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Abstract. Objective: To investigate the effects of murine IL-
12 (mIL-12) gene on the expression of CD44 and CD49d on
pulmonary leukocytes.

Material and methods: BALB/c mice (n = 24) were sensi-
tized to ovalbumin (OVA) by intraperitoneal injection and
challenged with OVA aerosol for 7 consecutive days. mIL-
12 plasmid was then intramuscularly administered in eight
BALB/c mice every second day for three times during OVA
challenge.

Results: Administration of mIL-12 plasmid significantly re-
duced airway hyperreactivity, the expression of CD44 and
CD49d on pulmonary leukocytes, pulmonary infiltration
of inflammatory cells, Th2 cytokines production and gob-
let cell hyperplasia (P < 0.05). Importantly, the percentages
of CD44+/CD49d+ leucocytes showed positive correlations
with numbers of inflammatory cells, goblet cells hyperplasia
and levels of IL-4 and IL-5 (P < 0.01).

Conclusions: Our study suggests that CD44 and CD49d
might contribute to the preventive effects of mIL-12 gene
in asthma.
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Introduction

Allergic asthma is a chronic inflammation disease, char-
acterized by airway inflammation including infiltration of
inflammatory cells, goblet cell hyperplasia and airway hy-
perreactivity (AHR) [1]. Animal experiments have demon-
strated that airway inflammation in asthma arises from the
Th1/Th2 imbalance with an increase of Th2 cytokines [2,
3]. Clinical investigations also showed that the levels of Th2
cytokines, such as IL-4 and IL-5, correlated with the sever-
ity of the disease [4, 5]. IL-12 is a heterodimeric cytokine
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which promotes the differentiation of naive CD4+ T cells to
Th1 phenotype and inhibits the expression of Th2 cytokines.
Several studies have demonstrated the ability of IL-12 to in-
hibit the airway inflammatory reactions in murine models of
asthma. Administration of recombinant murine IL-12 (mIL-
12) plasmid before or during the period of allergen challenge
was found to be able to diminish AHR, airway eosinophilia
and the production of antigen-specific IgE [6, 7]. Moreover,
mucosal IL-12 gene delivery could prevent the development
of allergic disease and suppress the established allergic air-
way inflammation [8]. However, the molecular and cellular
mechanisms accounting for the effects of IL-12 in allergic
asthma are still not fully investigated.

Recruitment of leukocytes including lymphocyte and eosi-
nophil into the allergic lung is of paramount importance for
the pathogenesis of allergic asthma. Adhesion molecule CD44
is an important receptor of hyaluronic acid (HA). CD44-HA
interactions are contributory to the rolling of leukocytes over
endothelial cells and the migration of leukocytes to inflamma-
tory tissue [9, 10]. The a4 intergrin subunit CD49d is a com-
ponent of the very late antigen (VLA)-4. The interaction of
VLA-4 with vascular cell adhesion molecule-1 is involved in
leukocyte adherence to pulmonary endothelium and transen-
dothelial migration [11]. Previous studies have demonstrated
the critical role of CD44 and CD49d in the development of
allergic asthma, suggesting the potentially tempting targets of
CD44 and CD49d for asthma prevention and therapy [10-12].

In this study, we determined whether CD44 and CD49d
play a potential role in the preventive effect of mIL-12 gene
on allergic asthma. To this end, mIL-12 plasmid was intra-
muscularly administered in a murine asthma model and the
indices including airway hyperreactivity, the expression of
CD44 and CD49d on leukocytes in bronchoalveolar lavage
fluid (BALF), pulmonary infiltration of leukocytes, local Th2
cytokines production and goblet cell hyperplasia were exam-
ined. The relationships between the percentages of CD44/
CD49d positive leukocytes in BALF and other parameters
were also analyzed.
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Methods

Animals

Male BALB/c mice, 6 to 8 weeks old (weigh 20-22 g) and free of spe-
cific pathogens, were purchased from Shanghai Experimental Animal
Center of Chinese Academy of Sciences (Shanghai, China). Experi-
ments were performed according to protocols approved by the Animal
Studies Committee of China.

Vector construction and delivery

The construction of mIL-12 expression plasmid and the bioassay of ex-
pressed mIL-12 were described in our previous report [13]. In particular,
the mIL-12 plasmid was transfected into COS-7 cells and the expression
of mIL-12 p70 protein in the supernatant was detected by ELISA 48h af-
ter transfection [13]. Biological activity of expressed mIL-12 was dem-
onstrated in vitro based on its ability to stimulate NK activity in naive
splenocytes. Splenocytes were incubated with various supernatant for
12h and cytotoxic activity of splenocytes against YAC-1 cells was de-
termined by MTT assay [13]. The NK activity of splenocytes incubated
with mIL-12-expression supernatant was (42.9 + 3.78) %, whereas the
NK cytotoxicity of splenocytes incubated with supernatant from COS-7
cells transfected with pcDNA3.1 vector was (21.4 +3.89) % [13].

For intramuscular delivery, BALB/c mice were anesthetized intra-
peritoneally with pentobarbital sodium (50 mg/kg) and the leg hair was
shaven. Fifty microliter of 25 % sucrose in PBS was injected into the left
quadriceps muscles to facilitate the diffusion of plasmid DNA. Fifteen
minutes later, 100 ug of mIL-12 plasmid or 100 ug of pcDNA 3.1 vector
in 50 ul of PBS was administered at the same site. The muscle injections
were performed by using a 1-ml syringe with a 27-gauge needle, fitted
with a plastic collar to limit needle penetration to 3mm. The time of
injection was over 30s and the needle was held in situ for another 5s
before withdraw.

Antigen challenge and experimental protocol

A murine model of allergic asthma was established in our previous work
[14]. Particularly, mice were immunized to ovalbumin (OVA) (Sigma
Chemical, St Louis, MO, USA) with intraperitoneal injection of 100pug
OVA absorbed in 2mg alum on day 0 and 9. From day 14 to day 20, mice
were exposed daily to an aerosol of OVA (10mg/ml) in PBS using an ul-
trasonic nebulizer for 30 min. Control mice (Control) were injected intra-
peritoneally with 0.2 ml PBS and then exposed to aerosolized PBS using
similar equipments and schedules. All OVA-sensitized and challenged
mice (n = 24) were separated in three groups: mIL-12 plasmid group
(100 ug mIL-12 plasmid administered 1 h after OVA challenge on day 14,
16 and 18), vector group (100 ug pcDNA3.1 vector 1h after OVA chal-
lenge on day 14, 16 and 18) and OVA group (100ul PBS 1h after OVA
challenge on day 14, 16 and 18). On day 21, the airway responsiveness to
methacholine (Sigma Chemical) was assessed and animals were killed.

Airway responsiveness measurements

Airway reactivity was measured in vivo 24 h after the last aerosol expo-
sure using a method as described previously [15]. Mice were anesthe-
tized with intraperitoneal injection of urethane (1,300 mg/kg) and placed
in a whole-body plethysmography chamber. The lung resistance (R;)
and dynamic compliance (Cgy,) were measured at baseline. The metha-
choline of 0.125, 0.25, 0.5, 1.0 and 2.0 ug/kg were then administered in-
travenously at 4 min intervals and dose-response curves were obtained.

Analysis of BALF

After AHR measurements the right lung was lavaged six times with 1 ml
D-Hang’s solution. Total BALF cells were counted from a 0.05-ml al-
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iquot. The remaining fluid was centrifuged (1,000 g for 10min at 4 °C).
The supernatant was collected for cytokine analysis and the cell pellet
was resuspended with D-Hang’s solution. Differential cell count was
prepared using a cytospin and stained with Wright-Giemsa.

Flow cytometry

Cells derived from BALF were resuspended and stained with FITC-
conjuncted anti-CD44, PE-conjugated anti-CD49d, APC-conjugated
anti-CD45 and the respective isotype controls according to the manufac-
turer's instructions (BD Pharmingen, San Diego, CA, USA). The fluo-
rescent antibodies were added (1pg/100ul) and incubated for 30 min at
4°C. Flow cytometry was carried out with FACS LSRII and data were
analyzed with FACSDiva software (Becton Dickinson).

Cytokine ELISAs

The concentration of cytokines in BALF and serum were measured us-
ing ELISA Kits (R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions.

Lung histology and quantitation of epithelial cells

After mice were sacrificed, noninflated lung tissue was removed from
left lung, then fixed with 10 % formalin and embedded in paraffin. Sec-
tions (5 um) were stained with hematoxylin-eosin (HE) for general mor-
phology and Alcian blue/periodic acid Schiff (AB/PAS) for detection of
goblet cells. Colorized digital images of lung sections were captured us-
ing an inverted microscope and a Photometric CCD camera (Olympus,
Tokyo, Japan). Quantification of AB/PAS-stained and epithelial areas in
bronchial epithelium was performed as described previously [16].

Statistical analysis

All data were expressed as mean =SEM. Differences between groups
were examined for statistical significance by one-way analysis of variance
using SPSS 11.0 software (SPSS Inc., Chicago, IL, USA). A P value less
than 0.05 denoted the presence of a statistically significant difference.

Results

Intramuscular administration of mIL-12 plasmid inhibits
OVA-induced AHR

To demonstrate the production of mIL-12 protein in vivo af-
ter the administration of mIL-12 plasmid, the serum was col-
lected after mice were sacrificed on day 21 and analyzed with
ELISA. Figure 1 shows the decrease on the concentration of
mlL-12 in mice sensitized and challenged with OVA com-
pared with that in controls, suggesting Th1/Th2 imbalance in
the murine model of asthma. Intramuscular administration of
mlL-12 plasmid during OVA challenge resulted in a signifi-
cant increase of mIL-12 production in serum compared with
OVA-challenged mice (P < 0.05), whereas administration of
control vector had no significant effect.

To test the ability of mIL-12 plasmid to inhibit AHR in
the asthmatic model, R; and C,,, responding to methacholine
were employed. The OVA-challenged mice developed sig-
nificant AHR compared with the control mice, as evidenced
by an increase in R; and a decrease in Cyy, (Fig. 2A and B).
Administration of mIL-12 plasmid during OVA challenge
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decreased R, and increased Cgy, in OVA-challenged mice,
suggesting the inhibition of AHR (P < 0.01). Meanwhile, ad-
ministration of control vector during OVA challenge did not
show a measurable effect on AHR. These data suggested that
administration of mIL-12 plasmid could prevent the devel-
opment of AHR.

The administration of mIL-12 plasmid reduces the
expression of CD44 and CD49d on pulmonary leukocytes

To test the effect of mIL-12 treatment on the expression of
CD44 and CD49d on leukocytes, the leukocytes (CD45 posi-
tive) derived from BALF were analyzed by flow cytometry.
After exposure to OVA, larger numbers of CD44-positive
and CD49d-positive leukocytes were observed when com-
pared with the controls (Fig. 3). The mean fluorescence in-
tensity (MFI) of CD44 and CD49d on pulmonary leukocytes
was also increased in OVA-challenge mice compared with
control mice. Treatment of mIL-12 plasmid could reduce
the percentages of CD44/CD49d positive leukocytes and the
MEFI of these two molecules markedly (P < 0.05). In mice
treated with control vector, no such effect was observed.
These data suggested that OVA sensitization and challenge
could up-regulate the expression of CD44 and CD49d on
leucocytes, whereas treatment of mIL-12 plasmid signifi-
cantly attenuated this change.

mlIL-12 plasmid suppresses the pulmonary infiltration
of leukocytes

Our previous report showed that mIL-12 plasmid reduced the
number of eosinophils in BALF [14]. In this study, we fur-
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Fig. 1. mIL-12 production in serum after intramuscular administration
of mIL-12 plasmid. Mice were divided into four groups: Control, OVA
sensitized and challenged (OVA), pcDNA3.1 vector administered dur-
ing OVA challenge (vector), mIL-12 plasmid administered during OVA
challenge (pmlIL-12). The concentration of mIL-12 p70 in serum was
assessed by ELISA on day 21. Data denote the mean +SEM for each
group (n = 8). *Significant difference (P < 0.05) versus Control group;
#P < 0.05 versus OVA group; 4P < 0.05 versus vector group.
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ther investigated the numbers of total inflammatory cells and
four cell populations in BAL fluid on day 21. After sensitized
and challenged with OVA, the numbers of total inflamma-
tory cells, macrophages, lymphocytes, eosinophils and neu-
trophils increased significantly in BALF (Fig. 4). Adminis-
tration of mIL-12 plasmid during OVA challenge decreased
the number of eosinophils, lymphocytes and neutrophils (P
< 0.01), whereas the macrophages were not significantly af-
fected. Treatment with control vector had no effect on the
number of inflammatory cells in OVA-challenge mice. Fur-
thermore, the number of inflammatory cells was found to
significantly correlate with the percentage of CD44-positive
leukocytes in BALF (r =0.988, P < 0.01) and the percentage
of CD49d-positive leukocytes (r = 0.986, P < 0.01), suggest-
ing the potential role of CD44 and CD49d in the infiltration
of leukocytes in lung.

We also examined the lung histology and inflamma-
tory cells infiltration. Lung sections from OVA-challenged
mice showed a dense peribronchial inflammation consist-
ing of eosinophils (Fig. 5). Meanwhile, mice received mIL-
12 plasmid treatment during OVA challenge exhibited less
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Fig. 2. mIL-12 plasmid inhibits AHR. Airway responsiveness to in-
creased concentration of methacholine was examined 24 h after the final
OVA challenge in each group. R, (A) and C,, (B) for each group were
calculated as described in Methods (means +SEM, n = 8). P < 0.01
versus OVA group; *P < 0.01 versus vector group.
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inflammatory cells infiltration in peribronchial region than
OVA-challenged mice. No significant difference was found
between mice treated with control vector and OVA-chal-
lenged mice.

mlIL-12 plasmid decreases Th2 cytokines production
in BALF

The concentrations of IFN-y and Th2-phenotype cytokines
in BALF supernatants were measured using ELISA. In line
with the data in our previous report [14], a significant in-
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Fig. 3. Effects of mIL-12 plasmid on the expression of CD44 and CD49d
on leukocytes derived from BALF. Single-cell suspensions prepared
from BALF were treble-stained with FITC-conjugated anti-CD44, PE-
conjugate anti-CD49d, and APC-conjugated anti-CD45. CD45 positive
leukocytes were gated in plots and expression of CD44 and CD49d were
analyzed by flow cytometry. (A) Percentage of CD44- and CD49d-posi-
tive cells. The numbers are the averaged values of three independent ex-
periments. (B) Mean fluorescence intensity (MFI) of CD44 and CD49d.
Results show the mean of MFI +SEM for each group (n = 8). *P < 0.05
versus Control group; *P < 0.05 versus OVA group; P < 0.05 versus
vector group.
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crease in IL-4 and IL-5 production and a decrease in IFN-y
production were observed in mice sensitized and challenged
with OVA (Fig. 6). Administration of mIL-12 plasmid dur-
ing OVA challenge significant increased the production IFN-
v and suppressed the OVA-induced IL-4 and IL-5 production
(P < 0.01), suggesting a shift from Th2-like phenotype to
Th1-like phenotype. No significant changes of IFN-y, IL-4
and IL-5 production were observed in mice treated with con-
trol vector when compared with the OVA-challenge mice.
Moreover, the concentrations of IL-4 showed significant cor-
relations with the percentage of CD44-positive leukocytes in
BALF (r = 0.974, P < 0.01) and the percentage of CD49d-
positive leukocytes (r = 0.948, P < 0.01). Same applied to
the correlations between IL-5 and the percentages of CD44-
positive leukocytes (r = 0.989, P < 0.01) and CD49d-positive
leukocytes (r = 0.963, P < 0.01).

mlIL-12 plasmid alleviates goblet cells hyperplasia

Few AB/PAS positive staining cells were found in bronchial
epithelial tissue of control mice (Fig. 7). However, OVA-
challenged mice showed a strong AB/PAS positive staining
in bronchial epithelial tissue. The abundant positive stain-
ing cells were elongated in shape, indicating goblet cell hy-
perplasia. Administration of mIL-12 plasmid during antigen
challenge could significantly alleviate goblet cell hyperpla-
sia, whereas control vector had no obvious effect. The per-
centage of AB/PAS positive staining area of epithelium sig-
nificantly correlated with the percentages of CD44-positive
leukocytes (r = 0.983, P < 0.01) and CD49d-positive leuko-
cytes (r=10.992, P <0.01).

Discussion

In our previous work, we reported that administration of
mlL-12 plasmid before or during OVA challenge reduced
the number of eosinophils in BALF and the production of
Th2 cytokines in a murine model of asthma, suggesting the
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Fig. 4. Effects of mIL-12 plasmid on numbers of BAL inflammatory
cells. The number of total cells, macrophages, lymphocytes, eosinophils
and neutrophils were determined one day after the final challenge with
OVA. Values were shown as mean +SEM of eight mice per group. *P <
0.05 and #P < 0.01 versus OVA group; *P < 0.05 and **P < 0.01 versus
vector group.
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Fig. 5. Lung histology of
BALB/c mice treated with
mlL-12 plasmid. Lung tissues
were obtained one day after
the final challenge from Con-
trol mice, OVA sensitized and
challenged mice, mice treated
with vector, mice treated
with pmIL-12. Sections were
stained with HE: A1-4, mag-
nification x100; B1-4 magni-

fication x800.
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Fig. 6. Effects of mIL-12 plasmid on cytokines production in BALF. One day after the last OVA challenge, concentrations of IFN-y (A), IL-4 (B) and
IL-5 (C) in the supernatants of BALF were assessed by ELISA. Data are presented as means £SEM of eight mice per group. *Significant difference
(P < 0.01) versus Control group; *P < 0.01 versus OVA group; P < 0.01 versus vector group. One representative of three independent experiments

is shown.

protective effect of mIL-12 plasmid on airway inflammation
[14]. However, administration of mIL-12 plasmid during
challenge might be more relevant to the clinical application
of mIL-12 plasmid in asthma and was thus further inves-
tigated in the present study. The data in this study showed
that intramuscular administration of mIL-12 plasmid during
OVA challenge significantly prevented airway hyperreactiv-
ity, decreased Th2 cytokines production, reduced numbers
of four different inflammatory cells in BALF and alleviated
goblet cell hyperplasia.

Importantly, this study demonstrated that OVA sensitiza-
tion and challenge could up-regulate the numbers of CD44/
CD49d-positive pulmonary leukocytes and enhance the MFI
of CD44 and CD49d, whereas delivery of mIL-12 plasmid
significantly inhibited this change. Moreover, the percent-
ages of CD44/CD49d-positive leukocytes showed signifi-
cant correlations with several important indices of asthma,
including numbers of lung inflammatory cells, levels of IL-4
and IL-5 in BALF as well as hyperplasia of airway goblet
cells. These findings suggested that CD44/CD49d-positive
leukocytes might play a crucial role in the preventive effects
of IL-12 in allergic asthma.

"-ﬁ?

:‘,

oy
o

Fig. 7. Effects of mIL-12 plasmid on goblet cells hyperplasia. Lung sec-
tions from OVA-treated mice were stained with AB/PAS (see details in
Methods) (magnification x100). (A) Control mice, (B) OVA sensitized
and challenged mice, (C) mice treated with vector and (D) mice treated
with pmIL-12.



16

CD44 and CD49d were believed to be essential for the
recruitment of leukocytes into lung in asthma. Pulmonary
lymphocytes and eosinophils expressed higher level of
CD44 in BALF than in peripheral blood with allergic air-
way diseases [17, 18]. Proinflammatory stimuli enhanced
the HA-binding ability of CD44 on leukocytes [10, 19].
Moreover, administration of anti-CD44 mAb prevented
the accumulation of leukocytes in lung and subsequently
blocked the AHR [10]. The expression of VLA-4 (CD49d/
CD29) was also increased on lymphocytes and eosinophils
in lung compared with cells in peripheral blood, while anti-
CD49d mAb reduced the infiltration of eosinophils and
lymphocytes in inflammatory sites in animal asthma mod-
els [20, 21]. Our results showed a positive correlation be-
tween the percentages of CD44/CD49d-positive leukocytes
and the numbers of inflammatory cells in BALF. Therefore,
it could be speculated that the mIL-12 gene transfer might
down-regulate the expression of CD44 and CD49d on the
leukocytes and hence reduce the trafficking of leukocytes
into airway.

However, the mechanism of the reduction of CD44 and
CD49d expression on leukocytes induced by mIL-12 is still
not well understood. Stimulation with IL-5 could up-regu-
late the expression of CD44 on eosinophils in vitro [22].
Clinical study also showed the significant correlation be-
tween concentrations of IL-5 and amounts of soluble CD44
in BALF in eosinophilic pneumonia [18]. IL-5 transgenic
mice exhibited similar characteristics of asthma including
AHR and administration of anti-CD49d antibody resulted
in immediate inhibition of AHR [23]. This study showed
a significant correlation between the concentration of IL-5
and percentages of CD44/CD49d-positive cells in BALF.
Based on these findings, we speculated that mIL-12 might
down-regulate the expression of CD44 and CD49d on leu-
kocytes by reducing the concentration of IL-5.

With the extensive application of IL-12 in experimental
asthma models, it is generally believed that IL-12 is protec-
tive against excessive Th2 sensitization and is considered as
a potential therapy for asthma [6, 8, 24, 25]. Nevertheless,
Meyts et al. reported a dual role of IL-12 in allergic air-
way inflammation in a mouse model [26]. They found that
blockage of IL-12 during the challenge phase attenuated
AHR and reduced CD4+ T cells and Th2 cytokine produc-
tion in BALF, suggesting that IL-12 contributes to allergic
airway inflammation in the effector phase of asthma. Their
work also showed that the pro-inflammatory effect of IL-
12 was IFN-y dependent [26]. However, numerous studies
demonstrated that administration of IL-12 at the effector
stage of lung inflammation significantly attenuated the typi-
cal features of allergic asthma, such as AHR, Th2 cytokine
production and antigen-specific IgE [6, 8, 27, 28]. Moreo-
ver, Flaishon et al. reported that administration of low dose
of IFN-y during allergen challenge dramatically inhibited
airway inflammation in an asthma model [29]. Low level
IFN-y down-regulated integrin-mediated adhesion and mi-
gration of Th2 cells to site of inflammation and hence im-
plemented the anti-inflammatory effect [29]. Our study also
showed that treatment of IL-12 plasmid down-regulated the
expression of CD44 and CD49d on leukocytes, reduced the
infiltration of lymphocytes and eosinophils in lung and sub-
sequently took anti-inflammatory effects.
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Goblet cell hyperplasia has been described as an im-
portant histological change of airway allergic diseases. Our
data showed that repeated OVA challenge induced extensive
hyperplasia of goblet cells in sensitized mice while mIL-12
plasmid alleviated this airway change. It appears that both IL-
4 and the recruitment of eosinophils and neutrophils contrib-
ute to allergen-induced goblet cell hyperplasia [30-32]. Re-
cently, Kanehiro and colleagues reported that CD49d might
also be essential for triggering the goblet cell hyperplasia as
goblet cell hyperplasia could be blocked by the administra-
tion of anti-CD49d mAb [33]. The results in our study sug-
gested the significant correlation of the percentage of CD49d
positive leukocytes with the number of goblet cells and the
percentage of AB/PAS-positive stained area in lung tissue.
Our data also support the potential role of CD49d in goblet
cell hyperplasia.

In summary, our study at this stage suggested that mIL-
12 plasmid treatment decreased the asthmatic responses
associated with the decreased number of CD44/CD49d-
positive leukocytes. Treatment with mIL-12 plasmid might
down-regulate the number of CD44/CD49d-positive leuko-
cytes by altering the cytokine network, and, therefore, re-
duce the infiltration of leukocytes in lung and decrease the
asthmatic responses. Further study is needed to elucidate the
role of CD44 and CD49d in the preventive effects of IL-12
for asthma.
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