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Introduction

Abstract

The present study was conducted to determine whether lactate dehydrogenase-
elevating virus (LDV) infection at the sensitization and challenge phases affect
the development of delayed allergic eosinophilic rhinitis induced by ovalbumin
(OVA) in BALB/c mice (DAR group). Compared to the DAR group, LDV
infection at the priming (DAR/LDVs group) and immunizing (DAR/LDVc
group) phases reduced the induction of eosinophils in the bone marrow (BM)
and/or blood. However, the number of eosinophils in the BM was not affected
in the DAR/LDVc group. In addition, total blood IgE values were reduced in
the DAR/LDVs but not the DAR/LDVc groups. Compared to the production
of cytokines from splenic cells and blood IgE values in the DAR group, OVA-
specific IL-4 and IFN-y productions and IgE values were reduced in the
DAR/LDVs, whereas OV A-specific IFN-y and IL-4 productions were increased
and decreased, respectively in the DAR/LDVc,but not the DAR/LDVs groups.
Both DAR/LDVs and DAR/LDVc groups reduced the development of eosino-
philic rhinitis associated with reduced VCAM-1 expression on endothelium in
blood vessels and ICAM-1 expression on nasal respiratory epithelium at
inflamed areas. The present study suggests that LDV infection at the sensitiza-
tion phase may reduce the development of T helper (Th) 1 and Th2 responses,
whereas LDV infection at the challenge phase may inhibit the development of
Th2 response by shifting to Thl response. These may be responsible for the
reduction of the development of DAR by LDV infection.

stimulating factor [6], correlate with eosinophil infiltra-
tion and disease severity. Multiple lines of evidences sug-

Allergic airway diseases may consist of an immediate
phase, mediated mainly by IgE and mast cells [1], and a
late phase, mediated mainly by CD4" T-helper (Th)2
cells and eosinophils in human and animal models[1-4].
Late allergic rhinitis (AR) is a chronic disease associated
with nasal inflammation, oedema of the submucosa in
nasal and sinus passages. Those changes lead to nasal con-
gestion, rhinorrhoea, nasal blockage and reduced olfactory
function in human [5, 6]. In addition, histologically,
chronic AR is characterized by eosinophil and lympho-
cyte recruitment into nasal mucosae [7]. There are general
agreements that Th2 cytokines, such as IL-4 [8], IL-5
[9] and IL-13 [10] and granulocyte-macrophage colony-
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gest that allergen-specific CD4" Th2 cells may play an
essential role in initiating and generating in allergic rhi-
nitis (AR) in human.

There are several factors, including lifestyle, air pollu-
tion and infectious agents, which affect the development
of AR [11-17]. Among several factors, it has been
pointed out that many viruses (e.g. influenza virus, rhino-
virus and respiratory syncytial virus; RSV) may exacer-
bate the development of AR by destruction of respiratory
epithelium [18-20]. These include damages to respiratory
and olfactory epithelium by infection, leading to easy
access of allergens to immune systems and/or sympa-
thetic nerve. In addition, RSV infection induces virus
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specific (G-protein) CD4" Th2 cells, and these Th2 cells
may induce severe eosinophilic airway inflammation other
than direct multiplication in airway epithelium in mice
[21, 22]. Contrary, some viruses with persistent infection
(e.g. Epstein—Barr virus; EBV, cytomegalovirus; CMV,
hepatitis A virus and measles virus) may inhibit the
development of AR [15, 23-25] without respiratory epi-
thelial damages, suggesting that those viruses may modu-
late and/or affect the host immune system. For example,
CMV may inhibit the development of airway allergy by
altering Th1/Th2 balance [26], and a prospective epide-
miological study suggests that attenuated measles virus
may protect the development of AR by alteration of
immunological reactions [25]. However, the effects of
viruses on host immune reactions, especially altered
Th1/Th2 balance and antigen presenting activity in the
development of AR remain largely unknown, as most
reports were carried out by epidemiological studies in
human [15, 23-25].

Lactate dehydrogenase-elevating virus (LDV), a genus
arterivirus, only infects the subpopulation of macrophages
(about 5-10%) in mice and infected mice show a life-
long viraemia without clinicopathological changes, except
for a five- to 10-fold increase in enzymes such as lactate
dehydrogenase (LDH) [27, 28]. Moreover, it has been
reported that LDV infection impairs the antigen-present-
ing cell (APC) activity including a reduction in the num-
ber of Ta-positive macrophages and induction of
suppressor T cells in acute (within 1 week) and relatively
chronic (approximately 3 weeks after infection) phases
[29-33], although production of IFN-y from Thl cells
[34] and IL-12 from macrophage [35] increased tran-
siently (approximately 1 day post-infection). Thus, LDV
infection is considered to be a useful tool to analyse how
viruses affect the development of AR without epithelial
cell damage.

The aim of the present study is to clarify the effects
of LDV infection during the priming and immunizing
phases on the development of delayed eosinophilic AR
[6, 14] in a mouse model.

Materials and methods

Mice. Eight- to 9-week-old specific-pathogen free female
BALB/c AnNCrj mice (Japan Charles River Co., Yoko-
hama, Kanagawa, Japan) were used (z = 43; total number
of mice). The number of mice used is given in each set
of experiments and paragraph (parenthesis) of figure
legends. They were kept at 24 + 2 °C room temperature,
55 + 10% humidity and a 12-h light/dark cycle (light-
ing time 08:00-20:00 hours) and given autoclaved
pellets (CE-2; Clea Japan Inc., Tokyo, Japan) and water
freely. The animal experiments were approved by the
Animal Research Ethics Board of the Faculty of Agricul-
ture, Yamaguchi University.
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Sensitization and challenge. The sensitization and chal-
lenge procedures were performed by a simple modifica-
tion of methods described previously [36]. As shown in
Fig. 1, mice were sensitized two times (on days O and
10) by intraperitoneal injection of 10 ug suspension of
ovalbumin (OVA) (Grade V; Sigma Chem. Co., St Louis,
MO, USA) mixed with 1.2 mg aluminum hydroxide gel
(SERVA, Heidelberg, Germany) in 100 pl of phosphate-
buffered saline (PBS; pH7.2). On day 14, intranasal chal-
lenge in right and left nasal cavities was performed with
500 ug of OVA in 20 ul of PBS. Mice were divided into
four groups as follows; DAR reaction without LDV infec-
tion (DAR group), DAR reaction with LDV infection by
i.p. injection of 10*° median infectious doses (IDsq) of
LDV (a gift from Dr Notkins, LOM, NIDR, NIH, USA)
[37] on day O (sensitization phase; DAR/LDVs group),
DAR reaction with LDV infection on day 14 (challenge
phase; DAR/LDVc group), and non-sensitized and non-
infected mice challenged with only OVA on day 14 (con-
trol group). Infection of LDV in DAR/LDVs and
DAR/LDVc groups (z = 7 in each group) was confirmed
by a significant rise of plasma LDH 4 days after LDV
infection (LDV-infected mice versus non-infected mice:
6211 + 1163 U/1 versus 409 = 112 U/l, mean =+ stan-
dard error; SE, P < 0.01). In a separated experiment,
LDV antigen localization in spleen and nasal epithelium
was examined by the method described previously [38].
LDV antigens were detected in splenic macrophages, but
not in nasal epithelium, in BALB/c mice (z = 3) 4 and
18 days after infection (z = 3 respectively).

Four days after challenge, mice were anaesthetized
by i.p. injection of ketamine (45 mg/kg body weight;
Sankyo Co., Tokyo, Japan) and xylazine (8 mg/kg body
weight; Bayer Co., Tokyo, Japan), and then blood sam-
ples (plasma) were obtained from the retro-orbital sinus
from each mouse by using heparinized tubes (Terumo,
Tokyo, Japan). Also, bone marrow (BM) cells from
femurs in each mice were suspended in phosphate-
buffered balanced salt solution (PBBS; pH=7.4). The
number of leucocyte was counted by haemocytometer

Day O 10 14 18
I f % {
DAR A A 4 A
DAR/LDVs A\ A '\ A
DAR/LDVe fi A M A
Control A A
A: sensitization bh: Challenge
A : LDV infection A\ : Sampling

Figure 1 Experimental design. See details in Materials and methods.
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after staining with Turk’s solution. Cells in blood smear
stained with May—Griinwald—Giemsa were differentiated,
and the total number of each cell type was determined.
Also blood samples (sera) obtained from the heart punc-
ture in anaesthetized mice were used for IgE assay. The
number of eosinophils in BM cells was counted and
determined as described above except for erythrocytic
series and megakaryocytes.
Isolation of splenic cells.
in a single-cell suspension in PBBS using by sterilized

Splenic cells were homogenized

slide glasses. The number of cells was counted using a
haemocytometer and cells were diluted in Eagle’s mini-
mal essential medium (MEM; Nissui, Tokyo, Japan) con-
taining 5% fetal calf serum to 1 X 10° cells/ml.
Splenocytes (2 X 10° cells in 200 ul MEM) were cultured
in the presence (100 ug/ml) of OVA in flat-bottom
96-well plates for 48 h at 37 °C in a 5% CO, atmo-
sphere. Supernatants were used for cytokine assay.
Cytokine assay. 1FN-y and IL-4 productions in super-
natants from splenocytes or serum IgE in each mouse
were measured by commercial cytokine ELISA kits for
mouse IFN-y and IL-4 (TECHNE Co., Minneapolis,
MN, USA) or IgE ELISA kit for mouse (Morinaga Co.,
Yokohama, Kanagawa, Japan) according to the manufac-
turer’s instructions. Approximately 500 ng/ml (IgE) and
2 pg/ml (IL-4 and IFN-y) are minimum detectable
amounts. In case of cytokines could not be detected, their
concentration was estimated as O.
Heads were fixed in 10% neutral buffered
formalin (pH 7.0) for 2 days, and those were decalcifi-
cated in 1 mm Tris-HCI (pH 7.4) with 20% EDTA for
5 days. Nasal region was sliced at the anterior margin

Histology.

of orbit transversely, as it has been reported that aller-
gic inflammation was localized in respiratory epithelium
of these parts (bold lines) in a murine AR model [39].
Paraffin sections (4 um thickness) were stained with
haematoxylin and eosin (H&E) and alcian blue-periodic
acid-Schiff. For semiquantitative analysis, the severity
and the range of pathological changes (distribution of
inflammatory cell infiltration in whole nasal cavity, and
severity of congestion, haemorrhage and degeneration of
respiratory epithelium in respiratory areas) were esti-
mated and scored on 0—4 scale as follows: none (0),
slight (1), weak (2), moderate (3) and severe (4). The
number of each inflammatory cell type (eosinophil, neu-
trophil, lymphocyte and mast cell/mm® of nasal
mucosa) at the lateral respiratory areas stained with
May-Griinwald-Giemsa was counted by an eyepiece
with a grid.

Immunobistochemistry. Heads were fixed in 4% para-
formaldehyde for 2 days at 4 °C, and then decalcificat-
ed in 10% EDTA and 7.5% polyvinylpyrrolidone
(Sigma-Aldrich, Inc., St Louis, MO, USA) in 1 mM
Tris—=HCl (pH 7.4) for 7 days at 4 °C. Sliced nasal

tissues were embedded in OCT compound, and rapidly
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-80 °C,
(8 um thickness) were made by a cryostat. Endogenous

frozen in n-hexane at and frozen sections
peroxidase activity was inactivated in 3% H,0, in
methanol for 10 min at room temperature. Sections
were incubated with rat anti-mouse intercellular adhe-
sion molecule (ICAM)-1 monoclonal antibody (mAb)
(20 pg/ml) (Seikagaku Co., Tokyo, Japan) for 1 day at
4 °C. Thereafter, treated with 50-fold

diluted horseradish peroxidase (HRP)-conjugated goat

tissues were
anti-rat IgG antibody (ICN Biomedicals, Inc., Aurora,
OH, USA) for 30 min at room temperature, and then
incubated with 3,3’-diaminobenzidine substrate (Roche
Diagnostics GmbH, Mannheim, Germany) for 10 min.
Sections were counterstained with Mayer’s haema-
toxylin.

To identify the expression of vascular cell adhesion
molecule (VCAM)-1, frozen sections were incubated
with rat anti-mouse VCAM-1 mAb (50 pug/ml) (Antige-
nox America, Inc., Franklin Square, NY, USA) for
1 day at 4 °C, and then reacted with 50-fold diluted
FITC-labelled goat anti-rat IgG antibody (Biosource
Int., Camarillo, CA, USA) for 30 min at room tempera-
ture. To test the specificity, the reaction without
primary antibody served as a negative control. To evalu-
ate the intensity and the distribution, the expression of
adhesion molecules was estimated and scored on 0—4
scale as follows: none (0), weak and partial (1), weak
and diffuse (2), moderate and diffuse (3) or strong and
diffuse (4).

Statistics.  Data are expressed as the mean + SE.
Mann—Whitney U-test and Student’s #-test (two-tailed)
used to evaluate the differences (comparisons between

groups). P-values <0.05 was considered significant.

Results

Effects of LDV infection on the number of eosinophils, IgE
and cytokine (IL-4 and IFN-y) production

The number of blood eosinophils in the DAR/LDVs and
DAR/LDVc groups was significantly lower than that of
the DAR group (P < 0.05; Fig. 2A). The number of BM
eosinophils (Fig. 2B) and serum IgE (Fig. 2C) in the
DAR/LDVs group, but not DAR/LDVc, group, was
significantly lower than that of the DAR group
(P < 0.05).

Ovalbumin-specific IL-4 production from splenocytes
was reduced in both groups (the DAR/LDVs and
DAR/LDVc groups) compared to the DAR group
(Fig. 2D), although there was no statistical difference.
However, the IL-4 value in the both groups was reduced
to the level of that in the control group. OVA-specific
IFN-y production from splenocytes in the DAR/LDVc
group was increased compared to the DAR and

DAR/LDVs groups (P < 0.05) (Fig. 2E).
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Figure 2 Numbers of eosinophils in blood (A) (the DAR, DAR/LDVs
and the DAR/LDVc groups; » = 12 in each group, the control group;
n = 7) and bone marrow (B) (the DAR, DAR/LDVs and DAR/LDVc
groups; 7 = 7 in each group, the control group; 7 = 4), and IgE values
in serum (C) (the DAR, DAR/LDVs and DAR/LDVc groups; 7 = 12
in each group, the control group; » = 7). Productions of IL-4 (D) and
IFN-y (E) from splenocytes in the presence of OVA stimulation (the
DAR, DAR/LDVs and DAR/LDVc groups: # = 7 in each group, the
control group; # = 4). Each value represents the mean = SE. *P < 0.05
compared to the DAR group.

Effects of LDV infection on histology
In the DAR, DAR/LDVs and DAR/LDVc groups,

inflammatory lesions were located mainly in nasal mucosa
near by nasal-associated lymphoid tissues, lateral
(Fig. 3A), septum and floor of respiratory epithelium,
and no inflammatory lesions were observed in olfactory

epithelium of nasal mucosa. The degree of infiltration of
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Figure 3 Distribution of inflammation (Score; A), and histopathological
changes (B), and differential counts of inflammatory cells in respiratory
regions of nasal mucosa (C) (the DAR, DAR/LDVs and DAR/LDVc
groups: 7 = 5 in each group, the control group; » = 3). Each value rep-
resents the mean + SE *P < 0.05 compared to the DAR group.

inflammatory cells (Score: Fig. 3A), the score of conges-
tion, haemorrhage, degeneration and/or necrosis of respi-
epithelium (Fig. 3B), and the
infiltrated eosinophils and lymphocytes, but not neu-
trophils, (Fig. 3C) were statistically lower in the
DAR/LDVs and the DAR/LDVc groups compared to
the DAR group (P < 0.05). The number of mast cells
did not increase and there was no significant difference
among four groups (Fig. 3C).

The DAR group showed moderate to severe conges-

ratory number of

tion in whole regions of nasal mucosa, and there were
severe infiltration of eosinophils, slight to mild infiltra-
tion of neutrophils and lymphocytes in the lamina pro-
(Fig. 4A). Adhesion of
inflammatory cells on the endothelial cells of dilated

pria of respiratory areas
sinus venous was often found in the area of respiratory
epithelium. In severely inflamed lesions, some eosinophils
(Fig. 4A, an arrow) and a few neutrophils infiltrated

into the epithelial layer, leading to the destruction of
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Figure 4 Representative histological changes of nasal mucosa at the lat-
eral site. Respiratory areas from the DAR (A), the DAR/LDVs (B),
DAR/LDVc (C) and control (D) groups. Severe infiltration of lympho-
cytes and eosinophils with degeneration of epithelial cells is visible (A).
Representative histology was shown in H&E stain (original magnifica-
tion: X400).

epithelium and dilation of interepithelial space. Respira-
tory epithelial cells in inflamed areas were hypertrophic
and hyperplastic with elongated and disorganized cilia
showing vacuolar degeneration and necrosis. In some
cases of the DAR group, exudation of neutrophils and
mucus secretion into nasal cavity and haemorrhage in
submucosa were found. On the other hand, in the
DAR/LDVs and DAR/LDVc groups, those changes were
less severe compared to the DAR group (Fig. 4B,C). The
control group showed no remarkable changes except for
infileration of a few neutrophils and lymphocytes in nasal
mucosa (Fig. 4D). Goblet cells with much mucus in the
DAR/LDVs and DAR/LDVc, but not DAR, groups were
recognized. Slight goblet cell hyperplasia and metaplasia
were seen in the DAR/LDVs and DAR/LDVc groups.

Effects of LDV infection on expression of ICAM-1
and VCAM-1

There was no difference in ICAM-1 expression on vascu-
lar endothelium among four groups (Fig. 5). The score of
ICAM-1 expression on respiratory epithelium in the three
groups was increased compared to the control group, but
its expression in the DAR/LDVs and DAR/LDVc¢ groups
was lower than that in the DAR group. The expression
of ICAM-1 on olfactory epithelium was not detected in
four groups (data not shown). The score of VCAM-1
expression on endothelial cells increased at inflamed areas
in three groups compared to the control group, but its
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Figure 5 Intensity of expression (Score) of adhesion molecules (the
DAR, DAR/LDVs and DAR/LDVc groups; # = 7 in each group, the
control group; #» = 4). Each value represents the mean + SE.

expression in the DAR/LDVs and DAR/LDVc groups
was reduced compared to the DAR group (Fig. 5). There
was a faint or no expression of VCAM-1 on respiratory
(Fig. 5) and olfactory epithelial cells (data not shown) in
four groups.

As shown in Fig. 6, intense ICAM-1 expressions on
inflammatory cells outside of vessels and respiratory epi-
thelium were recognized in the DAR group (Fig. GA)
compared to the DAR/LDVs (Fig. 6C) and DAR/LDVc
(Fig. 6E) groups. Respiratory epithelium in the control
group did not show any ICAM-1 expression (Fig. 6G).

Intense VCAM-1 expression on vascular endothelium
in inflamed areas was recognized in the DAR group
(Fig. 6B), whereas its expression on those was weak in
the DAR/LDVs (Fig. 6D) and DAR/LDVc (Fig. 6F)
groups respectively. There was no expression of VCAM-1
on vascular endothelium in the control group (Fig. 6H).

Discussion

The present study clearly demonstrated that LDV infec-
tion at the sensitization and challenge phases reduced the
development of Th2 type delayed allergic eosinophilic
rhinitis. The mechanisms of reduced DAR reaction, how-
ever, may be different by the timing of LDV infection as
follows. The present study suggests that LDV infection
at the sensitization phase may reduce not only Th2 (IL-4)
but also Thl (IFN-y) responses including IgE value sys-
temically. It is possible, as decreased APC activity may
contribute to reduction in general immune reactions [29—
33], leading to the inhibition of the differentiation from
naive ThO cells to Thl and Th2 cells, although produc-
tions of IFN-y and Thl-related IL-12 were temporally
increased shortly after LDV infection [34, 35]. On the
other hand, LDV infection at the challenge phase
increased IFN-y and IL-12 productions transiently after
infection as described above may suppress systemic IL-4
production by mutual inhibitory effects between Th1l and
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Figure 6 ICAM-1 expression (immunoperoxidase; arrowheads: epithelium; arrows: endothelium) of the DAR (A), DAR/LDVs (C), the DAR/LDVc
(E) and the control groups (G), and VCAM-1 expression (imunofluoresence; arrows) of the DAR (B), DAR/LDVs (D), DAR/LDVc (F) and the control
groups (H). Representative photograph was shown (original magnification: X400).

Th2 cells [40] rather than decreased APC activity [41].
However, increased eosinophils in BM and blood IgE val-
ues cannot be inhibited by LDV infection at the immu-
nizing phase, since those may be due to the development
of Th2 response against OVA at that time.

The two groups infected with LDV compared to the
DAR group reduced production of IL-4 resulting in a
weak induction of VCAM-1 expression on endothelium,
which is induced by IL-4 [42] in inflamed nasal areas.
This suggests a low concentration may not be enough
to induce VCAM-1 expression, leading to decreased
infiltration of lymphocytes and eosinophils, both of
which have the f1-integrin very-late activation antigen
(VLA)-4, a VCAM-1. In
increased ICAM-1 expression on respiratory epithelial

ligand for addition, an
cells may, at least in part, be correlated with infiltration
of eosinophils in respiratory area of the DAR group as
reported previously in a mouse model of rhinitis and
human patients with rhinitis [43, 44]. It seems likely,
as there was no infiltration of eosinophils and lympho-
cytes in areas of olfactory epithelium, lacking ICAM-1
expression, and also reduced ICAM-1 expression in the
two groups with LDV infection may result in less
severe eosinophil infiltration compared to the DAR
group. Moreover, production of eotaxin released from
epithelial cells by IL-4 stimulation may also play a role
in infiltration of eosinophils [45]. It seems likely, as
reduced IL-4 production and eosinophil infiltration in
the two groups with LDV infection suggests this possi-
bility. Alternatively, destructive changes of respiratory

epithelium may be induced by cytotoxic protein (e.g.
major basic protein and eosinophil peroxidase) released
from infiltrated eosinophils [14] in DAR reaction. It
seems likely, as those were reduced in the two groups
infected with LDV. On the other hand, there was no
difference in ICAM-1 expression on endothelium among
four groups. This may, at least in part, be responsible
for no difference in infileration of neutrophils, which
have lymphocyte-function associated
counter receptor for ICAM-1 [46].
There are non-respiratory tropic viruses (e.g. EBV,

antigen-1, the

CMV, hepatitis A and measles, etc) which show persis-
tent infection and modulate immune reaction including
allergic respiratory diseases [15, 23-26]. It has been
suggested that reduction of allergic airway inflammation
in human by those viruses may be induced by decreased
Th2 reaction by mutual Th1/Th2 inhibitory mecha-
nism. In addition, it has been suggested that AR might
be reduced by disruption of major histocompatibility
complex class II in CMV infection [24, 47]. However,
the mechanisms including time of exposure during the
disease process such as immediate or delayed phase are
not well understood. Thus, the present results will give
some clues in immune modulation especially in the
development of DAR by those viruses described above.
Furthermore, Anderson er /. suggested that the events
(e.g. continuous cycles of viral replication in a renew-
able population of cells, escape from antiviral humoral
and cellular immune responses, accumulation of virus
centres

in germinal concomitant with a polyclonal
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activation of B cells, and a potential sexual transmission
of the infection as well as a transplacental infection of
the fetus from an infected mother) associated with a
persistent LDV infection of mice strongly resemble
those which are observed to occur in humans during
the asymptomatic persistent phase of infection with
human immunodeficiency virus (HIV)[48]. And it has
been reported recently that large numbers of patients
with HIV who present with allergic respiratory symp-
toms including rhinitis [49]. Taken together, LDV is
unique as a model of some viruses which modulate
allergic respiratory disease including delayed eosinophilic
rhinitis in human. We are now investigating the effects
of chronic LDV infection (more than 3 weeks after
infection) on the development of delayed eosinophilic al-
lerigic rhinitis..

Finally, although delayed eosinophilic AR in the pres-
ent mouse model showed many similarities that in human
cases, but thickening of basement membrane, hyperplasia
of nasal gland in inflamed nasal areas and lesions in the
areas of olfactory epithelium in human patients with AR
[5, 50] were not found. Although, we have no explanation
for the discrepancy of these histological changes between
human and animal, it must be a property of the species,
including anatomical and physiological differences.

In conclusion, the present study will give a suitable
animal model for those viruses which modulate the DAR
reaction as discussed. In addition, this is the first report
that effects of persistent virus infection without damage
of respiratory epithelium on the development of delayed
eosinophilic rhinitis in mouse model of rhinitis as far as
we know.
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