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murine models of allergic airway inflammation

B. Singh,* K. Shinagawa,” C. Taube,*
E. W. Gelfand® and R. Pabst**
*Department Veterinary Biomedical Sciences and
Immunology Research Group, University of
Saskatchewan, Canada, "Kissei Pharmaceutical
Company, Japan, *Department of Pediatrics,
National Jewish Medical and Research Center,
Denver, USA and *Department of Functional and
Applied Anatomy, Hannover Medical School,
Hannover, Germany

Accepted for publication 21 April 2005
Correspondence: Baljit Singh, Professor of
Veterinary Anatomy, Department of Veterinary
Biomedical Sciences and Immunology Research

Group, 52 Campus Drive, University of

Saskatchewan, Saskatoon, SK S7N 5B4, Canada.

E-mail: baljit.singh@usask.ca

Dr. Kazuhiko’s present address is University of
Notre Dame, Indiana, USA. Dr. Taube’s present
address is Pulmonary Division, Medical Clinic

111, University of Mainz, Germany.

Introduction

One of the most consistent histological signs of acute or
chronic inflammation in an organ is accumulation of
inflammatory cells [1]. Inflammatory cells are recruited to
the site of injury through a cascade of interrelated cellular
and molecular events. These cellular and molecular events
include activation of vascular cells, production of chemoat-
tractants and elaboration of adhesion molecules [2]. These
events induce attachment of blood-borne inflammatory cells
such as neutrophils and eosinophils to vascular endothelium
and eventual transmigration across the vascular barrier.
Inflammatory cell adhesion and transmigration in most of
the organs occurs in postcapillary venules [3]. However, cap-
illaries are the main sites of inflammatory cell recruitment in
the lungs [4]. This alludes to the concept of vascular heter-

ogeneity within and between organs.
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Summary

Histological data show perivascular recruitment of inflammatory cells in lung
inflammation. However, the process of perivascular inflammation is yet-to-be
characterized in any systematic manner at cell and molecular levels. There-
fore, we investigated impact of genetic background on perivascular inflam-
mation in acute or chronic airway inflammation in different strains of mice.
Further, to address molecular mechanisms of perivascular inflammation, we
examined immunohistochemical expression of vascular adhesion protein-1
(VAP-1) in chronic airway inflammation. Histological scoring revealed time
and strain specific differences in perivascular recruitment of inflammatory
cells in chronic and acute airway inflammation (P < 0-05). The data show that
A/] strain is significantly more susceptible for perivascular inflammation fol-
lowed by BALB/c and C57BL/6, while C3H/He]J strain showed no perivascular
accumulation of inflammatory cells. Of the two strains examined for perivas-
cular inflammation in acute airway inflammation, BALB/c showed more accu-
mulation of inflammatory cells compared to C57BL/c. VAP-1 expression
occurred in the endothelium of pulmonary arteries but not in alveolar septa
or airways in the control as well as challenged mice. In the inflamed lungs
from A/J mice, the VAP-1 staining in pulmonary arteries was more intense
compared to the other strains. VAP-1 staining was generally observed
throughout the pulmonary arterial wall in chronic lung inflammation. These
data show that periarterial inflammation is influenced by the genetic back-
ground, and may be partially regulated by VAP-1.
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Lung diseases such as asthma and sepsis manifest pro-
found recruitment of inflammatory cells [5,6]. Natural and
experimental airway inflammation is characterized by signif-
icant peribronchial recruitment of eosinophils and lympho-
cytes [6]. However, we recently presented an extensive review
of the literature to highlight perivascular infiltration of
inflammatory cells in inflamed lungs [7,8]. Careful perusal
of histological data in papers dealing with airway inflamma-
tion shows accumulation of inflammatory cells in perivascu-
lar spaces [9-16]. Interestingly, such a common histological
phenomenon is still to be described in a systematic manner
and with molecular tools to define the main players.

There is evidence supporting influence of genetic back-
ground on susceptibility for airway inflammation in mice
[17-19]. Previously, A/] strain of mice, compared to C3H/
HeJ or C57BL/6 ], were shown to be more susceptible to ace-
tylcholine or 5-hydroxytryptamine induced airway hyper-
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responsiveness [18—20]. Recent data show that not only A/J
strains are the most susceptible for OVA-induced chronic
airway inflammation followed by BALB/c, C57BL/6 and
C3H/HeJ mice, they also showed more eosinophilic inflam-
mation, collagen deposition, and higher levels of IL-4, IL-5
and IL-13 in their lungs. We also reported that BALB/c mice
showed more hyper-responsiveness but fewer eosinophils in
bronchoalveolar lavage compared to C57BL/6 [18]. Interest-
ingly, eosinophils were observed in peribronchial and
peripheral lung areas of sensitized and challenged BALB/c
mice but only in peripheral areas in C57BL/6. Although his-
tological perivascular inflammation is commonly observed
in various models of airway inflammation, to our knowledge
there are no data to show the impact of genetic background
on perivascular inflammation. Therefore, we used two dis-
tinct models of OVA-induced airway inflammation to deter-
mine impact of genetic background on perivascular
inflammation.

Recruitment of inflammatory cells is facilitated by a vari-
ety of adhesion molecules [21]. Recently, vascular adhesion
protein-1 (VAP-1) has been identified as a novel cell adhe-
sion molecule [22,23]. VAP-1 is a 170 kD sialoglycoprotein
amine oxidase, which is mostly absent from the vasculature
of noninflamed organs except in large and mid-sized pulmo-
nary vessels and liver sinusoids [22—24]. VAP-1 and selectins
together promote recruitment of lymphocytes, which is
blocked through inhibition of VAP-1-associated monoamine
oxidase activity [25]. Furthermore, antibody-mediated
direct inhibition of VAP-1 neutralizes granulocyte recruit-
ment in peritonitis [22]. VAP-1 is also expressed in granulo-
cytes in inflamed lungs and may play a role in their adhesion
to vascular endothelium [24]. Currently, there is no infor-
mation on the expression VAP-1 in airway inflammation.

We conducted this study in two distinct models of allergic
airway inflammation to examine if perivascular lung inflam-
mation is strain dependent. We also examined the expression
of VAP-1 in chronic airway inflammation in four strains of
mice. The data presented in this manuscript show influence
of genetic background of the mice on the intensity of
periarterial recruitment of inflammatory cells and VAP-1
expression.

Materials and methods

Induction of acute airway inflammation

The protocol has been detailed previously [26,27]. Briefly,
the mice (BALB/c and C57B/6; n =6 each) were sensitized
with an intraperitoneal injection of 20 ng of OVA (Grade V;
Sigma Co., St. Louis, USA) with 2-25mg alum (Alu-
mlImuject; Pierce Rockford, USA) on days 1 and 14. Mice
were provoked on day 28, 29 and 30 (BALB/c and C57BL/6)
with ultrasonically nebulized 1% OVA and euthanized 48 h
after the last provocation. Control mice received the PBS
injections on day 0 and 14 followed by intranasal challenge

with OVA. The lung tissues were collected and embedded in
paraffin.

Induction of chronic airway inflammation

The protocol has been described in detail previously [17].
Briefly, anaesthetized mice (A/J, BALB/c. C57BL/6 and C3H/
He] strains; N = 6 each) were instilled intranasally with 50 pl
of OVA (1 mg/ml) thrice every week for 4 or 8 weeks. The
mice were euthanized 24 h after the last challenge and lung
tissues were collected and embedded in paraffin.

Histological examination

Sections were prepared from paraffin blocks and stained
with haematoxylin-eosin. Because the pattern of perivascu-
lar cell accumulation in the acute and chronic airway inflam-
mation was different, we designed separate systems to
evaluate. In the acute airway inflammation, the grading sys-
tem was as follows:

» 0: no or occasional cells;

+ 1: few loosely arranged cells;

+ 2: many cells in the peripheral parts of the perivascular
space;

+ 3: numerous cells in the perivascular space.

In the chronic model, the perivascular inflammation was
graded as follows:

+ 0: no inflammation;

+ 1: one to two concentric rows of inflammatory cells;

+ 2: Three or more concentric rows of inflammatory cells;

+ 3: Continuous perivascular and peribronchial cell accu-
mulation (Fig. 1la—d).

Immunohistology for vascular adhesion protein-1

The detailed protocol for VAP-1 staining of lung sections has
been described previously [24]. In this study, we stained lung
sections with VAP-1 only from the mice subjected to chronic
airway inflammation. The reason for this was that lung tis-
sues from acute challenge experiments were all used up in
previous analyses. Briefly, lung sections were deparaffinized
in xylene and rehydrated in descending concentrations of
ethanol. The tissue sections were treated with pepsin (1 mg/
ml of 0-1 N HCI) for 45 min to unmask antigens prior to
blocking and incubation with primary rat anti-mouse VAP-
1 antibody (1 : 25 in 1% BSA in PBS) overnight at 4°C. Fol-
lowing three washings, the sections were incubated for
45 min with rat immunoglobulins (1 : 100 in mouse serum
in PBS; DAKO) and rat alkaline phosphatase anti-alkaline
phosphatase (1:100 in PBS; DAKO). The secondary anti-
body steps were repeated with incubation times of 15 min.
The colour was developed with Fast Blue (Sigma Co) fol-
lowed by counter staining with haematoxylin. The following
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Fig. 1. Histology analyses of H&E stained sections: Lung sections graded as (a) normal, (b) Grade I, (¢) Grade II and (d) Grade III. *Lumen of an

artery. Original magnification: x20

controls were included. Staining of adjacent sections with
anti-CD3 antibody, omission of primary or both primary
and secondary antibodies.

Statistical analyses

The data were analysed by one-way analyses of variance fol-
lowed by multiple group comparisons with Duncan’s test.
The differences were deemed to be significant with P < 0-05.

Results

Histopathology

Semi-quantification was performed along a scale of 0-3
based on the extent of perivascular accumulation of inflam-
matory cells followed by statistical analyses (Fig. la—d).

Strain differences in chronic airway inflammation

Irrespective of the strain, lung sections from all the control
mice were free of any perivascular and peribronchial inflam-
mation (Figs 2 & 3). Our data showed differences within the
strains in the extent of perivascular cell accumulation in
OVA-induced chronic airway inflammation (Fig. 2). There
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Fig. 2. Histological scores of perivascular recruitment of inflammatory
cells in chronic allergic airway inflammation. Groups bearing super-
scripts (for example a) were significantly (P < 0-05) different from the
groups bearing superscripts other than ‘@’ (for example b or ¢) while the
groups with similar superscripts did not differ significantly.
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Fig. 3. Histological scores of perivascular recruitment of inflammatory
cells in acute allergic airway inflammation. Groups bearing superscripts
(for example a) were significantly (P < 0-05) different from the groups
bearing superscripts other than ‘@’ (for example b) while the groups with
similar superscripts did not differ significantly.

was a progressive increase in perivascular inflammation pri-
marily comprised of lymphocytes and eosinophils in A/J
strain after 4 and 8 weeks of the challenge compared to the
controls. Furthermore, the 8 week A/] mice showed more
perivascular inflammation compared to the 4 week group.
The BALB/c strain showed more perivascular inflammation
at 4 weeks of the challenge compared to the other two BALB/
¢ groups, which did not differ from each other. C57BL/6
mice showed more perivascular cell accumulation after
8 weeks of challenge compared the control and the 4 week
groups while there were no differences between the later two
groups. Interestingly, none of the C3H/He] groups showed
any perivascular accumulation of inflammatory cells.

After 4 weeks of OVA challenges, A/J and BALB/c strains
of mice showed similar degree of perivascular inflammation
but more than C57BL/6 and C3H/He] strains while C57BL/
6 and C3H/He] did not differ from each other. A/] mice
showed more perivascular recruitment of inflammatory cells
compared to all other groups after 8 weeks of the challenges
(P <0-05). At 8 weeks of OVA challenge, C3H/He]J strain had
more perivascular inflammation compared to C57BL/6 and
C3H/He].

Strain differences in acute airway inflammation

We also examined lung sections from a model of acute air-
way inflammation (Fig.3). C57BL/6 mice showed more
perivascular inflammation compared to the strain-specific
controls while there were no differences between the control
and the treated BALB/c mice. Furthermore, the challenged
C57BL/6 mice contained more perivascular inflammatory
cells compared to the treated BALB/c.

VAP-1 immunohistology

Immunohistology controls comprised of omission of pri-
mary antibody (Fig. 4a) and staining with a pan-lymphocyte
marker CD3 (Fig. 4b). VAP-1 was localized on the arterial
endothelium as well as, in some instances, on basal side of
the arterial wall of lung sections from control A/] strain
(Fig. 4c) as well as normal mice from other strains (data not
shown). Airway epithelium and alveolar septa were negative
for VAP-1 (Fig. 4c). A/] strain of mice, compared to BALB/c,
C57BL/6 and C3H/He]J strains, with chronic lung inflamma-
tion showed most pronounced increase in VAP-1 staining in
pulmonary arteries after 4 weeks (Fig.4d) and 8 weeks
(Fig. 4e) of the challenges. Compared to VAP-1 staining in
the normal lungs from A/]J strain, VAP-1 antibody stained the
whole wall of the arteries in the inflamed lungs (Fig. 4d—e).
The staining intensity in the pulmonary arteries of inflamed
lungs from BALB/c mice (Fig. 4f), C57BL/6 and C3H/He]J
(data not shown) was much less compared to the A/J strains
(Table 1). Occasionally, VAP-1 staining was noticed in peri-
bronchial inflammatory cells as well as basal surface of air-
way epithelium.

Discussion

Because there is scant information on the description and
mechanisms of perivascular inflammation in lung diseases
[7,8], we have started a systematic study to document this
phenomenon in inflamed lungs. Now we report the results
from first such study to show that genetic background influ-
ences perivascular inflammation in acute or chronic airway
diseases. The data also show strain-dependent differences in
VAP-1 expression in chronic airway disease.

Airway inflammation is commonly observed in lung dis-
eases such as asthma and is characterized by peribronchial
recruitment of inflammatory cells and proliferation of air-
way smooth muscle cells [6,26,28]. It is intriguing that peri-
arterial accumulation of inflammatory cells in airway
inflammation, though commonly observed in histological
sections, has not been addressed [8,14,29]. We examined
lung sections from four different strains of mice subjected to
chronic airway inflammation and two strains with acute air-
way inflammation. Histological scores revealed significant
time and strain-specific differences in periarterial recruit-
ment of inflammatory cells among the strains. The differ-
ences in the recruitment of inflammatory cells suggest the
effects of genetic background on periarterial inflammation.
More interestingly, strain-dependent differences in periarte-
rial cell recruitment parallel those previously observed for
airway remodeling and peribronchial recruitment of inflam-
matory cells in an OVA model of chronic airway disease [17—
19]. Currently, the relationship between peribronchial and
periarterial recruitment of inflammatory cells remains
unknown. However, we observed merging of highly enlarged
pools of peribronchial and periarterial inflammatory cells

226 © 2005 British Society for Immunology, Clinical and Experimental Immunology, 141: 223-229



Perivascular inflammation in lungs

Fig. 4. VAP-1 immunostaining: Lung section incubated without primary antibody but with secondary antibody (a) show no staining while CD3
antibody stains (asterisks) peribronchial lymphocytes (b). VAP-1 staining (arrows) in lung section from a normal A/J mouse (c) and those challenged
for (d) 4 weeks and (e) 8 weeks. (f) Lung section from a BALB/c mouse challenged for 8 weeks and shows VAP-1 staining in the wall of pulmonary

artery. Original magnification: a x10; b, ¢ and e X20; d and f x40

especially in A/] strain. Furthermore, the perivascular
recruitment of inflammatory cells in different strains of mice
observed in the present work mimics previously reported
peribronchial recruitment [17]. It is possible that these peri-
bronchial and periarterial compartments communicate with
each other during recruitment of inflammatory cells in lung
inflammation.

To develop a better understanding of molecular mecha-
nisms that regulate peri-arterial accumulation of inflamma-
tory cells, we examined expression of VAP-1 in lungs with
chronic airway inflammation only. Similar to our previous
report [24], VAP-1 was restricted to the endothelium of large
blood vessels in the lung. There were no differences among

various strains of normal mice in the lung expression of VAP-
1. However, there were differences among the mice strains
following chronic challenges with OVA. VAP-1 expression
was most intense in A/] strain compared to BALB/c, C57B/6
and C3H/HeJ. Interestingly, A/] and BALB/c strain showed
similar peri-arterial accumulation of inflammatory cells at
4 weeks of the challenge but A/] mice developed significantly
more peri-arterial recruitment at 8 weeks. Therefore,
increased vascular expression of VAP-1 in A/] mice may con-
tribute to more perivascular recruitment of inflammatory
cells at 8 weeks compared to the other strains. In the OVA-
challenged A/] mice, intense VAP-1 staining was observed in
the whole wall of pulmonary arteries. Compared to this, the

© 2005 British Society for Immunology, Clinical and Experimental Immunology, 141: 223-229 227



B. Singh et al.

Table 1. Scoring of VAP-1 in staining in lung sections from mice with
chronic airway inflammation.

Pulmonary Airway Alveolar
arteries epithelium septa

Al]

0 week + - -

4 week ++/+++ - -

8 week ++/+++ - -
BALB/c

0 week + - -

4 week +++ - -

8 week +++ - -
C57BL/6

0 week + - -

4 week + - -

8 week + - -
C3H/He]

0 week + - -

4 week + - -

8 week + - -

expression of VAP-1 in C3H/He] remained unchanged; this
strain also did not develop any peri-vascular inflammation
following chronic OVA challenges. VAP-1 is a novel amine
oxidase expressed on vascular endothelium, which mediates
arrest of leucocytes in various inflammatory conditions [22—
24].VAP-1 is normally present in resting blood vessels and its
expression is enhanced in inflammation. Compared to other
adhesion molecules such as P-selectin, the expression of
VAP-1 is sustained over prolonged periods during inflamma-
tion, which makes it a highly desirable therapeutic target
[24]. Based on differences in VAP-1 expression among the
strains, our data show a putative link between expression of
VAP-1 and the extent of OVA-induced perivascular inflam-
mation in the lungs.

Typically, migration of inflammatory cells occurs in post-
capillary venules in most of the organs but in capillaries in
the lungs, and is mediated by the adhesion molecules and
chemoattractants expressed by the endothelial and inflam-
matory cells [5,30-32]. Therefore, accumulation of inflam-
matory cell around thick-walled blood vessels as observed in
our study is intriguing. It is possible that in response to adhe-
sive proteins and chemoattractants, inflammatory cells
migrate across the thick wall of the arteries in the inflamed
lungs. However, this possibility seems unlikely because we
did not observe transmigrating leucocytes in the arterial
walls. Inflammatory cells may also infiltrate from peri-
arterial microvessels including those in the alveolar septa in
the inflamed lungs. In addition to the unresolved question
of the route of migration of inflammatory cells, we also do
not know their fate. The perivascular cells, recruited in
response to OVA challenge, may produce inflammatory
mediators, as well as migrate into peribronchial areas to
eventually escape into the airways. The recruited cells may

die via apoptosis in the perivascular compartment. Because
perivascular inflammatory cells represent a large pool of
immune cells in inflamed lungs, it is important address their
function and fate in future studies.

We conclude that perivascular inflammation, similar to
peribronchial inflammation, is an integral component of
lung immune response and is influenced by genetic back-
ground in acute or chronic lung inflammation induced by
OVA. The data also show that intensity but not cellular local-
ization of VAP-1 protein expression was more in A/J mice,
which also showed more perivascular inflammation, com-
pared to the other strains in chronic airway inflammation.
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