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min, but no preferential difference was observed between human
Th1 and Th2 cells (Fig. 4).

In a mouse system, histone modifications associated with the
silencing of the IL-4 and IL-13 genes in Th1 cells were reported
(Koyanagi et al., 2005). We thus need to await further anal-
yses addressing the problem of whether similar modifications
may also exist in human Th1 cells. There were some differences
among individuals in the methylation status of histone H3-K4 at
the Th2 cytokine gene loci in 20 HV (Fig. 3 and Supplemental
Figure 4). It would therefore be interesting to examine whether
the levels of the histone H3-K4 methylation status are associated
with the relative risk for certain Th2 immune diseases, including
allergic asthma.

In summary, we herein analyzed the chromatin remodeling
of the Th2 cytokine gene loci in human developing Th2 cells,
particularly in regard to the methylation status of H3-K4, and
thus found chromatin remodeling to occur throughout the Th2
cytokine gene loci including the intergenic regions accompanied
with an increased GATA3 expression.
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Abstract

Previously, we demonstrated that Val4+ NKT cells and IFN-y are important upstream components in neutrophil-mediated host defense
against infection with Streptococcus pneumoniae. In the present study, we extended these findings by elucidating the role of IFN-y in this
Vald+ NKT cell-promoted process. Administration of recombinant IFN-y to Ja18KO mice prolonged the shortened survival, promoted the
attenuated clearance of bacteria and improved the reduced accumulation of neutrophils and synthesis of MIP-2 and TNF-a in the lungs, in com-
parison to wild-type (WT) mice. In addition. intravenous transfer of liver mononuclear cells (LMNC) from WT mice into Ja.I8KO mice resulted
in complete recovery of the depleted responses listed above, whereas such effects were not detected when LMNC were obtained from IFN-yKO
or Jo18KO mice. Activation of Val4+ NKT cells by a-galactosylceramide («-GalCer) significantly enhanced the clearance of bacteria, accu-
mulation of neutrophils and synthesis of MIP-2 and TNF-a in the infected lungs; this effect was significantly inhibited by a neutralizing anti-
[FN-vy antibody. Finally, in a flow cytometric analysis, TNF-a« synthesis was detected largely by CDI B cells in the infected lungs. Our
results demonstrated that IFN-vy plays an important role in the neutrophil-mediated host protective responses against pneumococcal infection
promoted by Vald+ NKT cells.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Streptococcus pneumoniae is an extracellular Gram-positive
bacterium most frequently associated with community-acquired
pneumonia, leading to severe pneumonia, bacteremia and menin-
gitis in infants, elderly people and immunocompromised patients
[1,2]. Pneumonia caused by this bacterium is characterized by
massive infiltration of neutrophils into the alveolar spaces, which
are central to the host defense against this infection via an oxygen
radical-mediated killing mechanism [3]. The macrophage inflam-
matory protein (MIP)-2 is a C-X-C chemokine homologous to hu-
man interleukin (IL)-8, and plays a major role in attracting
neutrophils to sites of inflammation in mice [4,5]. Tumor necrosis
factor (TNF)-a is also involved in the accumulation of neutrophils
by facilitating their adhesion to vascular endothelial cells through
enhancing the expression of certain adhesion molecules [6,7].
These cytokines also act to promote the killing activity of neutro-
phils against infectious microorganisms [8,9]. In fact, more se-
vere pneumonia occurs when MIP-2 [10,11] and TNF-a [12,13]
are suppressed, due to impaired recruitment of inflammatory leu-
kocytes to the infected tissues [4,5,10—13].

Interferon (IFN)-v has been extensively studied as a mediator
of host defenses against intracellular microorganisms [14—17].
Mice with a targeted disruption of the gene for this cytokine are
highly prone to infection with such bacteria. In addition, IFN-y
is involved in the host protective responses against extracellular
microorganisms [ 18,19]. Recently, we defined IFN-y as a critical
cytokine in the development of neutrophil-mediated host de-
fense to S. pneumoniae infection [20]. IFN-y promotes the syn-
thesis of MIP-2 and TNF-a and consequently the accumulation
of neutrophils in lungs infected with S. pneumoniae.

Natural killer T (NKT) cells express both NK cell markers
and T cell antigen receptors composed of an invariant & chain
with Val4—Jal8 and a highly skewed B chain with VB8.2,
VB7and VB2. These cells play a regulatory role in the immuno-
logical response under various pathological conditions, includ-
ing tumor formation, autoimmune diseases, allergy and
infection, by rapidly secreting large amounts of IFN-y and IL-
4 [21-23]. Previous studies reported the involvement of this
particular lymphocyte subset in the host defense against infec-
tious pathogens [24—30]. In our recent study [25], deficiency
of Val44+ NKT cells resulted in increased susceptibility to in-
fection with §. pneuntoniae, which was associated with reduced
synthesis of MIP-2 and TNF-a and an attenuated recruitment of
neutrophils into the infected tissues. However, it remains to be
understood how the Val4+ NKT cells function in these re-
sponses. The present study was designed to elucidate the role
of IFN-v in this mechanism and present evidence that this cyto-
kine may act downstream of Va14+ NKT cells in the neutrophil
response and host defense against S. preumoniae infection,

2. Materials and methods
2.1. Animals

Vald4+ NKT cell-deficient (Jal8KO) mice were estab-
lished by targeted deletion of the Jal8 gene segment [31].
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IFN-y gene-disrupted (GKO) mice were established as de-
scribed previously [32]. These mice were back-crossed more
than eight times with C57Bl/6 mice, purchased from Charles
River Japan (Osaka, Japan) and used as control WT animals
for the KO mice. In some experiments, C57B1/6 mice were
obtained from the Institute for Animal Experimentation, To-
hoku University Graduate School of Medicine. Mice were
bred in a pathogen-free environment in the Laboratory Ani-
mal Center for Biomedical Science, University of the Ryu-
kyus. All mice were used for experiments at 6—15 weeks of
age. All experimental protocols described in the present study
were approved by the Ethics Review Committee for Animal
Experimentation of University of the Ryukyus and Tohoku
University.

2.2. Bacteria

A serotype 3, clinical strain of S. pneumoniae, designated
as URF918, was established from a patient with pneumococcal
pneumonia. The bacteria were cultured in Todd—Hewitt broth
(Difco, Detroit, MI) at 37 °C in a 5% CO, incubator, harvested
at 6 h, at mid-log phase of growth, and then washed twice in
phosphate-buffered saline (PBS). The inoculum was prepared
at 2—6 x 10’ CFU/ml. To induce pulmonary infection, mice
were anesthetized by intraperitoneal injection of 70 mg/kg of
pentobarbital (Abbott Lab., North Chicago, IL) and restrained
on a small board. Live S. pneumoniae were inoculated at 50 ul
per mouse by insertion of a 24-gauge blunt needle into and
parallel to the trachea. In every experiment, 10 times dilution
of quantification culture was performed to confirm the inocu-
lation dose.

2.3. Enumeration of viable S. pneumoniae

Mice were sacrificed on day 3 post-infection. Their lungs
were carefully dissected and excised, then separately homog-
enized in 10 ml of half saline by teasing with a stainless-steel
mesh at room temperature. The homogenates, appropriately
diluted with half saline, were inoculated at 100 ul on 3% sheep
blood Muller—Hinton agar plates and cultured for 18 h. The
number of subsequent bacterial colonies was recorded.

2.4. Analysis of neutrophils in BAL fluids

Mice were sacrificed 6 h after infection and samples of
bronchoalveolar lavage (BAL) fluids were collected as de-
scribed below. Briefly, after bleeding under anesthesia with
ether, the chest was opened and the trachea was cannulated
with the outer sheath of a 22-G LV. catheter/needle unit (Bec-
ton Dickinson Vascular Access, Sandy, UT), followed by la-
vage of the lung three times with 1 ml of chilled PBS.
Approximately 1 x 10° cells were centrifuged onto a glass
slide at 800 rpm for 3 min using an Auto Smear CF-12D
(Sakura Co., Tokyo), and stained using May—Giemsa technique.
The total number of neutrophils was estimated by multiplying
the total leukocyte number by the proportion of neutrophils
in 500 cells.
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2.5. Preparation of liver mononuclear cells

Liver mononuclear cells (LMNC) were prepared as de-
scribed previously with some modification [33]. Briefly, livers
were excised from mice anesthetized with ether and teased apart
using a stainless-steel mesh in RPMI1640 medium (Nipro,
Osaka, Japan) supplemented with 5 mM HEPES and 2% fetal
calf serum (FCS) (Cansera, Rexdale, Ontario, Canada). After
washing, the pellets were suspended in 15 ml of 35% Percoll so-
lution (Pharmacia, Uppsala, Sweden) containing heparin
(100 U/m}) and centrifuged at 2000 rpm for 15 min at 20 °C.
The pellet was then resuspended in red blood cell lysis solution
(155 mM NH,CI and 17 mM Tris, pH 7.2) and washed twice
with RPMI1640 containing PBS. The LMNC were injected in-
travenously at 1 x 10%mouse 1 day before infection.

2.6. Treatment with a-GalCer

a-Galactocylceramide (a-GalCer) was kindly provided by
Kirin Brewery Co. (Gunma, Japan) and prepared as described
previously [34,35]. The stock solution of «-GalCer (200 pg/
mL in 0.5% polysorbate 20 in normal saline) was diluted to
10 pg/mL with normal saline. Polysorbate 20 solution (0.03%
in normal saline) was used as a control vehicle solution. a-
GalCer (1 ng per mouse) or equivalent volume of control solu-
tion was injected intratracheally on the day of infection.

2.7. Administration of recombinant IFN-y and
neutralizing anti-IFN-y mAb

Mice were injected intraperitoneally with mouse recombi-
nant (r)IFN-y [PeproTech, Inc. (Rocky Hill, NJ)] at 5000 U/
mouse at 12 and | h before and at 1, 3, 6, 24, 36 and 48 h after
infection. To block endogenously synthesized IFN-y, mice
were injected intratracheally with mAb against this cytokine
(clone 37895; R&D Systems, Minneapolis, MN) at 25 pg/
mouse at the same time as the infection. Rat IgG (ICN Phar-
maceuticals, Inc., Aurora, OH) was used as a control antibody.

2.8. Measurement of cytokine concentrations

The concentrations of MIP-2 and TNF-¢ in the lung ho-
mogenates were measured by the respective ELISA Kkits
(R&D Systems). The detection limits of assays for MIP-2
and TNF-a were 1.5 and 5.1 pg/ml, respectively.

2.9. Preparation of pulmonary intraparenchymal
leukocyres

Pulmonary intraparenchymal leukocytes were prepared as
described previously [36]. Briefly, the chest of the mouse
was opened, and the lung vascular bed was flushed by inject-
ing 3 ml of chilled physiological saline into the right ventricle.
The lungs were then excised and washed in physiological sa-
line. The lungs, teased with a stainless-steel mesh, were incu-
bated in RPMI1640 medium with 10 mM HEPES and 5%
FCS, containing 20 U/ml collagenase (Sigma Chemical Co.,
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St. Louis, MO) and | pg/mL DNasel (Sigma). After incuba-
tion for 60 min at 37 °C with vigorous shaking, the tissue frag-
ments and the majority of dead cells were removed by passing
through the 40-um nylon mesh. After centrifugation, the cell
pellet was resuspended in 4 ml of 40% (v/v) Percoll (Pharma-
cia, Uppsala, Sweden) and layered onto 4 ml of 80% (v/v) Per-
coll. After centrifugation at 600 x g for 20 min at 15 °C, the
cells at the interface were collected, washed three times and
counted with a hemocytometer. The obtained cells contained
lymphocytes, macrophages and neutrophils.

2.10. Analysis of intracellular TNF-a expression

The lung leukocytes were stained with phycoerythrin (PE)-
conjugated anti-CD11b, -NK1.1 and -TCRY3 mAb (clone M1/
70, PK136 and GL3, respectively; BD Pharmingen, San
Diego, CA) or control IgG. After washing twice, the cells
were incubated in the presence of cytofix/cytoperm (BD
Biosciences, San Jose, CA), washed twice in BD Perm/wash
solution and stained with fluorescein isothiocyanate (FITC)-
conjugated anti-TNF-a mAb (clone MP6-XT22; BD Pharmin-
gen) or control IgG. The stained cells were analyzed using an
FACS Caliber flow cytometer (BD Pharmingen).

2.11. Staristical analysis

Analysis of data was conducted using StatView II software
(Abacus Concept, Inc., Berkeley, CA) on a Macintosh com-
puter. Data are expressed as mean =+ standard deviation (SD).
Statistical analysis between groups was performed using AN-
OVA test with a post hoc analysis (Fisher PLSD test). Survival
data were analyzed using the generalized Wilcoxon test. A p-
value less than 0.05 was considered significant.

3. Results

3.1. IFN-y restoration of the reduced host resistance to
pneumococcal infection in Vald4+ NKT cell-deficient
mice

To elucidate whether IFN-y acts in the neutrophil-mediated
host defense mechanism potentiated by Val4+ NKT cells, we
initially examined the effect of administrating this cytokine on
the clinical course of infection caused by S. pneunmoniae. As
shown in Fig. 1A, 25% of WT mice died on day 8 while the
others survived the observation period, whereas Jo.18KO mice
commenced to die on day 2 and all died within 9 days after in-
fection. Interestingly, administration of rIFN-vy significantly ex-
tended the survival time of Ja.1 8KO mice compared to WT mice.
Furthermore, we tested the effect of rIFN-y on clearing S. pneu-
moniae from the lungs of Ja18KO mice. As shown in Fig. 1B,
the number of live bacteria was significantly higher in
Jo.18KO mice than in WT mice, and the administration of this
cytokine significantly reduced bacterial counts in the Jo18KO
mice, although this decrease was not pronounced.
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Fig. 1. Administration of rIFN-y results in recovery of the impaired host resistance of S. prneumoniae in Jo.18KO mice. WT and Ja.18KO mice were infected intra-
tracheally with S. preumoniae. Jo.18KO mice received intraperitoneal injections of PBS or riFN-y. (A) The number of live mice was noted daily. Each group
consisted of eight mice. Circles, WT mice: squares, Jal8KO mice treated with PBS: and triangles, Jo18KO mice with rIFN-y. *p < 0.05, compared with
Jo18KO mice treated with PBS. (B) The number of live colonies in the lung homogenates was counted on day 3 after infection, Each bar represents the mean &+ SD
of six mice. Similar results were obtained in three experiments. NS, not significant; *p < 0.05.

3.2. Effect of IFN-y administration on the reduced
neutrophil accumulation and cytokine synthesis in
Val4+ NKT cell-deficient mice

We reported previously that Vald4+ NKT cell defect was
associated with reduced production of MIP-2 and TNF-a and

attenuated recruitment of neutrophils into the lungs infected
with §. pneumoniae [25]. These findings suggest that Vo144
NKT cells may contribute to the neutrophil-mediated host
responses by affecting the production of IFN-y. Therefore, we
next examined whether the administration of rIFN-vy influenced
these responses that were attenuated in Jal8KO mice. The
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Fig. 2. Administration of IFN-y recovers the reduced neutrophil responses to S. pneumoniae in Jo.18KO. WT and Jo.I8KO mice were infected intratracheally with
S. preumoniae. Jo18KO mice received intraperitoneal injections of PBS or rIFN-y. The number of neutrophils in the BAL fluids (A) and the concentrations of
MIP-2 and TNF-a in the lung homogenates (B) were measured at 6 and 3 h after infection, respectively. Each bar represents the mean 3 SD of six mice. Similar

results were obtained in three experiments. NS, not significant; *p < 0.05.
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number of neutrophils in BAL fluids was significantly lower in
Jo18KO mice than in WT mice at 6 h after infection with
S. pneumoniae, and the administration of rIFN-y recovered
the reduced accumulation of neutrophils in Ja18KO mice com-
pared to WT mice (Fig. 2A). Similarly, synthesis of MIP-2 and
TNF-« in the lungs at 3 h after infection was significantly lower
in Jo18KO mice than in WT mice, and the same treatment
with rIFN-y completely rescued these attenuated responses
(Fig. 2B). Considered collectively, these results suggest that
IFN-y may act downstream of Va14+ NKT cells in the neutro-
phil-mediated host defense to this infection.
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3.3. IFN-7 is an essential cytokine in Vald+ NKT cell-
mediated host defenses against pneumococcal infection

To define the role of Vet144- NKT cells in immunity against
infection, we transferred LMNC into Ja18KO mice and tested
for clearance of S. pneumoniae, accumulation of neutrophils
and synthesis of MIP-2 and TNF-« in the lungs. As shown
in Fig. 3A, the number of live bacteria was significantly higher
in Jo18KO mice than in WT mice on day 3 after infection.
Transfer of LMNC from WT mice significantly promoted
the clearance of bacteria in Jo18KO, whereas such an effect
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Fig. 3. Transfer of LMNC from Jo.18KO mice does not recover the impaired host protective responses in Ja18KO mice. WT and Ja18KO mice were infected
intratracheally with S. pnewmoniae. Jo18KO mice received intraperitoneal injections of LMNC (I x 10%mouse) derived from WT or Ja18KO mice 12 h before
infection. The live colonies in the lung homogenates were estimated: (A). neutrophils in the BAL fluids (B), and concentration of MIP-2 and TNF-« in the lung
homogenates (C) were measured on day 3. at 6 and 3 h after infection, respectively. Each bar represents the mean + SD of six mice. NS, not significant: *p <0.05.
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was not observed when the LMNC were sourced from
Ja18KO mice. Similarly, transfer of LMNC from WT mice al-
most completely rescued the impaired accumulation of neutro-
phils and reduced synthesis of MIP-2 and TNF-a in the lungs
of J2.18KO mice. In contrast, such a recovery effect was com-
pletely abolished when the transferred LMNC were prepared
from Ja18KO mice (Fig. 3B and C).

In other experiments, LMNC obtained from WT and GKO
mice were transferred to Jo 1 8KO mice to define the contribution
of IFN-v to the Va14+ NKT cell-mediated host protective re-
sponses. Clearance of S. pneumoniae from the affected lungs
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was significantly promoted by transfer of LMNC from WT
mice, whereas no such effect was observed with GKO mice-
derived cells (Fig. 4A). In addition, transfer of WT-LMNC reco-
vered the decreased accumulation of neutrophils and attenuated
synthesis of MIP-2 and TNF-« in J«18KO mice to a level com-
parable with that in WT mice. In contrast, such a recovery effect
was not detected when the transfer was conducted using LMNC
obtained from GKO mice (Fig. 4B and C). These results clearly
indicate that Val4+ NKT cells contribute to the neutrophil-
mediated host protective responses against pneumococcal infec-
tion of lungs in an IFN-y-dependent manner.
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Fig. 4. Transfer of LMNC from GKO mice does not recover the impaired host protective responses in Jal 8KO mice. WT and Ja18KO mice were infected intra-
tracheally with S. preumoniae. Jo.18KO mice received intraperitoneal injections of LMNC (1 x 10%mouse) derived from WT or GKO mice 12 h before infection.
The live colonies in the lung homogenates were estimated: (A) neutrophils in the BAL fluids (B) and concentration of M{P-2 and TNF-ot in the lung homogenates
(C) were measured on day 3. at 6 and 3 h after infection, respectively. Each bar represents the mean 4= SD of six mice. Similar results were obtained in three

experiments. NS, not significant; *p < 0.05.
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34. Involvement of IFN-vy in host protection against
pneumococcal infection caused by activation of Val4+
NKT cells

In our earlier study {25], activation of V144 NKT cells
using o-GalCer promoted the clearance of S. pneumoniae
from the lungs. Here, we showed that a-GalCer significantly
increased the number of neutrophils and production of MIP-
2 and TNF-a in the lungs at 6 and 3 h after infection, respec-
tively, in contrast to uninfected mice in which such effect was
cither absent or only marginally observed in uninfected mice
(Fig. SA and B). Taken together, these observations suggest
that IFN-y may be involved in the neutrophil-mediated inflam-
matory responses caused by «-GalCer activation of Val4+
NKT cells. To address this possibility, we examined the effect
of neutralizing mAb against this cytokine on the clearance of
bacteria, accumulation of neutrophils and synthesis of MIP-2
and TNF-a promoted by Val4+ NKT cell activation at 6
and 3 h after infection, respectively. As shown in Fig. 6A—
C, the augmenting effects of a-GalCer treatment on these
parameters were significantly inhibited by treatment with
anti-IFN-y mAb, when compared to that of control rat IgG.

Neutrophil counts (x10* in BALF)

Infection + + - -
a-GalCer + - + -
%
B 20

MIP-2 synthesis (ng/g Lung)
=

0
Infection + + - -
a-GalCer + - + -

3.5. Production of TNF-a by CD11D"" "> cells in lung
after pneumococcal infection

Finally, we elucidated the cellular source of TNF-a produc-
tion in the lung after infection with S. pneumoniae by detect-
ing intracellular staining with Ab against this cytokine. As
shown in Fig. 7, TNF-a was considerably detected in
CD11b"*"* cells, but not in CD116™"™* and CD11b™ cells,
in the lung leukocytes at 3 h post-infection, whereas such pro-
duction was not found in any population before infection. In
addition, this cytokine was not detected in NK1.1* and
TCRyd" cells in both infected and uninfected lungs (data
not shown). These results indicated that CD11b™&™F cells
were a major source of TNF-o production at the early stage
after pneumococcal infection.

4. Discussion
The current study demonstrated that (1) administration of
rIFN-y improved the shortened mice-survival time, impaired

clearance of bacteria, reduced accumulation of neutrophils
and attenuated production of MIP-2 and TNF-a in the lungs

TNF-a synthesis (ng/g Lung)
>

+ - -

- + -

Fig. 5. a-GalCer induces neutrophil responses in the lungs after infection with S. pnewmoniae. WT mice were administered intratracheally with S. pneumoniae or
normal saline. These infected and uninfected mice received an injection of a-GalCer (I ng/mouse) or equivalent volume of vehicle. The number of neutrophils in
the BAL fluids (A) and concentration of MIP-2 and TNF-a in the lung homogenates (B) were measured at 6 and 3 h after infection. respectively. Each bar rep-
resents the mean + SD of six mice. Similar results were obtained in three experiments. *p < 0.05.
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Fig. 6. IFN-y contributes to a-GalCer induction of neutrophil responses after infection with S. pneumoniae. WT mice were infected intratracheally with S. pneunio-
nige. These mice received an injection of a-GalCer (1 ng/mouse) or equivalent volume of vehicle. a-GalCer-treated mice were administered with anti-IFN-y mAb
or rat 1gG at the same time of infection. The number of live colonies (A), neutrophiis in the BAL fluids (B) and concentration of MIP-2 and TNF-g, in the lung
homogenates (C) were measured at 6 and 3 h after infection, respectively. Each bar represents the mean = SD of six mice. Similar results were obtained in two (A)
and three experiments (B, C). Veh, vehicle; Gal, a-GalCer; and alFN-v. anti-IFN-y mAb. NS, not significant; *p < 0.05.

of Jo.18KO mice; (2) transfer of LMNC from WT mice, but
not from Jal8KO and GKO mice, rescued these responses
in Ja18KO mice; (3) activation of Val44 NKT cells by a-
GalCer promoted bacterial clearance and neutrophil responses
in the infected WT mice, and these effects were significantly
inhibited by treatment with neutralizing anti-IFN-y mAb;
and (4) TNF-a was produced largely by CD11b™ 8"+ cells
in the lung leukocytes. These results suggest that IFN-y may
act downstream of Va14+ NKT cells to promote the neutro-
phil-mediated inflammatory response and host defenses
against infection with S. pneumoniae.

Previous reports identified IFN-y as an important cytokine
in various immune responses involving Vald4+ NKT cells

137—42], suggesting that this cytokine may contribute to the
host protective responses promoted by Val4+ NKT cells in
our experimental system. In agreement with these results, we
recently showed that IFN-y plays an important role upstream of
the neutrophil response in the host resistance mechanism [20],
although conflicting data were reported from other laboratories
{43]. Therefore, we tested the effect of rIFN-y administration
on the survival of infected mice, clearance of the infecting bacte-
rium, accumulation of neutrophils, and synthesis of MIP-2 and
TNF-o in Ja18KO mice. All these weakened responses in the
mutant mice were almost completely recovered by the treatment,
consistent with our hypothesis that IFN-y functions as a down-
stream molecule following activation of Va14+ NKT cells.
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Fig. 7. TNF-a production by CDI 1678 cells in the lungs after pneumococcal infection. WT mice were infected intratracheally with S. peumioniae. The lung
leukocytes were prepared and stained with FITC-anti-TNF-a and PE-anti-CD11b mAbs or each isotype-matched IgG before and 3 h after infection. The leukocyte
population was analyzed by flow cytometry. Similar results were obtained in two experiments.

It is true that we could not exclude that added rIFN-v trig-
gered alternative, Val4+ NKT cells-dependent pathways for
activation of the neutrophil-mediated host protective responses,
rather than recovering the downstream events triggered by these
cells. To address this caveat, we also further tested the effect of
transferring LMNC, containing 20—30% of NKT cells, on the
impaired neutrophil responses and host defense to infection in
Ja.18KO mice. The transfer of LMNC from WT mice almost
completely recovered the synthesis of MIP-2 and TNF-a, accu-
mulation of neutrophils and clearance of S. pneumoniae in the
infected lungs, whereas no such effect was observed when
LMNC were prepared from either Ja18KO or GKO mice. On
the other hand, activation of Va14+ NKT cells by a-GalCer ad-
ministration accelerates the clearance of S. pneumoniae from the
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lungs, as recently shown by our group {25}]. In addition, the cur-
rent and our recent studies [44] demonstrated that the adminis-
tration of a-GalCer promoted the early production of IFN-vy,
MIP-2, and TNF-a, and the migration of neutrophils at the site
of infection. In the current study, we also showed that such ef-
fects were significantly suppressed by treating the infected
and o-GalCer-administered mice with neutralizing anti-IFN-y
mAb. Considered collectively, these observations provided ad-
ditional evidence to support our hypothesis that Va.14+ NKT
cells adopt IFN-vy to connect the initial events of S. pneumoniae
infection to the consequent downstream cascade for developing
the neutrophil-mediated host protective responses.

Given that IFN-y-induced downstream events in the mice
lungs were promoted by the Vald4+ NKT cells, we could
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have predicted that production of this cytokine was reduced in
Jo.18KO mice compared to that in WT mice. In most experi-
ments, IFN-y was not detectable in either BAL fluids or
lung homogenates from both mouse strains at the earlier stages
(1-3 h) of infection, as also shown in our recent study (44].
However, in some cases, a small amount of IFN-y was de-
tected in the lung homogenates, but at a lower level in the
Jo18KO mice than in WT mice (data not shown). Alterna-
tively, we examined the intracellular expression of IFN-y in
Val4+ NKT cells, identified as a lymphocyte subset binding
to a-GalCer-CD1d tetramer, at 1 or 2 h after infection. How-
ever, the proportion of Val4+4+ NKT cells was too low, at
0.2—0.4% of the total number of lymphocytes, to accurately
discriminate between IFN-y-positive and -negative cells
(125] and our unpublished data). In addition, we measured
the expression of IFN-y mRNA in the lung homogenates using
a real-time PCR method. We did not reproducibly detect such
increase at 1 and 3 h post-infections, compared to that before
infection, in both Jo18KO and WT mice (data not shown).
Thus, we were unable to make a definite conclusion in the ef-
fect of Vald+ NKT cell deficiency on IFN-y production
caused by S. pneumoniae infection.

In a flow cytomeltric analysis, TNF-a. production was de-
tected in CDI1b™™* cells, but not in CD11b™"* and
CDI11b" cells, after infection with S. pneumoniae. By contrast,
neither NK1.17 cells nor TCRy3" cells expressed the intracel-
lular production of this cytokine. In a previous report by Gon-
zalez-Juarrero and co-workers [45], CDI1bPE"*  and
CD11b6%"™ cells are identified to be dendritic cells or neutro-
phils and macrophages or NK cells, respectively, in the lungs
after infection with Mycobacterium tuberculosis. Alveolar
macrophages do not express this molecule. These previous
findings suggested that TNF-a-producing cells were dendritic
cells or neutrophils, rather than innate immune lymphocytes
such as NK, NKT and y3 T cells, in our study, although a pos-
sible contribution of macrophages could not be excluded.

In conclusion, we revealed the possible contribution of
IFN-v as a downstream molecule in Val4+ NKT cells that
promote neutrophil-mediated host protective responses against
S. pneumoniae infection, although the precise mechanism re-
mains to be further elucidated. The present study has impor-
tant implications for our understanding of the pathogenic
mechanisms of this bacterial pathogen, and suggests the
usefulness of a-GalCer, a specific activator of NKT cells, in
clinical treatment and as an adjuvant vaccine against this in-
fectious disease.
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Abstract

Schnurri (Shn)-2 is a large zinc finger-containing protein, which plays a critical role in cell growth,
signal transduction and lymphocyte development. In Shn-2-deficient (Shn-2~'") CD4 T cells, the
activation of nuclear factor-kB is up-regulated and their ability to differentiate into T,,2 is enhanced.
Here, we extend our investigation and demonstrate that Shn-2 regulates T2 responses in vivo using
an ovalbumin-induced allergic asthma model. Eosinophilic inflammation, mucus hyperproduction
and airway hyperresponsiveness (AHR) were all enhanced in Shn-2~/~ mice. Moreover, eosinophilic
infiltration and AHR were enhanced in mice given a transfer of Shn-2~'~ effector T,2. Shn-2 in T,.2 is
thus considered to play an important role as a negative regulator in allergic airway inflammation.

Introduction

Drosophila Schnurri (Shn) is a large zinc-finger containing
protein with a molecular weight of ~270 kDa. Drosophila
Mad-Medea and Shn interact with each other and act as nu-
clear targets in the Drosophila decapentaplegic-signaling
pathway (1-3). In vertebrates, this signaling pathway may
equate to the bone morphogenetic proteinftransforming
growth factor-p/activin-signaling pathways which play di-
verse roles in the developmental processes. Vertebrates
have at least three orthologs of Shn, namely Shn-1, Shn-2
and Shn-3 (4). mBNA expression of Shn-2 was detected
primarily in the brain, heart and spleen. The vertebrate
homologs of Shn were originally identified as proteins that
bind to the nuclear factor-xB (NF-«xB) site of various genes
(5). Recently, the role of Shn-2 in the positive selection of
thymocytes has been reported (6), and Shn-3-deficient
CD4*CD8* thymocytes were shown to exhibit a defect in cell
survival (7). We recently demonstrated that Shn-2 binds to
the NF-xB motif directly, thus resulting in the repression of
the transcriptional activity of NF-xB through the competition
of NF-xB binding in T cells (8). Shn-2-deficient (Shn-27/7)
CD4 T cells showed an increased capability to differentiate
into Tn2, due to the constitutive activation of NF-xB and the
subsequent up-regulation of GATA3 expression (8). How-
ever, the precise physiological roles of these Shn family
member proteins in in vivo immune responses still remain
largely unknown.

Th2 play an important role in allergic asthma by inducing
allergen-specific IgE production, airway inflammation, airway

hyperresponsiveness (AHR) and mucus hyperproduction (9-
13). The administration of allergens adsorbed with alum
induces reproducible allergen-specific acquired immune
responses that are dependent on T2 producing iL-4, IL-5
and IL-13. A subsequent allergen challenge via the airway
causes the rapid activation of Tn2, mast cells and B cells.
This activation results in increased vascular permeability,
cellular infiltration into the lung tissue, smooth muscle con-
traction and mucus secretion.

In this study, we investigated the role of Shn-2 in allergic
inflammation using Shn-2~~ mice. Our results suggest that
Shn-2 plays a crucial role in the regulation of allergic airway
inflammation and AHR.

Methods

Mice

Shn-2~'~ mice have been described previously (6, 8). The ani-
mals used in this study were backcrossed to BALB/c >12
times and were 7-9 weeks old. Anti-ovalbumin (OVA)-specific
TCRaf (DO11.10) transgenic (Tg) mice were provided by Den-
nis Loh (Washington University School of Medicine, St Louis,
MO, USA) (14). BALB/c mice were purchased from Clea Inc.,
Tokyo, Japan. Mice used in this study were at 7-9 weeks of
age. Three independent experiments were performed for each
experiment. All mice used in this study were maintained under
specific pathogen-free conditions. All animal care was con-
ducted in accordance with the guidelines of Chiba University.
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Sensitization and airway challenge with OVA

The mice were sensitized by an intra-peritoneal injection of
100 pg OVA (Sigma-Aldrich, St Louis, MO, USA) adsorbed
to 1 mg alum (LSL, Tokyo, Japan) on day 0. OVA solution in
PBS (100 pg per 30 pl) was administered intra-nasally to
each mouse on days 7 and 9.

Measurement of AHR

The degree of AHR was assessed by methacholine-induced
airflow obstruction 24 h after the last antigen challenge. The
respiratory parameters were obtained by exposure of mice
to 0.9% saline mist, followed by incremental doses of aero-
solized methacholine (0, 3, 6, 12, 24 and 48 mg ml~' in sa-
line). Airflow obstruction was monitored and analyzed by
whole-body plethysmograph (Buxco Electronics, Wilmington,
NC, USA) as described previously (15). The results are
expressed as the average in percentages of baseline en-
hanced paused values. The degree of AHR was also
assessed by a computer-controlled small animal ventilator
(SCIREQ, Montreal, Canada) (16). In brief, the mice were
anesthetized with 100 ul per 10 g body weight of 50 mg
mi~! pentobarbital sodium given intra-peritoneally. After per-
forming a tracheotomy, the trachea was cannulated with
a blunted 18-gage needle. These mice were ventilated with
a tidal volume of 10 ml kg~" at a frequency of 180 breath
min~'. Each mouse was challenged with increasing doses
of methacholine aerosol. After each challenge, lung resis-
tance (RL) was recorded during tidal breathing every 10 s.
The maximum values of RL were determined and expressed
as the percent changes from baseline after saline exposure.

Collection of bronchioalveolar lavage fluid

Bronchioalveolar lavage (BAL) was performed 48 h after the last
OVA challenge as described previously (17). All BAL fluid was
collected and the cells were counted in 100-ul aliquots. One
hundred thousand viable BAL cells were cytocentrifuged onto
slides by a Cytospin 4 (Thermo Electron, Waltham, MA, USA)
and stained with May-Grunwald-Giemza solution (MERCK,
Darmstadt, Germany). Two hundred leukocytes were counted
on each slide. Cell types were identified using morphological
criteria. The percentages of each cell type were calculated.
Cytokine levels in the BAL fluid were measured 6 h after the
last OVA challenges. IL-5, IL-13 and eotaxin-2 levels in BAL
fiuid were measured by ELISA as previously described (18).

Lung histology

The mice were sacrificed by asphyxiation at 48 h after the last
OVA challenge, and the lungs were infused with 10% (v/v) for-
malin in PBS for fixation. The lung samples were sectioned,
stained with hematoxylin and eosin (H&E) reagents or periodic
acid-Schiff (PAS) reagent and examined for pathological
changes under a light microscope at X200. The number of
infiltrated mononuclear cells in the peribronchiolar regions was
calculated by direct counting in four different fields per slide.

Lung mononuclear cell preparation and a flow cytometry
analysis

The lungs were sliced into small cubes and then incubated
for 30 min in 5 ml RPMI 1640 solution containing collage-

nase (20 U ml™") (Worthington, Lakewood, NJ, USA)
and trypsin inhibitor (0.3 mg mi~") (Sigma-Aldrich). Lung
mononuclear cells were separated by centrifugation on Per-
coll (GE Healthcare, Buckinghamshire, UK). For staining,
one million cells were incubated on ice for 30 min with the
approprigte staining reagents, according to a standard
method (19). The reagents used in this study were anti-
CD8u~PE (53-6.7) and anti-CD4-APC[K2] (RM4-5) purchased
from PharMingen (San Diego, CA, USA). A flow cytometry
analysis was performed on FACScalibur™[K3] (Becton Dick-
inson, Franklin lakes, NJ, USA) and the results were ana-
lyzed using the CELLQUEST™ software program (Becton
Dickinson).

Adoptive cell transfer of T,2 for the development of airway
inflammation and AHR

Effector T,,2 were generated as previously described (20). In
brief, splenic CD4 T cells purified from DO11.10 OVA-
specific TCR Tg or Shn-2~/~ DO11.10 OVA-specific TCR Tg
mice were stimulated with an OVA peptide (Loh15, 3 uM)
plus antigen presenting cells under T2 culture conditions
for 6 days in vitro. These effector T2 (5 X 107°) were trans-
ferred intravenously into BALB/c recipient mice on day 0.
These recipient mice were not irradiated. On day 1 and 3,
OVA solution (100 ug per 30 pl) was administrated intra-
nasally to each mouse. The degree of AHR was measured
on day 4. BAL fluid was collected on day 5.

Quantitative PCR analysis

Total RNA was isolated from the lung (three mice in each
group) using the TRIzol reagent (Sigma-Aldrich). Reverse
transcription (RT) was carried out with Superscript I RT
(Invitrogen, Carisbad, CA, USA). Samples were then sub-
jected to real-time PCR analysis on an ABl PRISM 7300 Se-
quence Detection System (Applied Biosystems, Foster City,
CA, USA) under standard conditions. The primers and TagMan
probes for the detection of MucSac, thymus activation-
regulated chemokine (TARC), macrophage-derived chemokine
(MDC) and hypoxanthine-guanine phosphoribosyltransferase
(hprt) were purchased from Applied Biosystems. The expres-
sion of MRNA was normalized using the hprt signal.

Data analysis

The statistical analysis was performed using the two-tailed
Student’s ttest. Mann-Whitney U-tests were used to deter-
mine the level of difference in the degree of AHR. The values
are the mean x SD.

Results

Enhanced eosinophilic infiltration in BAL fluid and AHR in
Shn-27~ mice

We recently reported that the ability to differentiate into T,2
in vitro was enhanced in Shn-2~/~ naive CD4 T cells (8). The
aim of this study was to clarify the role of Shn-2 in Tn2-
dependent in vivo immune responses, such as OVA-induced
allergic airway inflammation. Wild-type and Shn-27/~ mice
were immunized with OVA-alum on day 0 and challenged
with OVA intra-nasally on day 7 and 9. On day 11, BAL fluid
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was harvested and examined. The absolute numbers of
eosinophils, lymphocytes, neutrophils and macrophages
were determined by cell counts based on morphological cri-
teria. As shown in Fig. 1(A), total cell numbers of infiltrating
leukocyte significantly increased in the Shn-2~/~ allergy-
induced mice. A significant increase in the absolute number
of eosinophils was also observed. In Shn-27/~ mice, both
OVA immunization and OVA challenge were required for the
induction of allergic inflammation. The levels of IL-5, IL-13
and eotaxin-2 were increased in allergy-induced Shn-2-/~
mice in comparison to the levels in wild-type mice (Fig. 1B).
No IL-4 was detected in the BAL fluid (data not shown).

We examined the degree of AHR in the allergy-induced
Shn-27'~ mice by measuring methacholine-induced airflow
obstruction with a whole-body plethysmograph (Fig. 1C)
and a mechanical ventilator (Fig. 1D). The degree of AHR
in Shn-Z/~ mice was enhanced in comparison to that of
wild-type mice. These data indicate that OVA-induced
airway inflammation and AHR are therefore enhanced in
allergy-induced Shn-2~'~ mice.

Schnurri-2 controls Tp2 responses in vivo 757

Enhanced lung inflammation and mucus production in the
lung of Shn-Z~~ mice

We examined the histological changes in the lungs of
allergy-induced Shn-2~'~ mice by H&E staining (Fig. 2A, left
panels). No massive inflammatory cell infiltration was noted
in the lungs of wild-type and Shn-2~/~ mice that did not re-
ceive the OVA challenge (Fig. 2A, panels a and c). Substan-
tial numbers of mononuclear cells were infiltrated in the
peribronchiolar regions in wild-type mice after the OVA chal-
lenge (Fig. 2A, panel b), and the infiltration extended to the
surrounding area in Shn-27~ mice (Fig. 2A, panel d). The
number of infiltrated cells also increased in Shn-27/~ mice
(Fig. 2A, right panels).

We then examined the levels of mucus hyperproduction
by PAS staining. Representative staining profiles of the bron-
chiolar regions in allergy-induced Shn-2~/~ mice are shown
(Fig. 2B). No specific staining was detected in wild-type
and Shn-2~- mice without the OVA challenge (Fig. 2B,
panels a and c). Moderate staining was noted in wild-type
bronchioles, whereas the staining levels increased in the
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Fig. 1. Enhanced airway inflammation and AHR in Shn-Z-/~ mice. Airway inflammation and AHR were induced with OVA sensitization and
challenges. (A) The absolute numbers of eosinophils (Eos), neutrophils {(Neu), lymphocytes (Lym) and macrophages (M¢) in the BAL fluid are
shown. The results were obtained using the values from cell counting, the percentages of the cells, total cell number per milliliter and the volume
of BAL fluid recovered. Samples ware collected 48 h after the last OVA challenge. Mean values with SDs (n = 5) are shown. Four independent
experiments were done with simitar results. —/—: without OVA priming or OVA challenge, OVA/—: with OVA priming but not OVA chalienge and
OVA/OVA: with OVA priming and OVA challenge. (B) The levels of {L-5, IL-13 and eotaxin-2 in BAL fluid were determined by ELISA. Samples were

collected 6 h after the last OVA challenge. Mean values with SDs (n = 5)

are shown. (C and D) One day after the last OVA challenge, AHR in

response to increasing doses of methacholine was assessed by measuring enhanced pause (C) and RL (D). Five animals from each group were
individually examined, and the mean values and SDs are indicated. Four independent experiments were done with similar results. The
differences were statistically significant between wild-type and Shn-2~/~ mice with OVA sensitization and OVA challenge (*P < 0.05 and

**P < 0.01).
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Fig. 2. Enhanced leukocyie infiltration into the lung and mucus
production in allergy-induced Shn-27'~ mice. The levels of OVA-
induced airway inflammation and mucus production in Shn-2~'~ mice
were examined by a histological analysis and a quantitative real-time
RT-PCR. (A) Antigen-induced leukocyte infiltration into the lung was
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Shn-Z~'~ bronchioles (Fig. 2B, panels b and d). Conse-
quently, we examined the expression of Mucbac in the lungs
of Shn-27'~ mice, and a slight, but significant increase in the
expression was noted in the Shn-2~~ mouse lungs (Fig.
2C). These results indicate that the levels of mucus hyper-
production were moderately enhanced in the lungs of the
allergy-induced Shn-27~ mice in comparison to those of the
wild-type mice.

The increased number of lung CD4 T cells in Shn-2~/~ mice is
accompanied with an enhanced production of TARC and
MDC

Previous studies have reported a reduced number of CD4
T cells in the spleen of Shn-27/~ mice (8). We therefore
examined whether the number of CD4 T cells were reduced
in OVA-sensitized Shn-27/~ mice. Lung leukocytes were
stained with anti-CD4 and anti-CD8 mAbs and analyzed by
flow cytometry. The percentages of CD4* and CD8* cells in
Shn-27'~ mice significantly decreased in comparison to
those in wild-type mice (Fig. 3A). After the OVA challenge,
the percentage of CD4 T cells increased substantially in the
Shn-27'~ mice (12.1 versus 23.4%). The absolute numbers
of total leukocytes and CD4 T cells in the lung decreased
significantly in Shn-2-"~ mice (Fig. 3B, upper panels). How-
ever, a dramatic increase in the total numbers of lung leuko-
cytes and CD4 T cells was observed in the Shn-27'~ mice
after the OVA challenge (Fig. 3B, lower panels).

In our previous study, the proliferative ability of CD4 T cells
in the Shn-Z~'~ mice was comparable to that in the wild-type
mice (8). To investigate the reason why the CD4 T cell levels
increased in the allergy-induced Shn-2'~ mice, we exarn-
ined the mRNA expression of TARC and MDC. These che-
mokines are known to be selective attractants for T,2
migration (21). As shown in Fig. 3(C), the mRNA expression
levels of TARC and MDC in the lung from the Shn-27'~ mice
were significantly higher than those in the wild-type mice.
The increased expression of TARC and MDC may thus ex-
plain the dramatic increase observed in the number of CD4
T cells in the lungs of Shn-2~'~ mice.

Shn-27"= effector T,2 enhanced AHR and eosinophilic
infiltration into the lungs in recipient mice

We performed adoptive transfer experiments to determine
whether the enhancement of airway inflammation and AHR
observed in Shn-27'~ mice is mediated via Shn-2/~ T,,2. Ef-
fector T,2 from Shn-27/~ DO11.10 OVA-specific TCR Tg
mice were prepared as described in the Methods. On days

evaluated using H&E staining (left panels). The numbers of infiltrated
mononuclear cells in the perivascular and peribronchiolar regions
were calculated by direct counting from four different fields per slide
(right panels). The mean values with SDs (n = 5) are shown (*F <
0.05). (B) Antigen-induced goblet cell hyperplasia was evaluated by
PAS staining. Representative photographic views of wild-type and
Shn-27'~ mice are shown. (C) Total MRNA was prepared from the lung
of allergy-induced wild-type or Shn-27/~ mice, and mRNA levels of
Muc5ac were examined. The data represent the mean values of
Muc5ac mRNA expression normalized with hprt expression. Three
independent experiments were done with similar results (*P < 0.05).
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Fig. 3. Increased CD4 T cells in the lung tissues after OVA challenge
in Shn-2~'~ mice. Lung mononuclear cells from Shn-27~ mice were
prepared as described in the Methods. (A) Representative CD4/CD8
profiles of the lung leukocytes from wild-type or Shn-2~'~ mice before
(OVA/-) and after OVA challenge (OVA/OVA). The percentages of
cells in each guadrant are shown. (B) Total numbers of leukocytes
harvested in the lung (upper panels) and the number of CD4 T cells
(lower panels) are shown. Differences in the number of leukocytes
and CD4 T cells were statistically significant between the wild-type
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1 and 3 after effector Tp2 transfer into syngeneic BALB/c
mice, airway inflammation was induced by the OVA intra-
nasal administration. A significant increase in the absolute
number of eosinophilic infiltration in BAL fluid was observed
in the mice that received Shn-27'~ Tn2 (Fig. 4A). The levels
of IL-5 and eotaxin-2 in the BAL fluid from the mice receiving
Shn-27'~ Tn2 increased markedly more than that from the
mice receiving wild-type Tn2 (Fig. 4B). The levels of IL-4
were not increased but moderately decreased. The levels of
IL-13 were comparable. The degree of AHR in the mice re-
ceiving Shn-2~ = T,2 also increased more than that in the
mice receiving wild-type Tp2 (Fig. 4C and D). These results
suggest that the hyperactivation of effector T,2 in Shn-2~ 1=
mice exacerbates the development of allergic airway inflam-
mation.

We then examined the levels of mucus hyperproduction
by PAS staining. Representative staining profiles of the bron-
chiolar regions in the mice that received wild-type or Shn-27'-
T2 are shown (Fig. 4E). Moderate staining was noted in
both bronchioles (Fig. 4E, panels a and b). The mRNA ex-
pression of Mucb5ac in the lung of mice that received Shn-
27/~ 7,2 was examined, and it was found to be comparable
to that in the mice receiving wild-type Tn2 (Fig. 4F). These
results indicate that the levels of mucus hyperproduction
in the lungs of the mice that received Shn-27'~ T,2 are
therefore comparable to those of the mice that received
wild-type Th2.

Discussion

We previously reported that the activation of NF-xB to be
up-regulated in Shn-2~'~ CD4 T cells, and their ability to differ-
entiate into T2 was enhanced (8). in this study, we demon-
strated that OVA-induced allergic inflammation and AHR are
enhanced in the Shn-27/~ mice as well as in the wild-type
mice transferred with Shn-2~'~ effector T,2. These results in-
dicate that Shn-2 regulates OVA-induced airway inflamma-
tion and AHR through the control of CD4 T cell activation.
We observed an increased IL-5, IL-13 and eotaxin-2 level
in the BAL fluid in OVA-sensitized and OVA-challenged Shn-
271~ mice (Fig. 1B). IL-13 is known to induce AHR in the ab-
sence of inflammatory cells (13). IL-5 and eotaxin-2 are
known to attract eosinophils (22). Since eosinophils release
granule proteins that are cytotoxic to the airway epithelium
such as major basic proteins, eosinophilia may exacerbate
the airway obstruction and AHR (23). Therefore, it is likely
that the overproduction of these factors (IL-5, IL-13 and
eotaxin-2) resulted in the enhanced eosinophilic infiltration
and AHR in the airways of the Shn-2~/~ mice. The hyperpro-
duction of mucus also plays an important role in the patho-
genesis of various asthmatic features and is linked with

and the Shn-Z~/~ mice without OVA challenge (**P < 0.01). The
differences in the number of CD4 T cells were statistically significant
between the wild-type mice and the Shn-Z2° "~ mice with OVA
sensitization and OVA challenge (**P < 0.01). (C) Total mRNA was
prepared from the lung of allergy-induced wild-type or Shn-27'~ mice.
A real-time RT-PCR analysis for TARC and MDC as well as hprt (as
a control) was performed. Representative data of three individual
animals from three independent experiments are shown (*P < 0.05).
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Fig. 4. Enhanced airway inflammation and AHR in mice receiving Shn-2-/~ effector T,2. Naive CD4 Tcells from DO11.10 OVA-specific TCR Tg or
Shn-27'~ DO11.10 OVA-specific TCR Tg mice were cultured under T,2 conditions for 6 days. The effector Tn2 (5 x 10°%) were transterred into
BALB/c mice 1 day before the first OVA challenge. (A) The absolute number of eosinophils (Eos), neutrophils {Neu), lymphocytes (Lym) and
macrophages (M) in the BAL fluid are shown. The mean values with SDs (n = 5) are shown. Three independent experiments were done with
similar results (**P < 0.01). (B) The levels of IL-4, IL-5, IL-13 and eotaxin-2 in the BAL fluid were determined by ELISA. Samples ware collected
6 h after the last OVA challenge. The mean values with SDs (n = 5) are shown. Three independent experiments were done with similar results (*P <
0.05 and **P < 0.01). n.d. not detectable. (C and D) AHR was monitored by measuring enhanced pause (left panel) and RL (right panel) as
described in the Methods. The mean values with SDs (n = 5) are shown. (E) Antigen-induced goblet cell hyperplasia was evaluated by PAS
staining. Representative photographic views of the lung in the mice receiving wild-type or Shn-2~/~ T,,2 are shown. (F) The data represent the
mean values of Muc5ac mRNA expression in the lung of mice receiving wild-type or Shn-27/~ T,.2. It was normalized with hprt expression. Three
independent experiments were done with similar results. Differences in AHR were statistically significant between wild-type and Shn-2-/~ T cell
transfer groups (*P < 0.05).

asthma fatality (24, 25). IL-13 has been shown to induce mu- with Shn-Z7/~ T,2. The degree of AHR was also amplified.
cus hypersecretion in vivo and in vitro (26). Therefore, an Therefore, the exacerbation of airway inflammation and AHR
overproduction of IL-13 may induce severe mucus secretion appears to be at least in part due to the enhanced T2 activ-
in the Shn-27~ lung. IL-13 was also shown to induce TARC ities of Shn-27/~ T,2.
and MDC production from keratinocytes and bronchial epi- However, the levels of IL-13 in the BAL fluid from the mice
thelial cells (27, 28). The increased number of CD4 T cells in that received Shn-27/~ Tn2 were comparable to those from
the lungs of the Shn-2~/~ mice may be due to the increased the mice that received wild-type Tn2. The levels of mucus
amount of 1L-13, which thus resulted in the overproduction hypersecretion did not increase in the mice that received
of TARC and MDC. Shn-2~!~ Tp2 (Fig. 4E and F). These results may indicate that
To investigate whether the exacerbation of airway inflam- the overproduction of IL-13 in the BAL fluid of Shn-2~/~ mice
mation and AHR was due to the deficiency of Shn-2 in T2, was not only from CD4 T cells but also from other IL-13-
we performed a set of experiments with adoptive transfer of producing cells such as mast cells, basophils and eosinophils.
Tn2 (Fig. 4). As a result, an enhanced degree of eosinophilic We observed the Shn-2 expression in naive CD4 T cells as
infiltration and increased levels of IL-5 and eotaxin-2 in BAL well as bone marrow-derived mast cells (BMMCs) (Supple-
fluid were observed in wild-type recipient mice transferred mentary Figure 1A, available at International Immunology
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Online). The phenotypic features (expression profiles of c-kit
and FceRl) were indistinguishable between wild-type and
Shn-27'~ BMMCs (Supplementary Figure 1B, available at
International Immunology Online.). In addition, the levels of
IL-5, IL-6 and IL-13 production after cross-linking of FceRl
using anti-DNP IgE and DNP-BSA were comparable (Sup-
plementary Figure 1C, available at /International Immunology
Online.). The IL-4 production was not detected by ELISA in
either group (C. lwamura and T. Nakayama, unpublished ob-
servation). These results indicate that the function of Shn-2/~
mast cells is thus within the normal range.

We observed that the production of T2-dependent anti-
bodies (IgG1 and IgE) induced by OVA-alum immunization
was decreased in Shn-2~'~ mice as compared with that
seen in wild-type mice (M. Y. Kimura and T. Nakayama, un-
published observation). The leve! of IL-4 in the BAL fluid in
the mice that received Shn-2~/~ T.2 decreased (Fig. 4B).
This could be the reason why the IgG1 and IgE levels are
decreased in the Shn-Z/~mice. It is unclear at this time
why the production of IL-4 in the BAL fluid of mice that re-
ceived Shn-27'~ T,2 decreased. One possible explanation
is the fact that GATAS3 may play a more important role in the
regulation of IL-5 production than {L-4.

In addition to T2, other lymphocytes substantially regulate
allergic diseases. It has been reported that CD8 T cells and
NKT cells are the source of IL-13 and can induce the airway
inflammation and AHR independently from conventional
CD4 T cells (29-31). Regulatory T cells are also known to
control allergic diseases (12, 32). In Shn-2~~ mice, the ab-
solute number of CD4*CD25* T cells decreased in compari-
son to that of wild-type mice (C. lwamura and T. Nakayama,
unpublished observation). Furthermore, some Shn-2-/~ mice
after 16 weeks of age died from severe whole-body inflam-
mation of an enlarged spleen and draining lymph nodes
(C. lwamura and 7. Nakayama, unpublished observation).
Therefore the down-regulation of regulatory T cells may ex-
acerbate the airway inflammation in Shn-2~'~ mice. Not only
for T cells but also for non-T cell populations, such as airway
smooth muscle cells, eosinophils and epithelial cells, which
have all been reported to play important roles in the devel-
opment of asthma (9, 22, 33). Although we need to await
a more comprehensive study, it is possible that some of
these cells may express Shn-2, and thereby contribute to
the exacerbation of airway inflammation and AHR in Shn-2/~
mice.

Recently, the role of NF-«xB in the pathogenesis of allergic
diseases was investigated in experimental allergic murine
models (34-36). Since Shn-2~~ CD4 T cells showed the
constitutive activation of NF-xB (8), we used an adoptive
transfer system to examine whether or not the effector Tn2
with an increased activation level of NF-xB exacerbate air-
way inflammation and AHR. Our preliminary results showed
significant increases in the absolute number of eosinophils
and the degree of AHR was observed in the mice that re-
ceived T2 over-expressing NF-xB (p65) (C. Iwamura and
T. Nakayama, unpublished observation). These data suggest
that the increased levels of NF-xB activation in Shn-27/~ The
may thus enhance both airway inflammation and AHR.

In summary, OVA-induced eosinophilic airway inflamma-
tion, AHR and mucus hyperproduction were all found to be
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enhanced in Shn-27'~ mice. Therefore, Shn-2 appears io
play a key role as an in vivo negative regulator of the T,2-
dependent allergic airway responses.

Supplementary data

Supplementary Figure 1 is available at International Immu-
nology Online.
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Abbreviations

AHR airway hyperresponsiveness

BAL bronchioalveolar lavage

BMMC bone marrow-derived mast cell

H&E hematoxylin and eosin

hprt hypoxanthine guanine phosphoribosy! transferase
MDC macrophage-derived chemokine
NF-xB nuclear factor-xB

OVA ovalbumin

PAS periodic acid-Schiff

RL lung resistance

RT reverse transcription

Shn Schnurri

Shn-Z7/=  Shn-2 deficient

TARC thymus activation-regulated chemaokine
Tg transgenic
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