscope (LSM-
510; Carl Zeiss Microlmaging, Inc.) using AIM confocal
software (version 3.2.2).

The specificity of the EphA2 antibody (catalog number
AF639, R&D Systems) has been documented. In direct
enzyme-linked immunosorbent assay and Western
blots, this antibody shows less than 1% cross-reactivity
with rhEphA1, rmEphA3, rmEphA4, rmEphA6, rmEphA7,
rmEphA8, and rrEphA5 R&D Systems product circular
(anti-mouse EphA2 antibody, R&D Systems). In addition,
the use of the EphA2 antibody AF639 has been docu-
mented in DMBA/TPA-induced skin tumors.*®

Induction of Airway Inflammation by Ovalbumin

Mice were immunized with 10 ug of ovalbumin (OVA)
(Sigma, St. Louis, MO) in alum (1 mg of aluminum hy-
droxide gel, Sigma) in 0.2 ml of sterile saline intraperito-
neally on days 0 and 10. Sham-immunized mice received
the same amount of saline in alum. Since induction of
airway lymphangiogenesis required longer term OVA
challenge, we performed two terms of OVA challenge.
For airway hyper-responsiveness, cell counts in bron-
choalveolar lavage fluid, and quantitative reverse tran-
scription-polymerase chain reaction (RT-PCR) experi-
ments, mice were exposed to aerosolized OVA (5%, 30
minutes) or saline (sham) on days 17 to 22. Airway hyper-
responsiveness and airway inflammation were deter-
mined 24 hours later (day 23). For tracheal whole-mount
staining, mice were intranasally inoculated with OVA as
previously shown with some modifications.®® Mice were
anesthetized and intranasally inoculated with 50 ul of
OVA (0.667 mg/ml) in saline or saline alone (sham) on
days 17 to 22, 24, 26, 28, 31, and 33. Tracheas were
isolated 24 hours later (day 34).

Assessment of Airway Hyper-Responsiveness

Airway hyper-responsiveness was determined using a
modified version of previously described methods.*’
Briefly, mice were anesthetized with pentobarbital sodium
and connected to a small animal ventilator (FlexiVent, Scireq,
Montreal, Canada). Next baseline recordings of all param-
eters were obtained. The mice were then challenged with
an aerosol of PBS and recordings of all parameters were
made every 10 seconds for 3 minutes, alternating be-
tween signals (Snapshot and Quick-Prime, the latter mea-
surements being made by interrupting the ventilation for
a 1-second passive expiration followed by 2-second
broadband (1-19.625 Hz) volume perturbation). Finally,
two more deep lung inflations were given and the above
protocol repeated three more times with aerosols con-
taining methacholine (Sigma) at sequentially increasing
concentrations of 3.125, 12.5, and 50 mg/ml.

Morphometric Measurements

For morphometric measurements, the trachea was im-
aged using a Zeiss Axiophot fluorescence microscope
equipped with a CoolCam fluorescence camera. Mea-
surements were performed using digitizing software in-
terfaced to the microscope and CoolCam camera. The
number of capillaries per millimeter was measured by
counting fluorescent images of CD31-positive blood ves-
sels that crossed the center of cartilage rings.** Capillary
diameters were assessed by measuring CD31-positive
blood vessels at the center of cartilage rings.** Number
of endothelial sprouts was measured by counting CD31-
positive endothelial sprouts, defined as any thin, tapered
CD31-positive projections. These CD31-positive vessel
measurements were performed by observing 10 cartilage
rings per trachea, each 0.2 mm? in area. The number of
lymphatic sprouts was measured viewing real-time fluo-
rescent images of tracheal whole mount, we counted
lymphatic sprouts, defined as tapered LYVE-1 positive
projections visible at a screen magnification of x180, in 5
regions per trachea, each 1.5 mm? in area.?® Pericyte
coverage was counted by measuring the length of cap-
illaries covered by desmin-positive pericytes. Pericyte
coverage percentage represents the length of capillaries
covered by desmin-positive pericytes divided by the total
length of capillaries. Pericyte coverage measurements
were performed by observing five cartilage rings per
trachea.*® Pericyte cell bodies were identified as bulbous
regions of desmin-positive cells closely associated with
capillaries. Pericyte number was expressed as cell bod-
ies per millimeter of length of CD31-positive capillary.*®
Area densities (percentage of total tissue area) of LYVE-
1-positive lymphatic vessels and CD31-positive blood
vessels viewed in real-time fluorescent images of tra-
cheal whole mounts were measured by stereological
point counting of 10 regions per trachea, each 1.7 mm?in
area.®®

Quantitative RT-PCR

Mice were anesthetized and briefly perfused via the aorta
with sterile PBS. The lungs were removed and stored in
RNAlater reagent, homogenized, and total RNA was ex-
tracted using RNAeasy Plus mini kit (Qiagen, Hilden,
Germany). cDNA was synthesized using Sprint Power
Script Double Preprimed 96 kit (Clontech, Mountain View,
CA). Gene expression was measured by TagMan real-
time PCR (Applied Biosystems, Foster City, CA) following
the manufacturer’'s protocols. The probe sets were ob-
tained from Applied Biosystems as TagMan gene expres-
sion assays. TagMan reactions contained either the ref-
erence gene GAPDH or the genes of interest (Applied
Biosystems).

Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed as previ-
ously shown with some modifications.®° Briefly, the tra-
chea was cannulated, and the airway lumen was washed



The American Journal of Pathology

© American Society

www.am

Advance Copy posted online ahead of print publication. Visit http://ajp.amjpathol.org for the most recent, definitive version of this article.

Aibty

fas

Figure 1. Distribution of EphA2 in tracheal microvasculature; confocal mi-
croscopic images of tracheal whole mounts. A and B: Tracheal whole mounts
stained for endothelial cell marker CD31 (green) and EphA2 (red) immuno-
reactivity. Lymphatics are weakly immunoreactive with CD31. A single
arrow indicates blood vessels, double arrow indicates lymphatics, and an
arrowhead indicates nerves. Scale bar = 20 um.

with 0.6 ml of PBS three times to collect BAL fluid. The
cells in BAL were spun onto glass slides and stained with
Diff-Quik stain set (Dade Behring AG, Dudingen, Switzer-
land), and 300 cells were identified according to morpho-
logical criteria. The number of lymphocytes, neutrophils,
and eosinophils therein was determined by multiplying
the proportion of each leukocyte by the total number of
cells counted by a cell counter.

Statistical Analysis

Values are presented as means = SEM with four or five
mice per group unless otherwise indicated. The signifi-
cance of differences between means was assessed by
analysis of variance followed by the Dunn-Bonferroni test
for multiple comparisons with P values <0.05 considered
significant.

Results

Distribution of EphA2 in Normal Tracheal
Microvasculature

Blood vessels were identified by the immunoreactivity to
endothelial cell marker CD31, and lymphatics were iden-
tified by a weaker immunoreactivity to CD31 than blood
vessels and by their morphology. Airway blood vessels,
lymphatics, and nerves were EphA2 immunoreactive in
the trachea (Figure 1, A and B). Airway epithelium was
also EphA2 immunoreactive (data not shown).

Number of Capillaries and Endothelial Sprouts

in Wild-Type and EphA2-Deficient Mouse
Airways

Since EphA2 was immunoreactive on blood vessels and
lymphatics, tracheal whole mounts isolated from 6-week-

old wild-type and EphA2-deficient mice were stained for
CD31 and a lymphatic marker LYVE-1 immunoreactivity
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(Figure 2, A and B). In wild-type mice, crossing capillar-
ies in the mucosa overlying the cartilage rings were abun-
dant and endothelial sprouts were few (Figure 2A). How-
ever, in the EphA2-deficient mice, crossing capillaries were
few and endothelial sprouts were abundant (Figure 2B).
LYVE-1 immunoreactive lymphatics were restricted to the
mucosa between cartilage rings in both wild-type and
EphA2-deficient mice (Figure 2, A and B). Next, we sought
to determine when the capillary characteristics were
formed in EphA2-deficient mice by staining tracheal
whole mounts from various ages of mice (from 2 to 25
weeks) for CD31 immunoreactivity. In 4-, 8-, and 25-
week-old wild-type mice, crossing capillaries were abun-
dant and endothelial sprouts were few (Figure 2, C, E, G).
In 4-week-old EphA2-deficient mice, crossing capillaries
were few and endothelial sprouts were abundant (Figure
2D). In 8-week-old EphA2-deficient mice, crossing cap-
illaries were few and a few endothelial sprouts were
present (Figure 2F). In 25-week-old EphA2-deficient
mice, crossing capillaries were abundant and only a few
endothelial sprouts were present (Figure 2H). When we
measured the number of crossing capillaries at the cen-
ter of cartilage rings, EphA2-deficient mice had signifi-
cantly fewer number of capillaries than wild-type mice
from 2 to 8 weeks old, which was 64% and 23% fewer in
2-week-old and 8-week-old EphA2-deficient mice, re-
spectively (Figure 21). The difference was not significant
in 10- and 25-week-old mice (Figure 2I). The number of
endothelial sprouts was significantly greater in EphA2-
deficient mice than in wild-type mice at all ages, which
was 206% greater in 2-week-old EphA2-deficient mice
(Figure 2J). However, the number of sprouts decreased
toward adulthood in EphA2-deficient mice (Figure 2J).

Pericyte Association with Capillaries and
Capillary Diameters in Wild-Type and
EphA2-Deficient Mice

Since the defective association of pericytes with endo-
thelial cells enhances the formation of new endothelial
sprouts, tracheal whole mounts were stained for CD31
and pericyte marker desmin immunoreactivity. In 4-week-
old wild-type mice, most capillaries were covered with
pericytes, whereas in EphA2-deficient mice, many capil-
laries were not covered (Figure 3, A and B). We next
analyzed the association of endothelial cells and peri-
cytes at various ages. In 6-week-old and 8-week-old
wild-type mice, most capillaries were covered with peri-
cytes, whereas in EphA2-deficient mice, some capillaries
were not covered with pericytes (Figure 3, C-F). In 25-
week-old wild-type mice, most capillaries were covered
with pericytes, whereas in EphA2-deficient mice, a few
capillaries were not covered with pericytes (Figure 3, G
and H). When we measured pericyte coverage on capil-
laries, EphA2-deficient mice had significantly less peri-
cyte coverage than wild-type mice from 2 to 25 weeks
old, which was 20% and 5% less in 2- and 25-week-old
EphA2-deficient mice, respectively (Figure 3I). However,
the number of pericyte bodies was not significantly dif-
ferent between age matched wild-type and EphA2-defi-
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Figure 2. Number of capillaries and endothelial sprouts in wild-type and EphA2-deficient mouse airways. A—H: Confocal microscopic images of tracheal whole
mounts. Arrows indicate endothelial sprouts. A and B: Tracheas isolated from 6-week-old wild-type (A) and EphA2-deficient (B) mice stained for CD31 (green)
and LYVE-1 (red, lymphatics) immunoreactivity. C-H: Tracheas stained for CD31 (green) immunoreactivity isolated from 4-week-old wild-type (C) and
EphA2-deficient (D) mice, 8-week-old wild-type (E) and EphA2-deficient (F) mice, and 25-week-old wild-type (G) and EphA2-deficient (H) mice. I: The number
of crossing capillaries in mucosa overlying cartilage rings. J: The number of endothelial sprouts in mucosa overlying cartilage rings. Values are presented as
means * SEM; 7 = 5-8 mice per group; *P < 0.05 versus wild-type. EphA2—/—, EphA2-deficient mice. Scale bar in H applies to all panels: 130 wm in A and
B; 100 um in C-H.
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Figure 3. Pericyte association with capillaries and capillary diameters. A-H: Confocal microscopic images of tracheal whole mounts stained for CD31 (green) and
desmin (red, pericytes) immunoreactivity isolated from 4-week-old wild-type (A) and EphA2-deficient (B) mice, 6-week-old wild-type (C) and EphA2-deficient
(D) mice, 8-week-old wild-type (E) and EphA2-deficient (F) mice, 25-week-old wild-type (G) and EphA2-deficient (H) mice. Arrows indicate capillaries without
pericyte coverage. I-K: Pericyte coverage on capillaries (ID, the numbers of pericyte bodies per mm capillary length (J), and capillary diameter (K) in 2-
to 25-week-old wild-type and EphA2-deficient mice. Values are presented as means = SEM; n = 5-8 mice per group; *P < 0.05 versus wild-type. Scale
bar = 50 um.
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or M. pulmonis infected wild-type and EphA2-deficient mice. Values are presented as means = SEM; 7 = 5-10 mice per group; *P < 0.05 versus wild-type mice.
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cient mice (Figure 3J). Since capillaries in 4-, 6-, and
8-week-old EphA2-deficient mice had thick diameters
(Figure 3, A-F) and pericytes control capillary diameter,
diameter of capillaries at the center of cartilage rings was
measured (Figure 3K). EphA2-deficient mice had signif-
icantly greater capillary diameter than wild-type mice
from 2 to 10 weeks old, which was 32% and 12% greater
in 2- and 10-week-old EphA2-deficient mice, respec-
tively. However, at 25 weeks old, the difference was not
significant (Figure 3K).

Response to Airway Inflammation Induced by
M. pulmonis Infection

Since the responses of EphA2-deficient mice to airway
inflammation and inflammation-induced blood vessel re-
modeling and lymphangiogenesis are unknown, we in-
duced airway inflammation by infecting mice with M.
pulmonis for 14 days. While all of the wild-type mice
survived during the 14 days of infection, EphA2-deficient
mice began to die at day 2, and their survival rate was
40% at day 14 (Figure 4A). After 14 days of infection,
tracheal whole mounts were stained for CD31 and
LYVE-1 immunoreactivity to determine the extent of blood
vessel remodeling and lymphangiogenesis typically seen
in M. pulmonis-infected airways (Figure 4, B-E). In wild-
type mice, the blood vessels were not so enlarged and
had a simple network (Figure 4B). In EphA2-deficient
mice, blood vessels were abundant, enlarged, and had a
complex network (Figure 4D). Lymphatics in the mucosa
overlying cartilage rings elongating from the collecting
lymphatics in intercartilaginous regions were rare in wild-
type mice, but these lymphatics were abundant in
EphA2-deficient mice (Figure 4, C and E). To quantify
these differences in the trachea, we measured CD31-
positive blood vessel area density (Figure 4F) and LYVE-
1-positive lymphatic area density (Figure 4G). The area
densities of CD31-positive blood vessels or LYVE-1 pos-
itive lymphatics were not significantly different between
pathogen-free wild-type and EphA2-deficient mice (Fig-
ure 4, F and G). In M. pulmonis-infected mice, the area
density of CD31-positive blood vessels and LYVE-1-pos-
itive lymphatics was significantly greater by 61% and
174%, respectively, in EphA2-deficient mice than in wild-
type mice (Figure 4, F and G). After 14 days of infection,
EphA2-deficient mice lost significantly more body weight
than wild-type mice. Setting the body weights on day 0 as
100%, 14 days after infection, mean body weight was
90% in EphA2-deficient mice and 103% in wild-type
mice, P < 0.05 (data not shown).

Infiltrating Leukocytes and Inflammatory
Cytokine mRNA Levels in Infected Airways

To assess the severity of inflammation, the number of
infiltrating leukocytes in BAL was counted and mRNA
expression levels of inflammatory cytokines in the airways
were quantified by quantitative RT-PCR after 14 days of
M. pulmonis infection. The number of total infiltrating cells,
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Figure 5. Infiltrating leukocytes and inflammatory cytokine mRNA levels in
infected airways. Pathogen-free or 14-day M. pulmonis-infected wild-type
and EphA2-deficient mice were sacrificed. A—C: The numbers of total cells
(A), lymphocytes (B), and neutrophils (C) that infiltrated into bronchoalveo-
lar lavage were counted. D-H: mRNA expression levels of inflammatory
cytokines, tumor necrosis factor (D), IL-1a (E), IL-13 (F), IL-6 (G), and KC
(HD in trachea were measured by quantitative RT-PCR. Values are presented
as means = SEM; 7 = 5-8 mice per group; *P < 0.05 versus wild-type. —/—,
EphA2-deficient mice.

lymphocytes, and neutrophils in BAL was 13.9, 7.8, and
47.6 times greater, respectively, in infected EphA2-defi-
cient mice than in infected wild-type mice, P < 0.05
(Figure 5, A-C). As for inflammatory cytokines, mRNA
expression levels of tumor necrosis factor, IL-1«, IL-18,
IL-6, and KC was 33.3, 3.8, 3.2, 3.2, and 7.9 times
greater, respectively, in infected EphA2-deficient mice
than in infected wild-type mice, P < 0.05 (Figure 5, D-H).

Lymphatics in Airways of Ovalbumin-Challenged
Mice

As EphA2-deficient mice displayed exaggerated re-
sponse to airway inflammation induced by M. pulmonis
infection, we assessed response of EphA2-deficient mice
to another type of inflammation by inducing allergic air-
way inflammation. Mice were sensitized with OVA in alum
(OVA-sensitized) or sham-treated (alum alone) and then
exposed to OVA (OVA-challenged) or saline (sham-
treated), respectively. One day after the last OVA chal-
lenge, mice were sacrificed, and tracheal whole mounts
were isolated and stained for CD31 and LYVE-1 immu-
noreactivity to determine the extent of blood vessel re-
modeling and lymphangiogenesis. In OVA-challenged
wild-type and EphA2-deficient mice, the diameters of
capillaries were similar to those in sham-treated mice and
the blood vessel network was simple in all groups (Figure
6, A-D). As for lymphatics, in OVA-challenged wild-type
and EphA2-deficient mice, some collecting lymphatic in
intercartilaginous regions had initial lymphatics in the
mucosa overlying cartilage rings, but other collecting
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Figure 6. Lymphatics in airways in OVA-challenged mice. A=F: Confocal microscopic images of tracheal whole mounts stained for CD31 (green) and LYVE-1 (red)
immunoreactivity isolated from sham-treated wild-type (A) and EphA2-deficient (B) mice, or OVA-challenged wild-type (C) and EphA2-deficient (D) mice 24
hours after last sham treatment or OVA challenge. Arrows indicate lymphatics in the mucosa overlying cartilage rings (C and D). E and F: High-magnification
images of lymphatics in mucosa overlying cartilage rings in OVA-challenged wild-type (E) or EphA2-deficient (F) mice. Arrowheads indicate lymphatic sprouts.
G: The number of lymphatic sprouts in sham-treated or OVA-challenged wild-type and EphA2-deficient mice. Values are presented as means = SEM; n = 5 mice
per group; *P < 0.05 versus sham-treated mice; P < 0.05 versus OVA-challenged wild-type mice. Scale bar in F applies to all panels: 200 wm in A-D; 12 um in
E and F.
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lymphatic did not, whereas in sham-treated wild-type and
EphA2-deficient mice, collecting lymphatic in intercarti-
laginous regions did not have initial lymphatics in mucosa
overlying cartilage rings (Figure 6, A-D). Initial lymphat-
ics in wild-type mice had few lymphatic sprouts in addi-
tion to the tip of the lymphatics, whereas those in EphA2-
deficient mice had several lymphatic sprouts (Figure 6, E
and F). When we measured the number of lymphatic
sprouts, OVA-challenged wild-type and EphA2-deficient
mice had significantly greater numbers of lymphatic
sprouts than sham-treated wild-type and EphA2-deficient
mice (Figure 6G). However, OVA-challenged EphA2-de-
ficient mice had significantly greater numbers of lym-
phatic sprouts than OVA-challenged wild-type mice by
171% (Figure 6G).

Infiltrating Leukocytes, TH2 Cytokines, Chemokines,
and Airway Hyper-Responsiveness in
OVA-Challenged Mice

To assess the severity of allergic airway inflammation, the
number of infiltrating leukocytes in BAL, mRNA expres-
sion levels of TH2 cytokines and allergic airway inflam-
mation related chemokines, and physiological response
to increasing concentrations of inhaled methacholine
were measured 24 hours after the last OVA challenge.
The number of total infiltrating cells, eosinophils, and
lymphocytes in BAL was 4.4, 4.7, and 3.7 times greater,
respectively, in OVA-challenged EphA2-deficient mice
than in OVA-challenged wild-type mice, P < 0.05 (Figure
7, A-C). As for TH2 cytokines and allergic airway inflam-
mation related chemokines, mRNA expression levels of
IL-5, IL-13, eotaxin-1, and eotaxin-2 were 2.7, 3.6, 2.6,
and 5.7 times greater, respectively, in OVA-challenged
EphA2-deficient mice than in OVA-challenged wild-type
mice, P < 0.05 (Figure 7, D-G). As for airway hyper-
responsiveness, OVA-challenged EphA2-deficient mice
displayed significantly greater airway resistance than
OVA-challenged wild-type mice after methacholine inha-
lation (Figure 7H). Similarly, we saw a significant en-
hancement in elastance in OVA-challenged EphA2-defi-
cient mice than in wild-type mice (see Supplementary
Figure S1 at http://ajp.amjpathol.org).

Discussion

Morphological characteristics of capillaries in EphA2-de-
ficient mice were fewer number of crossing capillaries,
greater number of endothelial sprouts, and greater diam-
eter of capillaries, which was similar to the characteristics
of blood vessels without pericyte coverage. EphA2-defi-
cient mice also had defective pericyte coverage on tra-
cheal capillaries. The severity of the characteristics in
EphA2-deficient mice diminished as the neonatal mice
aged toward adulthood. Furthermore, EphA2-deficient
mice had exaggerated response to two types of airway
inflammation presented in this study, either induced by
M. pulmonis infection or OVA sensitization and challenge.
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Figure 7. Infiltrating leukocytes, TH2 cytokines, chemokines, and airway
hyper-responsiveness in OVA-challenged mice. Sham-treated wild-type and
EphA2-deficient mice, or OVA-challenged wild-type and EphA2-deficient
mice were subjected to the measurements 24 hours after last sham treatment
or OVA challenge. A—C: The numbers of total cells (A), eosinophils (B), and
lymphocytes (C) that infiltrated into BAL were counted. D—G: mRNA expres-
sion levels of TH2 cytokines, IL-5 (D) and IL-13 (E), and allergic airway
inflammation related chemokines, eotaxin-1 (F) and eotaxin-2 (G) in airways
were measured by quantitative RT-PCR. H: Assessment of airway hyper-
responsiveness to inhaled methacholine in anesthetized mice. Airway re-
sponses of sham-treated wild-type (open circle) and EphA2-deficient (open
square) mice or OVA-challenged wild-type (closed circle) and EphA2-defi-
cient (closed square) mice to increasing concentrations of methacholine
were assessed by a small animal ventilator. The dose-response curves for
pulmonary resistance are shown. Values are presented as means = SEM; n =
5-8 mice per group; *P < 0.05 versus OVA-challenged wild-type mice.

Genetic mouse studies have shown five important signal-
ing pathways between endothelial cells and mural cells:
transforming growth factor B, angiopoietin, platelet-derived
growth factor B, sphingosine-1-phosphate, Notch, and their
respective receptors.®'>° In addition to these signaling
pathways, recent studies have suggested a critical role of
Eph-ephrins in mural cells. Pericyte interaction with en-
dothelial cells suppresses formation of new endothelial
cell sprouts.’™ This evidence suggests that defective
pericyte coverage on endothelial cells in EphA2-deficient
mice may result in a significantly greater number of en-
dothelial sprouts in EphA2-deficient mice. Pericytes con-
trol capillary diameter.’* This evidence suggests that
defective pericyte coverage on endothelial cells may
cause the greater capillary diameter in EphA2-deficient
mice. The observation that characteristics of blood ves-
sels in EphA2-deficient mice were more apparent at neo-
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natal age and diminished as the mouse approaches
adulthood suggests that the defects are more of a devel-
opmental delay. The mechanism of this developmental
delay might be due to the abnormal interactions between
pericytes and endothelial cells. However, similar pericyte
body numbers on capillaries in wild-type and EphA2-
deficient mice suggests that EphA2 affects the shape of
pericyte bodies and/or the formation of pericyte pro-
cesses but not pericyte numbers. We also examined the
tracheal blood vessels of mice younger than 2 weeks. We
found dramatic morphological changes in tracheal cap-
illaries from late embryonic stage to neonatal stage in
both wild-type and EphA2-deficient mice. However, there
was also a delay in neonatal capillary development in
EphA2-deficient mice (A. Ni and E. Lashnits, personal
communication).

In contrast to the capillary defects described in this
study and reduced tumor angiogenesis reported by other
studies,??°722 during inflammation induced by M. pulmo-
nis infection, angiogenesis and blood vessel remodeling
were exaggerated in EphA2-deficient mice. Lymphangio-
genesis was also more exaggerated in EphA2-deficient
mice than in wild-type mice. In addition to the exagger-
ated angiogenesis and lymphangiogenesis, other re-
sponses such as lower survival rate, more body weight
loss, greater number of infiltrating cells in BAL, and
greater inflammatory cytokine mRNA expression levels in
the airways of EphA2-deficient mice suggest exagger-
ated overall response to the inflammation by M. pulmonis
infection.

In allergic airway inflammation, OVA-challenged mice
had initial lymphatics in mucosa overlying the cartilage
rings and greater number of lymphatic sprouts than
sham-treated mice, suggesting the presence of lym-
phangiogenesis in this model. Recently, a reduced dis-
tribution of lymphatics was reported in the airways of
patients with fatal asthma.®® However, little has been
reported about the relationship between lymphangiogen-
esis and allergic airway inflammation. Our data suggests
that lymphangiogenesis occurs earlier than blood vessel
remodeling or angiogenesis during allergic airway inflam-
mation. A greater number of lymphatic sprouts in OVA-
challenged EphA2-deficient mice than in wild-type mice
suggests greater lymphangiogenesis in EphA2-deficient
mice. Previous studies reported blood vessel remodeling
in the mouse lung of allergic airway inflammation induced
by OVA sensitization and challenge or chronic house
dust mite extract exposure.*’*” However, blood vessel
remodeling was not present in the trachea of OVA-treated
mice. In contrast to our study, another study reported
presence of blood vessel remodeling in a mouse model
of allergic airway inflammation.*? These discrepancies
might be due to the difference in mouse strain or the
method of OVA treatment. In addition to lymphangiogen-
esis, EphA2-deficient mice had increased number of in-
filtrating cells in BAL, greater TH2 cytokine and allergic
asthma-related chemokine mRNA expression levels in
airways, and enhanced airway hyper-responsiveness to
methacholine, which suggests exaggerated response to
allergic airway inflammation in EphA2-deficient mice.

In conclusion, EphA2-deficient mice had fewer number
of crossing tracheal capillaries and greater number of
endothelial sprouts. Capillaries in EphA2-deficient mice
had greater diameters and lower pericyte coverage than
those in wild-type mice. Lower pericyte coverage on
capillaries in EphA2-deficient mice suggests that the
characteristics of capillaries are due to the abnormal
interaction between pericytes and endothelial cells.
These characteristics were more conspicuous in early
neonatal life but decreased toward adulthood, suggest-
ing the characteristics represent developmental delay in
EphA2-deficient mice. EphA2-deficient mice displayed
exaggerated response to two types of airway inflamma-
tion induced by M. pulmonis infection or OVA sensitiza-
tion and challenge. Overall, this study showed novel and
unexpected roles of EphA2 in normal capillary develop-
ment and inflammation in airways.
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