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Background: The balonce between matrix metalloproteinase-9 (MMP-9} and tissue inhibitor of
metalloproteinase-1 (TIMP-1) may be critical in exiracellular matrix remodelling, o characteristic of
asthmatic airways. An excess of TIMP-1 over MMP-9 has been associated with chronic airflow obstruction
but the mechenisms underlying this association remain unknown. Recent computed tomographic {CT)
studies indicate that airway wall thickening is associated with chronic airflow obskruction.

Methods: Sputum levels of MMP-9, TIMP-1, and their molar ratio were examined in 26 patients with stable
asthma and their relationship with pulmonary function and airway wall thickness, assessed by o validated
CT technique which measured wall area corrected by body surface orea (WA/BSA), the ratio of WA to
outer wall area (WA%), and the absolute wall thickness corrected by JBSA of a segmental bronchus (T/
JBSA}, wos examined.

Results: Sputum MMP-9 levels were inversely correlated with WA% and TIMP-1 levels were positively
correlated with WA/BSA and T//BSA. The MMP-9/TIMP-1 molar ratio was inverse|y correlated with
WA% and T//BSA and positively correlated with post-bronchodilator values of mid-forced expiratory flow
and moximum expiratory flow at the quartile of lung volume.

Conclusion: Excess TIMP-1 may have a pathogenetic role in cirway wall thickening in asthmatic patients
which may result in chrenic aiflow obstruction.

asthma. Pathological repair of chronic inflammation may

result in airway remodelling characterised by hypertrophy
and hyperplasia of airway smooth muscle, submucosal gland
hyperplasia, goblet cell hyperplasia, and vascular prolifera-
tion. Structural changes also include deposition of extra-
cellular matrix {ECM), such as collagen and fibronectin, in
the subepithelial basement membrane (SBM) or in the
submucosa, around or within airway smooth muscle bundles,
and possibly in the adventitia.’ ?

Marrix metalloproteinases (MMPs), a family of zinc- and
calcium-dependent enzymes, are responsible for the degrada-
tion of ECM.> Among MMPs, MMP-9 is overexpressed in the
serum and/or diseased organs of patients with several
disorders characterised by tissue destruction, such as
rheumatoid arthritis and pulmonary emphysema.* * MMP-9
is considered to be involved in the pathophysiology of these
disorders, presumably by degrading ECM. In patients with
asthma, MMP-9 is increased in sputum or bronchoalveolar
lavage (BAL) fluid under stable conditions,®” during sponta-
neous exacerbations,® and after local allergen challenge.’
MMP-9 has also been suggested to enhance the migration
of inflammatory cells into the airways® through ECM
destruction.”

As a counterbalance, tissue inhibitor of metalloproteinase-
1 (TIMP-1) inhibits the enzymatic activity of MMP-9 by
stoichiometric 1:1 binding.” TIMP-1 is considered to have
fibrogenic properties resulting from inhibition of MMP-9 and
promotion of cell growth of fibroblasts or myofibroblasts.” In
several fibrotic diseases, such as progressive systemic
sclerosis™ and idiopathic pulmonary fibrosis,”* TIMP-1 is
overexpressed and considered to accelerate fibrosis and ECM
deposition. In the sputum or BAL fluid of patients with stable

lnﬂammation of the airway is a characteristic feature of

asthma, TIMP-1 is increased compared with healthy controls
and is overproduced relative to MMP-9.¢'* Additionally, an
excess of TIMP-1 over MMP-9 in the sputum or serum of
asthmatic patients has been assoctated with chronic airflow
obstruction.® ¥’

Necroscopic studies indicate that airway wall thickening is
involved in the pathophysiology of asthma.’ We have
established a technique of helical computed tomography
(CT) to quantify airway wall thickness which has shown that
the airways of asthmatic patients are thickened in vivo.”” *
The degree of thickening may relate to the severity of disease
and airflow obstruction.”** Chronic airflow obstuction
associated with overproduction of TIMP-1 might therefore
theoretically result from deposition of ECM and consequent
thickening of the airway wall.® " We therefore investigated
the relation of sputum levels of MMP-9 and TIMP-1 and their
molar ratio with airway wall thickness as assessed by CT in
patients with stable asthma.

METHODS

Subjects

Twenty six patients with stable asthma from our outpatient
clinic were studied. Asthma was diagnosed according to the
American Thoracic Society criteria. At the time of diagnosis,
airway hyperresponsiveness was proven in 15 patients by a
continuous inhalation methacholine challenge;”® the mean
(range) Dmin, a marker of airway sensitivity, in these 15

Abbreviations: Ao, outer area of the bronchus; BSA, body surface
arecat; ECM, extracellular matrix; FEF 2575, mid forced expiratory flow;
FEV), forced expiratory volume in 1 second; MMP-9, matrix
metalloproteinase-9; SBM, subepithelial basement membrane; T,
absolute airway thickness; TIMP-1, tissue inhibitor of metalloproteinase-
1; WA, airway wall area
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patients was 1.96 {0.01-9.53) units. Reversibility of airflow
obstruction to 200 pg salbutamol (12% and 200 ml increase
in forced expiratory volume in 1 second (FEV,)} was
demonstrated in six patients {mean (SD) pre/post-broncho-
dilator FEV; 2.36 (0.85) 1/2.81 {1.02)1), and the remaining
five patients had peak expiratory flow (PEF) variability of
more than 20%. Patients were considered to have stable
asthma if the disease had been fully controlled for at least
1 month.” Twenty of the 26 patients had never smoked; the
remaining six were ex-smokers who had ceased smoking at
least 1 year before the study and had smoked a maximum of
10 pack-years. Emphysema was ruled out by CT images in all
subjects including the six ex-smokers.

The study was approved by the ethics committee at our
institution and written informed consent was obtained from
all participants.

Sputum induction and processing

Sputum induction and processing were performed according
to the methods of Pin,* with slight modification.” Briefly, the
subjects were premedicated with inhaled salbutamol
(200 pg) and then inhaled hypertonic (3%) saline solution
from an ultrasonic nebuliser (MU-32, Azwell Inc, Osaka,
Japan) for 15 minutes. Adequate plugs of sputum were
separated from saliva and first meated with 0.1% dithio-
threitol {Sputasol, Oxoid Ltd, Hampshire, UK) followed by
Dulbecco’s phosphate buffered saline (PBS). After centrifu-
gation, supernatants of sputum were stored at —80°C. Cell
differentials were determined by counting at least 400 non-
squamous cells stained by the May-Grinwald-Giemsa
method.

Zymography

Zymography on SDS-gelatin was used to determine gelati-
nase activity’ in sputum according to a method previously
described.” * Each supematant obtained from sputum was
diluted (1:3) with PBS and 30 pl of the sample was subjected
to electrophoresis on 11% polyacrylamide gels containing
1 mg/ml gelatin in the presence of sodium dodecyl sulfate
{SDS-PAGE) under non-reducing conditions. After electro-
phoresis, gels were washed in Triton X100 for 1 hour, rinsed
briefly, and incubated at 37°C for 24 hours in buffer
containing 100 mM TRIS HCl pH 740 and 10 mM CaCl,.
After incubation the gels were stained with Coomassie
Brilliant Blue R250 and then destained in a solution of
7.5% acetic acid with 5% methanol. Zones of enzymatic
activity were indicated by negative staining: areas of
proteolysis appeared as clear bands against a blue back-
ground.

Measurement of MMP-9 and TIMP-1

The absolute values of MMP-9 and TIMP-1 levels in sputum
were measured using enzyme immunoassay kits (Fuji
Chemical Industries Ltd, Toyama, Japan).”” Assays were
performed following the manufacturer’s instructions. The
MMP-9 assay detects pro {92 kDa) and intermediate forms of
MMP-9 with 83 kDa as well as their complexed forms with
TIMP-1. The TIMP-1 assay detects free or complexed forms of
TIMP-1. This kit does not crossreact with TIMP-2. The
detection limits were 3.1 ng/ml for MMP-9 and 1.2 ng/ml for
TIMP-1.

CT scans and analysis of airway wall thickness

CT scanning and analysis was performed as reported
previously.”” % Briefly, using a Toshiba X-Vigor CT scanner
{Toshiba, Tokyo, Japan), helical CT scanning was performed
at 120 kvp, 50 mA, 3 mm collimation, and pitch 1. Images
were reconstructed using the FC 10 algorithm at 2 mm
spacings. A targeted reconstruction of the right lung was
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performed using a subject-specific field of view (FOV) (153-
214 mm). These CT data were transferred to a Power PC
personal computer via magneto-optical disk and analysed
using custom software written in C programming language
{Symantec C++, Symantec Corp, CA, USA}. For the airway
analysis, a cross section of the apical bronchus of the right
upper lobe at its origin was selected by a consensus reading of
two pulmonologists (HM and AN). The following airway
parameters were then measured automatically on the
computer: luminal area, short and long radii of the lumen,
and absolute airway thickness (T). Outer area of the
bronchus (Ao), airway wall area (WA) and percentage wall
area (WA%, WA/Ao x 100) were calculated, under the
assumptions that the airway was a true circle in the cross
sectional plane and that T was constant throughout the wall.
Because airway size may be affected by body size, WA and T
were normalised using body surface area (BSA).”* ** Airway
wall thickness was estimated as WA/BSA, WA%, and T/JBSA
A detailed description of these measures has been published
previously.*

Pulmonary function

Using a Chestac-65V (Chest MI Corp, Tokyo, Japan), we
measured FEV,, mid forced expiratory flow (FEFs_754), and
maximum expiratory flow at the quartile of FVC (MEF;5¢,)
15 minutes after inhalation of 200 pg salbutamol via metered
dose inhaler to assess the degree of chronic airflow
obstruction.

Statistical analysis

Stat View software (SAS Institute Inc, Cary, NC, USA) was
used. The results are expressed as mean {SD). Relationships
between data were analysed using Spearman’s rank correla-
tion test. p values of <0.05 were considered significant.

Table 1 * Characteristics and ovtcomes of siudy
pahents {n=26}
Age lysars] © o 538 116.3]
Sex (/M) o 11/15
Disease duration fyeors} "8.6.{8.3)
" Disease severity {sleps 1:2:3:4)*  1:9:13:3
~Atopic status {yes/no}t" - 16/10
FEV; (predt 95.8(17.2]
FEVy {%pred}s 1021 {178}

T FEV/FVC {%)E - 78.3.9.7)
FEFss. 753 (Hpred)s 73230.7)

" MEFzs, (opred)s 548 (27.9)

" Inhaled steroid lug/day)'ﬂ 8Y¥6.{270) -
WA/BSA (mm?/m?) 17.9 (3.8} =
WA () - 66.7 {5:6)
T/{BSA {mm/m} . 1:210.1) ¢

-Sputum MMP-9 levels [ng/ml) 598.2°(388.4)

= Sputum TIMP-1 levels {ng/ml) 855.0 {497.3)

 Molar ratio of MMP-9/TIMP-1 0.221{0.13}

FEF25-75%, mid-forced expiratory flow; MEF,sx, maximum
expiratory flow atthe. quartile of lung volume; WA/BSA,
wall drea/body surface orea; WA%, 100 x WA /outer area
of the bronchus; T, absolute airway thickness; MMP,
-metalloproteinase; TIMP; lissue mhlblfor of
memlloprolemase b
Values are given s mean {SD).
- *Severify of the disease was determined hosed on the Global
Initiafive for Asthma. : ]

" “Patients were considered aopic when one or more specific
IgE antibodies against cat dander, dog dander, weed, grass
pollen, mold and house: dust mite were positive.
$Pre-bronchodilator and $post-bronchodilator values.
YData from 25 patients taking inhaled steroids [expressed in
equivalent doses of beclomethasone dipropionate].
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Table-2 Correlation coefficients {r-values) between, sputum:- markers and mrwoy wall
thickness or post-bronchodilator pulmonary Funchon

" Molor rafiocf =
- MMPO/TMP

WA/BSA (minZ/m?)
WA%

T/BSA (mm/m}
FEV; {%pred])
FEF 35 75% {%pred)
“MEF 255, {%pred)

~0.12
~0.64%
=0.548
0.25
0.41*
0.42

“*p<0.05, 1p<0.03,1p<0.003, 5p<0.01.

WA/BSA, wall orea/body surface area; WA, 100 xWA/outer area of the bronchus; T, absolute airway :
thickness; FEF 5.7, mid-forced expiratory flow; MEF 55, maximum expiratory flow.at the quc:rh]e of lung volume;
MMP, matrix metalioproteinase; TIMP, fissue inhibitor of metalloproteinase.

RESULTS

The clinical characteristics and outcomes of the 26 patients
are shown in table 1. One patient regarded as of step I
severity was treated only with a short acting inhaled [
agonist as required. Others were treated with inhaled
corticosteroids for at least 3 months before the study. Two
of the 26 patients were examined for MMP-9 or TIMP-1
levels alone because the sputum samples of these patients
were too small to analyse both. As reported previously,®?
zymographic analysis of sputum samples from the patients
showed a major band of enzymatic activity at 92 kDa which
corresponds to pro-MMP-9 (data not shown).

Table 2 shows correlation coefficients between the sputum
indices and the measures of airway wall thickness or airflow
obstruction. Sputurn MMP-9 levels were inversely correlated
with WA% and TIMP-1 levels were positively correlated with
WA/BSA and T//BSA. The MMP-9/TIMP-1 molar ratio was
inversely correlated with WA% (fig 1) and T//BSA and
positively correlated with post-bronchodilator values of
FEF,s 75% and MEFa2se but not with FEV, (table 2). No
significant correlation was observed between disease dura-
tion or severity and the sputum indices {data not shown).

The MMP-9 levels were significantly correlated with the
absolute number of sputum neutrophils (r = 0.47, p = 0.036)
and marginally with that of macrophages (r=0.43,
p = 0.058). The TIMP-1 levels tended to correlate with the
absolute number of neutrophils {r=0.38, p=0.099). No
significant correlation was found between sputum eosinophil
number and either MMP-9 or TIMP-1 levels (data not
shown).

DISCUSSION

This is the first study to evaluate the relationship between
airway wall thickness {assessed by CT scanning) and sputum
levels of MMP-9, TIMP-1, and their molar ratio in asthmatic
patients. We have shown that an absolute increase in TIMP-1
or its relative excess over MMP-9 in the asthmatic airway

8o o  r=-064,p=0002
] ”.
% 70 o &
= e
®e _ o
®
&s ®
o | ! L%

] 0.1 0.2 0.3 0.4 05 0.6
MMP-9/TIMP-1 molor rotio

Figure 1 Correlation between WA% (100 x wall avea/outer area of
the bronchus) and MMP-9/TIMP-1 molar ratio.

may be associated with airway wall thickening, as well as
with chronic airflow obstruction.

Vignola and colleagues have shown that the molar ratio
between MMP-9 and TIMP-1 in the sputum of asthmatic
patients is positively correlated with FEV,. The patients had
not received any form of corticosteroids during the 2 months
before the study. The authors indicated that the excess of
TIMP-1 may lead to airflow obstruction, possibly by a role in
the pathogenesis of ECM remodelling.® Bossé and colleagues
have evaluated the relationship between the responsiveness
of FEV, to oral corticosteroid treatment (methylprednisolone
40 mg/day for 2 weeks) and the prereatment serum molar
ratio of MMP-9/TIMP-1 in severe asthmatic patients requir-
ing high doses of inhaled corticosteroids.” The baseline
serum MMP-9/TIMP-1 ratio strongly correlated with the
degree of increase in FEV, after oral corticosteroid treatment.
The authors concluded that the excess of TIMP-1 may lead to
irreversible airflow obstruction, possibly through airway
fibrosis. Our findings that the sputum MMP-9/TIMP-1 ratio
correlated with FEF,s 754, and MEF,s, are consistent with
those of Vignola et al* and Bossé et al,” both showing an
association between the excess TIMP-1 and airflow obstruc-
tion. Unlike these studies, we used post-bronchodilator
values of pulmonary function which are more indicative of
“irreversible” functional changes. We also used sputum
samples which provide a more direct measure of airway
pathophysiology than serum samples as used by Bossé et al."”
The reason why the molar ratio was only associated with
FEF;5_75% and MEF,5q but not with FEV; in our study may
be that a fixed airflow obstruction was limited to the
peripheral airways only because our patients may have had
milder disease than those in the previous studies.®”
Correlations between the sputum indices and peripheral
airflow obstruction are relevant because induced sputum is
considered to originate not only from the central but also
from the small airways and alveoli.”

We have shown, for the first time to our knowledge, an
association between excess TIMP-1 and whole airway wall
thickening. Specifically, the sputum TIMP-1 levels were
positively correlated with—and the molar ratio of MMP-9/
TIMP-1 inversely correlated with—airway wall thickness as
assessed by CT scanning. Although CT scanning cannot
identify the pathological details that may contribute to
airway wall thickening, ECM deposition in the airways
through excess TIMP-1 probably contributed to the observed
thickening. A recent study of a murine model of asthma
employing chronic ovalbumin challenge shows that the
TIMP-1 level in BAL fluid is increased after 12 weeks of
repeated antigen challenge and that this increase is sustained
during the following 20 weeks with the same treatment. In
parallel, excessive collagen deposition in the lung emerges at
16 weeks of treatment and persists thereafter. The authors
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deduce a possible association between the increase in TIMP-1
and ECM deposition in their model.® In the airways of
patients with asthma, ECM deposition is seen not only in the
SBM but also around smooth muscle cells and possibly in the
adventitial layer,” which may gather volume and contribute
to the whole airway wall thickening. In fact, the degree of
SBM thickening correlates with the degree of airway wall
thickening as assessed histologically’® and by CT scanning.*
TIMP-1 excess may therefore be associated with ECM
deposition and consequent whole airway wall thickening.
The latter may be related to chronic airway obstruction as
suggested by previous CT studies.’*™

In our study, sputum MMP-9 levels correlated significantly
with the number of neutrophils and marginally with the
number of macrophages. Our results are consistent with
those of previous human® * and murine studies.” These cells
might therefore be potential sources of MMP-9 in the
asthmatic airways, although eosinophils are also considered
as candidate cells by other investigators.*

Uncontrolled airway inflammation or uncontrolled disease
status may potentially affect airway wall thickness. All 26
patients in our study had experienced full symptom control
for at least 1 month, and all but one had been treated with
inhaled corticosteroids for at least 3 months. We selected
these patients for our smdy to reduce the effect of
inflammation as much as possible in order to better address
the “irreversible”” component of airway wall thickening using
CT.” 2 Although the levels of sputum indices might or might
not have been modified by corticosteroid treatment,* the
association we found between the sputum indices and
pulmonary function is consistent with those of a previous
study® conducted in patients not treated with corticosteroids.

The three measures of airway wall thickness used in our
study are distinct from each other. WA/BSA may not be
affected by bronchoconstriction, unlike WA% or T/JBSA;
WA% is a corrected index of airway wall thickness by airway
size, whereas T//BSA indicates an absolute thickness of the
Vvall-}A

One possible limitation of our study is that sputum levels
of MMP-9 and TIMP-1 might not reflect the actual behaviour
of the enzymes within bronchial tissue. However, both
mucosal expression” and sputum levels® of MMP-9 as well
as TIMP-1 are consistently increased in patients with asthma
compared with healthy controls. Increases in TIMP-1 relative
to MMP-9 in induced sputum® and increased expression of
TIMP-1 in bronchial tissue® are consistently observed
following systemic or inhaled corticosteroid treatment. It is

therefore reasonable to assume that sputum levels of MMP-9

and TIMP-1 may indirectly reflect their levels in the airway
mucosa.

In conclusion, the data from the present study suggest the
involvement of excess TIMP-1 in the development of airway
wall thickening and chronic airflow obstruction in asthmatic
patients. The regulatory mechanisms responsible for the
balance between MMP-9 and TIMP-1, and its possible
pharmacological modulation, need to be addressed in future
studies.
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Absence of C/EBPu may couse bronchial smooth muscle proliferation in asthma

A Roth M, Johnson PRA, Borger P, ef al. Dysfunctional interaction of C/EBPa and the glucocorticoid receptor in asthmatic
bronchial smooth muscle cells. N Engl J Med 2004;351:560-74

patients. Glucocorticoids exert antiproliferative effects via CCAAT/enhancer binding

Proliferation of bronchial smooth muscle (BSM) cells occurs in the airways of asthmatic

protein o (C/EBPa), an antiproliferative transcription factor. This paper studies
signalling pathways in BSM cell proliferation from 20 asthmatic and 26 non-asthmatic

subjects (lung cancer/CF/emphysema).

A series of elegant experiments (using immunoblotting/electrophoresis) first established
that, in response to glucocorticoid, asthmatic and non-asthmatic BSM cells display similar
glucocorticoid receptor (GR) characteristics, similar anti-inflammatory effects (interleukin
(IL)-6 suppression), and a similar reduction in IL-6 suppression with a GR inhibitor.
However, whereas glucocorticoid significantly suppresses cell proliferation in comntrol BSM
cells {by 24-28%), no such suppression is seen in asthmatic BSM cells. None of the
asthmatic cell lines expressed the C/EBPa transcription factor whereas all controls did
(tissue specific to BSM). Transfection of asthmatic cells with a C/EBPa expression vector
significantly slowed (and allowed steroids to suppress) proliferation.

The authors conclude that asthmatic BSM cell proliferation results from absence of C/
EBPa, which also explains the lack of steroid suppression. Steroid treatment suppresses IL-6
production in both groups, therefore demonstrating two distinct signalling pathways: anti-
inflammatory (cytokine mediated) and antiproliferative (transcription factor mediated).

Why asthmatic BSM cells lack C/EBPo remains unclear (previous steroid use and
treatment length were often unknown, perhaps influencing in vitro response) and whether
CF or emphysema subjects can be used as controls is debatable. The implication that steroids
do not suppress BSM proliferation in asthma is clearly important and the demonstration of
two distinct signalling pathways merits further investigation.

N M Rahman

Specialist Registrar, Respiratory Medicine, Horton Hospitol, Banbury, Oxon, UK;

naj_rahman@yahoo.co.uk
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Murine Plasmacytoid Dendritic Cells Produce IIFN-y upon
IL-4 Stimulation’

Akira Suto, Hiroshi Nakajima,” Naoki Tokumasa, Hiroaki Takatori, Shin-ichiro Kagami,
Kotaro Suzuki, and Etsuo Iwamoto

IL-4 plays a key role in inducing 11.-4 production in CD4™ T cells, functioning as an important determinant for Th2 cell differ-
entiation. We show here that IL-4 induces IFN-y production in B220™ plasmacytoid dendritic cells (PDCs). By searching for cell
populations that produce IFN-y upon IL-4 stimulation, we found that PDCs were a major IFN-y-producing cell upon IL-4
stimulation in wild-type and Rag-2"'~ splenocytes. Isolated PDCs, but not CD11b* DCs or CD8* DCs, produced IFN-vy upon IL-4
stimulation. In vivo, the depletion of PDCs by anti-Ly6G/C Ab prevented IFN-v production induced by IL-4 administration. We
also found that 1L-4 induced IFN-y production, but not IL-12 or IFN-a production, in PDCs and alse strongly enhanced CpG
oligodeoxynucleotide-induced IFN-y production, but not CpG oligodeoxynucleotide-induced IL-12 or IFN-« production. How-
ever, IL-4 did not induce IFN-y production in Stat6~’~ PDCs. Moreover, IL-4 induced Stat4 expression in PDCs through a
Stat6-dependent mechanism, and only the Statd-expressing PDCs produced IFN-y. Furthermore, IL-4 did not induce IFN-y
production in Stat4™"~ PDCs. These results indicate that PDCs preferentially produce IFN-y upon IL-4 stimulation by Stat6- and

Statd-dependent mechanisms. The Journal of Immunology, 2005, 175: 5681-5689.

ytokine environment is critical for the differentiation and

commitment of immune cells. For example, IL-4, a rep-

resentative Th2 cytokine, induces further Th2 cell differ-
entiation, whereas a Thl cytokine IFN-vy in coordination with
IL-12 induces Th1 cell differentiation (1-3). Although these pos-
itive feedback mechanisms are essential for the profound differ-
entiation of Th cells, the immune system also has a number of
intrinsic and extrinsic machinery to antagonize the excessive dif-
ferentiation of immune cells (4, 5).

Dendritic cells (DCs)® are a migratory group of bone marrow-
derived leukocytes with at least three subtypes in mouse spleen:
CD8™ DCs, CD11b™ DCs, and B220* DCs (“plasmacytoid DCs”)
(PDCs) (6, 7). Although CD8" DCs and CD11b" DCs express
high levels of MHC class II molecules and costimulatory mole-
cules such as CD80 and induce T cell proliferation, PDCs express
MHC class II molecules at very low levels, do not express CD8O0,
and fail to stimulate T cell proliferation (8, 9). These findings
suggest that PDCs are immature DCs with a weak ability as APCs.
On the other hand, PDCs localize in the T cell zone of lymphoid
tissues and produce a large amount of type I IFNs upon bacterial
or viral infection (10-12). Therefore, if is suggested that PDCs
play a key role in innate immune responses.
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Recently, a number of experiments have suggested that innate
immune responses contribute significant polarizing influences on
Th differentiation (13). The global view is that TLR activation of
APCs such as DCs induces cytokine production that favors Thl-
type immune responses and prevents the development of deleteri-
ous Th2 responses (13). On the other hand, a recent study has
shown that PDCs inhibit Th2 responses even in the absence of
TLR signaling (14). However, the role of PDCs in Th differenti-
ation is still largely unknown.

In this study, by searching for cell populations that produce
IFN-y upon IL-4 stimulation, we found that PDCs were a major
IFN-vy-producing cell upon IL.-4 stimulation and that IL-4 prefer-
entially induced IFN-+vy production in PDCs by a Stat6-dependent
mechanism. We also found that [L-4 induced Stat4 expression in
PDCs through a Stat6-dependent mechanism and that only the
Stat4-expressing PDCs produced IFN-vy. Furthermore, we found
that Stat4-deficient PDCs did not produce IFN-y upon IL-4 stim-
ulation. Our results highlight a unique function of IL-4-induced
IFN-+v production in PDCs in the immune regulation of cytokine
networks.

Materials and Methods
Mice

BALB/c mice were purchased from Charles River Laboratories. Stat6-de-
ficient (Stat6 /™) mice (15) and Rag-2~'~ mice were backerossed for more
than eight generations onto BALB/c mice. Stat4 ™"~ mice on a BALB/c
background were purchased from The Jackson Laboratory. OV A-specific
DO11.10 TCR transgenic (DO11.107) mice (16) were backcrossed over 10
generations onto BALB/c mice. All mice were housed m microisolator
cages under specific pathogen-free conditions and all experiments were
performed according to the guidelines of Chiba University.

Reagents

Mouse IL-2, IL-4, IL-7, IL-9, IL-13, and IL-15 were purchased from Pep-
roTech. Phosphorothioate-stabilized CpG oligodeoxynucleotide (ODN)
1668 (TCCATGACGTTCCTGATGCT) was purchased from Hokkaido
System Science.

0022-1767/05/$02.00
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Flow cytometric analysis

Cells were stained and analyzed on a FACSCalibur (BD Biosciences) using
CellQuest software. The following Abs were purchased from BD Pharm-
ingen: anti-CD4 FITC, PE (H129.19), anti-CD8 FITC, PE (53-6.7), anti-
B220 FITC, PE, allophycocyanin, PerCP, biotin (RA3-6B2), anti-CD3 PE
(145-2C11), anti-CD19 PE (ID3), anti-CD11b (Mac-1) PE (M1/70), anti-
CD11c FITC (HL3), anti-Ly6G/C PE (RB6-8CS5), anti-erythroid PE (TER-
119), anti-pan NK PE (DXS5), anti-CD80 PE (16-10Al), anti-CD86 PE
(GL-1), and anti-I-A“ PE (AMS-32.1). Before staining, FcRs were blocked
with anti-CD16/32 Ab (2.4G2; BD Pharmingen). Negative controls con-
sisted of isotype-matched, directly conjugated, nonspecific Abs (BD
Pharmingen).

Isolation of DC subtypes

Splenic DCs were prepared using OptiPrep (Axis Shield) according to the
manufacturer’s instructions. In brief, spleens were cut into small fragments
and then digested with collagenase A (0.5 mg/ml; Roche) for 10 min at
37°C with continuous agitation. Digested fragments were filtered through
a stainless steel sieve, and cells were resuspended in 3 ml of HBSS and
then mixed with 1 ml of OptiPrep to make 15% iodixanol solution (density
1.085 g/ml). Cell suspension was overlaid with 5 ml of 12% iodixanol
solution (density 1.069 g/mtl) and subsequently with 3 mi of HBSS. Low-
density cells were collected by centrifugation at 600 X g for 15 min at
room temperature. Low-density cells were stained with anti-CD1le FITC
and FITC-stained cells were positively collected using anti-FITC mi-
crobeads (Miltenyi Biotec), according to the manufacturer’s instructions.
The resultant cells were routinely >95% pure CD11c™ cells by FACS
analysis.

To isolate PDCs, low-density cells were prepared from wild-type (WT),
Stat6™’~ splenocytes, or Stat4 ™/~ splenocytes and then stained with a mix-
ture of PE-labeled Abs to CD3, CD19, CD11b, DX5, and TER-119. After
PE-stained cells were depleted using anti-PE microbeads (Miltenyi Biotec),
cells in flow-through were stained with anti-B220 biotin and subsequently
B220" cells were positively collected using streptavidin microbeads
(Miltenyi Biotec). Alternatively, PDCs were purified using a PDC isolation
kit according to the manufacturer’s instructions (Miltenyi Biotec). In both
cases, the resultant cells were >>95% pure B2207CD19~ cells by FACS
analysis.

For CD11b™ DCs purification, low-density cells were prepared from
WT splenocytes and stained with a mixture of PE-labeled Abs to CD3,
B220, DX35, TER-119, and CD8. After PE-stained cells were depleted us-
ing anti-PE microbeads, cells in flow-through were stained with anti-
CD1l1c FITC and CD11c™ cells were positively collected using anti-FITC
microbeads. The resultant cells were routinely >95% pure
CD11b*CD8 CD1l1c™ cells by FACS analysis.

For CD8" DCs purification, low-density cells were prepared from WT
splenocytes and stained with a mixture of PE-labeled Abs against CD3,
B220, DXS5, TER-119, and CD11b and PE-stained cells were depleted
using anti-PE microbeads. Cells in flow-through were stained with anti-
CD11c FITC and CD11c™ cells were positively collected using anti-FITC
microbeads. The resultant cells were routinely >95% pure
CD11b~CD87CD11c™ cells by FACS analysis.

Cell culture

Isolated PDCs, CD11b™ DCs, or CD8" DCs were cultured (5 X 10°/ml) in
RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 50 uM
2-ME, 2 mM L-glutamine, and antibiotics (complete RPMI 1640 medium)
at 37°C for 72 h in the presence or in the absence of IL-4 (20 ng/ml). In
some experiments, PDCs were stimulated with CpG ODN (10 pg/ml) for
48 or 72 h. PDCs were also stimulated with IL-2, IL-7, [L-9, IL-13, or
IL-15 (20 ng/mt each) for 72 h to determine whether these cytokines induce
IFN-vy production from PDCs. In other experiments, anti-IL-12 (p40/p70)
Ab (10 pg/mi, clone C17.8; BD Pharmingen), anti-IL-2R B-chain Ab (10
wg/ml, clone TM-A1; BD Pharmingen), or anti-IL-18 Ab (5 ug/ml, clone
93-10C;, MBL) was added to neutralize 11.-12, IL.-2 and H.-15, or IL-18,
respectively. A mixture of anti-murine IFN-a Ab (20 ug/ml, clone 4EA1)
(17), anti-murine IFN-3 Ab (20 pg/ml, clone 7DF3) (17), and anti-type 1
IEN receptor antisera (10 ug/ml, R&D Systems) was used to neutralize
type I IFNs.

ELISAs

The amounts of IFN-y and I1.-12 in the culture supematant were measured
by the enzyme immunoassay using murine IFN-y and IL-12 (p70) ELISA
kits from BD Pharmingen. The amounts of IFN-« in the culture supernatant
were measured by an IFN-a ELISA kit from PBL. The assays were per-
formed in duplicate according to the manufacturers’ instruction. The min-

IL-4-INDUCED IEN-y PRODUCTION IN PLASMACYTOID DCs

imum significant values of these assays were 31.3 pg/ml IFN-v, 62.5 pg/ml
IL-12, and 12.5 pg/ml IFN-a.

Intracellular staining for IFN-vy

Cells were stimulated with IL-4 (20 ng/ml) in the complete RPMI 1640
medium for the indicated periods (48 or 72 h). Monensin (2 uM; Sigma-
Aldrich) was added for final 4 h to prevent cytokine release. After surface
staming, cells were fixed with IC FIX (BioSource International), perme-
abilized with IC PERM (BioSource International), and stained with anti-
IFN-y allophycocyanin (XMG1.2; BD Pharmingen) as described previ-
ousty (18).

Intracellular Stat4 staining

Intracellular staining for Stat4 was performed as described elsewhere (19)
with minor modifications. In brief, isolated PDCs from WT splenocytes or
Stat6 ™'~ splenocytes were cultured for 48 h in the presence or in the ab-
sence of IL-4 (20 ng/ml). Cells were harvested, washed with PBS, fixed
with [C FIX, and permeabilized with 90% methanol and subsequently with
IC PERM. Cells were then incubated with anti-Stat4 Ab (Zymed) or con-
trol rabbit IgG (Serotec) for 30 min at room temperature. After washing,
cells were incubated with Alexa Fluor 647-conjugated anti-rabbit IgG Ab
(Molecular Probes) and analyzed on a FACSCalibur. In the case of double
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FIGURE 1. B220™" PDCs produce IFN-y upon IL-4 stimulation. A,
Splenocytes from Rag-2~'~ mice were cultured with or without IL-4 (20
ng/ml) for 3 days with monensin added for the final 4 h. After cells were
stained with anti-B220 and either anti-CD1lc or anti-DX35, intracellular
staining for IFN-y was performed. Representative FACS profiles of anti-
CD1le vs anti-IFN-v staining {left panels) and anti-CD11c¢ vs anti-B220 or
anti-DX5 vs anti-B220 staining gating on either IFN-y™ cells or IFN-y~
cells (right panels) are shown. B, CD11lc™ low-density splenocytes were
isolated from WT mice as described in the Materials and Methods. Cells
were then cultured with or without IL-4 for 3 days and analyzed for the
expression of CD11e, B220, CD19, CD8, CD11b, Ly6G/C, and I-A¢ to-
gether with the intracellular IFN-vy. Shown are representative FACS pro-
files of anti-CD'11c vs anti-IFN-vy staining from four independent experi-
ments (left panels). Representative FACS profiles of anti-CD19 vs anti-
B220, anti-CD3 vs anti-B220, and anti-CD8 vs anti-B220 staining on
IFN-y™ cells, as well as histograms for anti-Ly6G/C, anti-CD11b, and
anti-1-A? staining on IFN-y™ cells are shown in the right panels. Dashed
lines indicate the staining with isotype-matched control Abs.



The Journal of Immunology

A
- ﬂi . 900 -
Coitbr T, [JCD11p+DCs
o
DCs & ‘ ACDS DCs
[ et s e 71 BPOCs
. CD11e - 6001
: 5
cosr Ry g
DCs ©_ =
N 4
ST B 300 4
FOCs S
o o 1__ND ND D ND
&
al. PBS w4
S S & ]
CDte
B 70 7
] Control lgGab
604 BB AnN-LYSGIC mAb
50 4
E
2 9
Z 304
ES
20 4 .
10 4
0
PES L4 PES L4
24h 48h

FIGURE 2. PDCs but not CD11b™ or CD8™ DCs produce IFN-y upon
IL-4 stimulation. 4, PDCs, CD11b™ DCs, and CD8" DCs were prepared
from WT splenocytes as described in Materials and Methods. Each DC
subtype was cultured with or without IL-4 for 3 days, and the amounts of
IFN-+y in the supematants were measured by ELISA. Representative FACS
profiles of isolated each DC subtype are shown in the left panels. Data are
means = SD from four independent experiments. ND = not detectable. B,
PDCs produce IFN-+y upon IL-4 stimulation in vivo. Rag-27'" mice were
injected i.p. with anti-Ly6G/C Ab (500 pg/mouse) or rat IgG2b (as a con-
trol). Twenty-four hours later, rIL.-4 (10 jg/mouse) or saline (as a control)
was injected i.v. in the retro-orbital vein of mice. The levels of IFN-y in the
serum were determined by ELISA at 24 and 48 h after IL-4 injection. Data
are means = SD for four mice in each group. ND, not detectable. *, Sig-
nificantly different from the mean value of the corresponding control re-
sponse (control IgG2b); p < 0.01.

{(pg/mi) IFN-Y (pg/mi)
3000+ 1600 -

2500 1200
10007

500+

0O
iL-4 - + - 4+

CpG - - + +

ND IND ND 0
+ - o+

5683

intracellular staining for Stat4 and IFN-v, FITC-conjugated anti-rabbit IgG
Ab (Zymed) was used as a second Ab.

RT-PCR analysis

Total cellular RNA was prepared and RT-PCR analysis was performed as
described previously (20). The primer pairs for Statd were 5'-CTTGGGT
GGACCAATCTGAA-3" and 5'-TGGTCTTGAGACTTCGCACG-3'. The
primer pairs for GATA3 and T-bet were described elsewhere (21). RT-
PCR for B-actin was performed as a control. All PCR amplifications were
performed at least three times with multiple sets of experimental RNAs.

Tagman PCR analysis

The expression levels of Statd mRNA were determined by real-time PCR
using a standard protocol on ABI PRISM 7000 instrument (Applied Bio-
systerns). PCR primers and fluorogenic probes for Stat4, T-bet, and
GATA3 were described previously (22). The levels of Stat4 mRNA were
normalized to the levels of GAPDH mRNA (Applied Biosystems).

Effect of in vivo depletion of PDCs on IFN-vy production
induced by IL-4 administration

To deplete PDCs in vivo, anti-Ly6G/C Ab (500 pg/mouse; BD Pharmin-
gen) was injected i.p. to Rag-2~'" mice as described previously (12). As a
control, purified rat igG2b (BD Pharmingen) was injected to Rag-27'""
mice. In some experiments, 120G8 Ab (500 pg/mouse; a gift from Drs. G.
Trinchieri and D. La Face, Schering-Plough Research Institute, Dardilly,
France) (23) was injected to Rag-2~'~ mice to deplete PDCs. Twenty-four
hours later, rIl.-4 (10 pg/mouse) or saline (as a control) was injected i.v.
in the retro-orbital vein of the mice. The levels of IFN-v in sera were
determined by ELISA using a highly sensitive mouse IFN-y ELISA kit
(AN-18; BD Pharmingen) at 24 and 48 h after IL-4 injection. The mini-
mum significant value of this assay was 3 pg/ml! IFN-y.

Thl and Th2 cell differentiation

Splenic CD4™ T cells from DO11.10™ mice were purified (>90% pure by
flow cytometry) using T cell enrichment columns (R&D Systems) and
stimulated with plate-bound anti-CD3¢ mAb (5 pg/ml, clone 145-2C11;
BD Pharmingen) plus anti-CD28 mAb (5 ug/mi, clone 37.51; BD Pharm-
ingen) at 37°C for 48 h in the presence of IL.-12 (7.5 ng/ml; R&D Systems)
(Th1 condition) or IL-4 (15 ng/mi; R&D Systems) and anti-IFN-y mAb (15
wg/ml, clone XMG1.2; BD Pharmingen) (Th2 condition) as described pre-
viously (18).

Data analysis

Data are summarized as mean = SD. The statistical analysis of the results
was performed by the unpaired ¢ test. Values of p < 0.05 were considered
significant.
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FIGURE 3. IL-4 induces IFN-vy but not I1.-12 or IFN-« production in PDCs. Isolated PDCs from WT splenocytes were cultured with I1.-4 (20 ng/mi)
and/or CpG ODN (10 ug/ml) for 3 days, and the amounts of IFN-vy, IL-12, and IFN-« in the supernatants were measured by ELISA. Data are means =
SD from four independent experiments. ND, not detectable. *, p < 0.001.
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Results
B220™ PDCs produce IFN-y upon IL-4 stimulation

To examine the negative-feedback regulation of cytokine net-
works, we searched for cell populations that produce IFN-vy upon
IL-4 stimulation. We found that ~5% of 1L-4-stimulated Rag-
27/~ splenccytes became positive for intracellular [FN-v staining
(Fig. 14, left panels). Multicolor FACS analyses revealed that the
majority of [L-4-induced, IFN-y-producing cells expressed CD11c
at low levels, expressed B220 at high levels, but lacked the ex-
pression of DXS5 (Fig. 1A, right panels). In conirast, the majority
of IFN-y-nonproducing cells in I-4-stimulated Rag-27/" spleno-
cytes were positive for DX5 but negative for B220 (Fig. 14), sug-
gesting that these IFN-y-nonproducing cells are NK cells.

To further characterize cell populations that produce IFN-vy
upon IL-4 stimulation, CD11c™ low-density splenocytes were iso-
lated from WT mice and then stimulated with [L-4. Again, the
majority of IL-4-induced, IFN-y-producing cells expressed B220
at high levels and expressed CD11c at low levels (Fig. 1B). IFN-
y-producing cells were also positive for anti-Ly6G/C staining (Fig.
1B). Moreover, IFN-vy-producing cells expressed class 11 MHC
molecules (I-A%) at very low levels but lacked the expression of
CD19, CD3, CD8§, and CD11b (Fig. 1B). These results suggest that
the IL-4-induced, IFN-y-producing cells are very similar to type 1
IFN-producing PDCs (10-12).

PDCs but not CD11b™ DC or CD8* DCs produce IFN-y upon
IL-4 stimulation

To determine whether PDCs specifically produce IFN-+y upon IL-4
stimulation, isolated PDCs, CD11b™" DCs, and CD8" DCs were
examined for their ability of IFN-vy production upon I1.-4 stimu-
lation. Consistent with the data obtained by intracellular IFN-y
staining (Fig. 1), isolated PDCs produced a considerable amount of
IFN-v upon IL-4 stimulation (625.5 = 79.9 pg/ml, means = SD,
n = 4) (Fig. 24). On the other hand, IL-4-stimulated CD8" DCs
produced little IFN-y (74.3 = 32.2 pg/ml, n = 4) and IL-4-stim-
ulated CD11b™ DCs did not produce IFN-vy (Fig. 24). Together
with the data shown in Fig. 1, these results indicate that among DC
subtypes, PDCs specifically produce IFN-y upon IL-4 stimulation.

We also examined whether PDCs produced IFN-vy upon IL-4
stimulation in vivo. As shown in Fig. 2B, when rIL-4 was admin-
istered i.v. to Rag-2"'" mice, a considerable amount of IFN-y was
detected in the serum after 24 and 48 h. Importantly, the depletion
of PDCs with preinjection of anti-Ly6G/C Ab significantly de-
creased the IL-4-induced IFN-vy production (n = 4 mice, p < 0.01)
(Fig- 2B). A similar trend was observed with 120G8 Ab, which
depletes PDCs more specifically (23), although statistical signifi-
cance was not achieved due to the limited number of mice exam-
ined (data not shown). These results suggest that PDCs produce
IFN-v upon 1L-4 stimuiation in vivo.

1L-4 preferentially induces IFN-vy production in PDCs

PDCs have been identified as a potent producer of IFN-« and
1L-12 upon viral or bacterial infection (8-12). Therefore, we ex-
amined whether IL-4-induced IFN-« and IL-12 production in iso-
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lated PDCs. However, 11.-4 did not induce the production of [FN-«
or IL-12 (p70) in PDCs (n = 4) (Fig. 3). In contrast, PDCs pro-
duced considerable amounts of IFN-vy, IFN-¢, and IL-12 upon
CpG ODN stimulation, a potent stimulator of PDCs through TLR9
(24, 25) (Fig. 3). Furthermore, IL-4 strikingly enhanced CpG
ODN-induced IFN-+y production ~10-fold but not CpG ODN-in-
duced IFN-a or IL-12 production in PDCs (n = 4, p < 0.001) (Fig.
3). These results indicate that 1L-4 preferentially induces IFN-vy
production in PDCs.

IL-4 induces IFN-vy production in PDCs by a Stat6-dependent
mechanism

It is well established that IL-4 uses Stat6 as a signaling molecule
(26). Therefore, we next studied whether Stat6 was required for
IL-4-induced IFN-y production in PDCs using Stat6-deficient
(Stat6~’") mice. The number of PDCs (CD19~B2207CD11c"™
cells) in spleen was similar between Stat6™"~ mice and WT mice
(Fig. 44), suggesting that Stat6 is not essential for the development
of PDCs. However, when isolated PDCs were stimulated with
IL-4, WT PDCs but not Stat6™’~ PDCs produced IFN-vy (Fig. 44).
On the other hand, CpG ODN-induced IFN-+y production was sim-
ilarly observed between WT PDCs and Stat6™’~ PDCs (data not
shown). These results indicate that among signaling molecules un-
der IL-4, Stat6 is essential for IFN-+y production in PDCs. We also
examined the effect of IL-13, which shares type II IL-4R with IL-4
and activates Stat6 (26), on [FN-y production in PDCs. However,
I1L.-13 did not induce IFN-vy production in PDCs (Fig. 4B) nor
enhance IL-4-induced IFN-vy production in PDCs (Fig. 4B), sug-
gesting that type I IL-4R but not type II IL-4R is involved in
IL-4-induced IFN-+y production in PDCs. Moreover, another rep-
resentative Th2 cytokine, IL-5, did not induce IFN-+y production
nor enhance IL-4-induced IFN-vy production in PDCs (data not
shown).

Other ~yc-dependent cytokines do not induce IFN-vy production
nor enhance 1L-4-induced IFN-vy production in PDCs

To determine whether other yc-dependent cytokines induce IFN-vy
production in PDCs, isolated PDCs were stimulated with 11-2,
IL-7, IL-9, and IL-15 in the presence or in the absence of IL-4 for
3 days. As shown in Fig. 4C, none of yc-dependent cytokines,
except for IL-4 induced IFN-vy production in PDCs (Fig. 4C). In
addition, none of them significantly enhanced IFN-v production in
IL-4-stimulated PDCs (Fig. 4C).

IL-4 does not alter the maturation state of PDCs

It has been shown that the ability of DCs for cytokine production
depends on their maturation state (27, 28). We then examined
whether IL-4 changed the maturation state of PDCs and thus in-
duced IFN-vy-producing ability. Consistent with previous reports
(8-12), isolated PDCs expressed I-A? at very low levels, and
lacked the expression of CD80 (Fig. 4D) and CD86 (data not
shown). IL-4 did not alter the expression levels of I-A9, CD80, and
CD86 of PDCs (Fig. 4D and data not shown). In contrast, when
PDCs were stimulated with CpG ODN, the expression levels of
I-A? and CD80 were significantly increased (Fig. 4D). In addition,

experiments. ND, not detectable. D, IL-4 does not alter the maturation state of PDCs. Isolated PDCs from WT splenocytes were cultured with IL-4 (20
ng/ml) or CpG ODN (10 ng/ml) for 48 h, and the levels of 1-A* and CD80 on PDCs were analyzed by FACS. Shown are representative histograms, and
the mean fluorescent intensities for anti-I-A? and anti-CD80 staining on live cells (propidium iodide (PI)~ celis) from four independent experiments.
Forty-three percent of PDCs could survive in the presence of IL-4, whereas 69% of PDCs could survive in the presence of CpG ODN (data not shown).
E, T-bet is not induced by IL-4 in PDCs. Isolated PDCs from WT splenocytes were cultured with or without [L-4 (20 ng/ml) for 16 h. As controls,
Thl-polarized cells or Th2-polarized cells were prepared from DO11.10 TCR transgenic mice as described in the Materials and Methods. Shown are
representative data of RT-PCR analysis for T-bet, GATA3, and 3-actin mRNA from four independent experiments.
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IL-4 did not change the morphology of PDCs, whereas CpG ODN
changed PDCs to dendritic morphology {(data not shown). These
results suggest that 1[.-4 does not change the maturation state
of PDCs.

T-bet is not induced by IL-4 in PDCs

T-bet plays an important role in inducing IFN-vy production in
CD4™ T cells (29). Recent findings using T-bet-deficient mice
have also suggested that T-bet is vital for IFN-y production from
CD11¢™ DCs upon IL-12 stimulation (30). To examine the pos-
sible involvement of T-bet in [L.-4-induced IFN-v production in
PDCs, we examined the expression of T-bet mRNA in PDCs in the
presence or in the absence of IL-4 stimulation. The expression of
GATA3, an important negative regulator of IFN-+y production (4),
was also examined in parallel. As shown in Fig. 4E, unstimulated
PDCs expressed GATA3 mRNA but not T-bet mRNA. IL-4 did
not induce the expression of T-bet mRNA nor alter the expression
levels of GATA3 mRNA (Fig. 4F). T-bet mRNA was not detected
by Tagman PCR analysis even after IL-4 stimulation (data not
shown). These results suggest that T-bet may not be involved in
IL-4-induced IFN-vy production in PDCs.

IL-4 induces Statd expression in PDCs through a
Stat6-dependent mechanism and Statd-expressing PDCs
produce IFN-y

It has been demonstrated that Stat4 is required for [FN-vy produc-
tion in many cell types (31, 32). Stat4 expression has also been
demonstrated to be correlated with IFN-y-producing ability in
CD8™ DCs (33). Therefore, we next examined the expression lev-
els of Stat4 in IL-4-stimulated PDCs. As shown in Fig. 54, in the
absence of 1L-4 stimulation, isolated WT PDCs did not express
Stat4 mRNA (lane I). However, Stat4 mRNA was significantly
up-regulated in WT PDCs upon IL-4 stimulation (lane 2}, although
the expression level was still lower than that in Thl-polarized cells
(lane 3) (Fig. SA, left panel). Stat4 mRNA induction by IL-4 stim-
ulation was confirmed by real-time PCR analysis (Fig. 54, middle
panel). We also examined the expression levels of Stat4 at protein
levels using intracellular staining in WT PDCs and Stat6~'~ PDCs
and found that IL-4 significantly induced Stat4 expression in
~50% of WT PDCs but not in Stat6™'~ PDCs (Fig. 54, right
panel). These results indicate that Stat6 is essential for IL-4-in-
duced Stat4 expression in PDCs. In addition, although IFN-vy has
been shown to induce Statd expression in some cell types (34),
anti-IFN-y Ab did not affect IL-4-induced Statd expression in
PDCs (data not shown).

We then examined the correlation between Stat4 expression and
IFN-y production at single-cell levels by double intracellular stain-
ing. Interestingly, Stat4-expressing PDCs but not Stat4-nonex-
pressing PDCs produced IFN-+vy upon IL-4 stimulation (Fig. 5B).
We also examined whether Stat4 was essential for IL-4-induced
IFN-v production in PDCs using Stat4™’'~ mice. Although PDCs
normally developed in Stat4™’~ mice (data not shown), IL-4 did
not induce JFN-y production in Statd ™~ PDCs (Fig. 5C). Taken
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together, these results indicate that the induction of Statd by IL-
4-Stat6 signaling is required for IFN-y production in PDCs.

IL-4-induced IFN-y production does not depend on IL-12 or
type I IFNs

To determine whether endogenously produced cytokines from
PDCs are involved in II.-4-induced IFN-vy production, we exam-
ined the effect of blocking Abs against IL-12 (p70), IL-2R g-chain
(a shared receptor for IL-2 and IL-15), and IL-18 on IL-4-induced
IFN-vy production in PDCs. However, none of the Abs inhibited
IL-4-induced IFN-y production in PDCs even when these Abs
were added altogether (Fig. 5D). To determine the possible in-
volvement of type I IFNs in IL-4-induced IFN-y production in
PDCs, we also examined the effect of a mixture of neutralizing
Abs to IFN-¢, IFN-g, and type I IFN receptor on IL-4-induced
IFN-vy production in PDCs. However, these Abs did not inhibit
IL-4-induced IFN-y production in PDCs (Fig. 5E). As expected,
the addition of anti-IL-4 mAb canceled IL-4-induced IFN-vy pro-
duction in PDCs (data not shown). These results indicate that none
of IL-12, IL-2, I1.-15, IL-18, or type I [FNs is required for 1L-4-
induced IFN-vy production in PDCs.

Discussion

In this study, we show that PDCs are a major IFN-+y-producing cell
upon IL-4 stimulation and that IL-4 preferentially induces IFN-vy
production in PDCs by a Stat6-dependent mechanism. Moreover,
IL-4 induces Stat4 expression in PDCs through a Stat6-dependent
mechanism and the [L-4-induced, Stat4-expressing PDCs produce
IFN-v. Furthermore, Stat4™'~ PDCs do not produce IFN-y upon
IL-4 stimulation. These results suggest that PDCs produce IFN-vy
upon IL-4 stimulation by Stat6- and Stat4-dependent mechanisms.

We demonstrate that PDCs are a major IFN-+v-producing cell
upon IL-4 stimulation. By searching for Rag-2~/~ splenocyte pop-
ulations that produce IFN-+vy upon IL-4 stimulation, we found that
the majority of IL-4-indnced, IFN-vy-producing cells expressed
B220 at high levels and CD11c and Ly6G/C at low levels (Fig. 1).
We also found that 1L.-4 induced IFN-vy production from isolated
B220" PDCs but not from CD11b* DCs or CD8™ DCs (Fig. 24)
and that the depletion of PDCs by anti-Ly6G/C Ab prevented II.-
4-induced IFN-vy production in vivo (Fig. 2B). Inhibition of IL-4-
induced IFN-+y production was similarly observed with the admin-
istration of 120G8 Ab, although statistical significance was not
achieved due to the limited number of mice examined. On the
other hand, IL-4 did not induce IFN-¢ or IL-12 production in
PDCs (Fig. 3). IL-4 also strongly enhanced CpG ODN-induced
IFN-vy production but not CpG ODN-induced IFN-« or IL-12 pro-
duction in PDCs (Fig. 3). Taken together, these results indicate that
PDCs are a major [FN-vy producer upon IL-4 stimulation and that
IL-4 preferentially induces IFN-vy production in PDCs.

It is well recognized that Stat6 plays a critical role in the pro-
duction of IL-4 in CD4" T cells upon I.-4 stimulation through the
induction of GATA3, a master regulator of Th2 cell differentiation
(4). In contrast, we show here that IL-4 induces IFN-vy production

staining for IFN-v together with Stat4 staining was performed as described in Materials and Methods. Control IgG was used as a negative control of

anti-Stat4 Ab. Representative FACS profiles from four independent experiments are shown. C, Isolated PDCs from WT splenocytes or Statd ™

/= splenocytes

were cultured with or without IL-4 for 3 days, and the amounts of IFN-v in the supernatants were measured by ELISA. FACS analysis performed as
described in Fig. 44 indicates normal development of PDCs in Stat4 ~/~ mice (data not shown). Data are means + SD from three independent experiments.
D, None of IL-2, IL-12, IL-15, or IL-18 is required for IL-4-induced IFN-+y production in PDCs. Isolated PDCs from WT splenocytes were cultured with
or without IL4 (20 ng/ml) for 3 days in the presence of Abs against I.-12, IL-18, or IL-2R3. The amount of IFN-y in the supernatant was measured by ELISA.
Data are means *+ SD from four independent experiments. E, Type I IFNs are not required for IL-4-induced IFN-vy production in PDCs. Isolated PDCs from WT
splenocytes were cultured with or without IL-4 (20 ng/ml) for 3 days in the presence or in the absence of a mixture of neutralizing Abs to IFN-a, IFN-8, and type
I IFN receptor. The amount of IFN-v in the supernatant was measured by ELISA. Data are means * SD from four independent experiments.



5688

in PDCs by a Stat6-dependent mechanism (Fig. 44). We also show
that IL-4 does not alter the expression levels of GATA3 (Fig. 4E)
nor induce the expression of T-bet, a key molecule for IFN-+y pro-
duction tn CD4 T cells (29), in PDCs (Fig. 4E). Therefore, in
contrast to CD4™ T cells, the expression levels of T-bet and
GATA3 may not be causatively associated with the production of
IFN-v in PDCs.

Our results show that IL-4, but not other yc-dependent cyto-
kines, induces IFN-vy production from PDCs (Fig. 4C). In contrast,
it has been demonstrated recently that IL-4 synergistically en-
hances 1L-2-induced IFN-y production from NK cells, but IL-4
itself does not induce IFN-vy production from NK cells (35). It has
also been shown that although IL.-4 enhances IL-12-induced IFN-+y
production from CD8™ DCs, 11.-4 itself does not induce IFN-y
production from CD8™ DCs (36). Moreover, we found that bone
marrow-derived PDCs generated with fms-like tyrosine kinase-3
ligand did not produce IFN-y upon 14 stimulation (data not
shown). Thus, the I1.-4 signaling pathway for IFN-y production
may differ depending not only on cell types but also on the mat-
uration state of the cells.

We also show that IL-4 induces Stat4 expression in PDCs by a
Stat6-dependent mechanism (Fig. 5A), that only the Statd-express-
ing PDCs produce IFN-y at single-cell levels (Fig. 5B), and that
Stat4~’~ PDCs do not produce IFN-vy upon IL-4 stimulation (Fig,
5C). Therefore, it is indicated that Stat4 is required for IL-4-in-
duced IFN-vy production in PDCs. Interestingly, we also found that
when PDCs were stimulated with CpG ODN for 48 h, Stat4 in-
duction was detected by intracellular FACS analysis (data not
shown). This finding may account for the synergistic effect of CpG
ODN on IL-4-induced IFN-vy production in PDCs (Fig. 3).

The mechanisms leading to Stat4 activation could not be yet
identified. Indeed, the phosphorylation status of Stat4 could not be
clearly defined in IL-4-stimulated PDCs presumably for technical
reasons (data not shown). However, as tyrosine phosphorylation is
required for the activity of STAT proteins (37), a Stat4-activating
cytokine seems to be involved in IL-4-induced IFN-y production
in PDCs. Because 1L-12 is a representative cytokine that activates
Stat4 (38) and because it has been reported that IL-4 enhances
1L-12 production from CD11c* DCs (39) or CD8a™ DCs (40) in
some sitnations, it was suggested that 1L-12 might be responsible
for activating Stat4 in PDCs. However, we found that IL-4 by itself
does not induce IL-12 production from PDCs (Fig. 3) and that a
neutralizing Ab against 1L-12 did not inhibit [L-4-induced IFN-vy
production in PDCs (Fig. 5D), suggesting that I1.-12 is not respon-
sible for the activation of Stat4 in PDCs.

Recently, it has also been demonstrated that in addition to IL-12,
type I IFNs activate Stat4 and induce IFN-vy production in some
cell types such as CD8™ T cells (41). However, again, we found
that IL-4 by itself did not induce IFN-o production from PDCs
(Fig. 3) and that neutralizing Abs against type 1 IFNs did not in-
hibit IL-4-induced IFN-y production in PDCs (Fig. 5E). These
findings suggest that type I IFNs are not responsible for the acti-
vation of Stat4 in PDCs. Recent studies have also demonstrated
that IL-23 (42) and IL-21 (43) use Stat4 as a signaling molecule in
some cell types. Therefore, 1L.-23, IL-21, or an undefined Stat4-
activating cytokine may function as a Stat4-activating cytokine
and then may contribute to IL-4-induced IFN-y production in
PDCs. Further studies that identify the cytokine responsible for
Stat4 activation are required for the understanding of the mecha-
nism Jeading to 1L-4 induced IFN-+y production in PDCs.

The effect of 1L-4 on the expression of Stat4 in DCs seems
different depending on the subtypes of DCs, as well as the matu-
ration state of each DC subtype. Recently, Fukao et al. (33) have
shown that when IL-4 is present during the maturation of CD11c¢™

IL-4-INDUCED IFN-y PRODUCTION IN PLASMACYTOID DCs

DCs, IL-4 suppresses Stat4 induction and subsequent IL.-12-in-
duced IFN-vy production in CD11c* DCs. On the other hand, the
same group has shown that IL-4 does not alter the expression lev-
els of Stat4 in mature CD8" DCs (36). However, we showed that
1L-4-Stat6 signaling induced Stat4 expression in PDCs (Fig. 5).
Moreover, we found that the maturation state of PDCs, assessed by
the expression levels of CD80 and I-A% was similar between
Stat4-expressing PDCs and Statd-nonexpressing PDCs (data not
shown). Therefore, our results indicate that IL.-4 specifically in-
duces Stat4 expression and IFN-vy-producing ability in PDCs with-
out affecting their maturation state.

In the present study, we showed that a typical Th2 cytokine IL-4
induced the production of a typical Thl cytokine IFN-v in PDCs
in BALB/c mice. 1L-4-induced IFN-y production in PDCs was
also observed in C57BL/6 mice (data not shown), suggesting that
this phenomenon is a general one observed beyond strain differ-
ences. Because IL-4 is produced in an early phase in immune
responses by NK T cells (44) and/or basophils (45, 46), the IL-4-
induced IFN-+y production by PDCs may function in the negative-
feedback regulation against a Th2-type deviation in an early phase
of immune responses. In this regard, de Heer et al. (14) have dem-
onstrated recently that PDCs inhibit typical Th2 responses such as
IgE production and allergic airway inflammation. Although the
authors indicated the induction of regulatory T cells as the mech-
anism underlying the PDC-mediated Th2 cell suppression (14),
IL-4-induced IFN-+vy production in PDCs may also contribute to the
PDC-mediated inhibition of allergic airway inflammation because
IFN-v inhibits Ag-induced Th2 cell differentiation (1-3) and al-
lergic airway inflammation (47).

In conclusion, we have shown that PDCs preferentially produce
IFN-+y upon IL-4 stimulation by Stat6- and Stat4-dependent mech-
anisms. Although further studies are required to address the phys-
iological importance of IL-4-induced IFN-vy production in PDCs,
our results would give a new insight into PDC-mediated immune
regulation of cytokine network.

Acknowledgments
We thank Drs. S. Akira and K. Takeda for Stat6 ™'~ mice, Drs. D. Y. Loh
and K. M. Murphy for DOI11. 10 mice, and Drs. G. Trinchieri and
D. La Face for 120G8 Ab.

Disclosures
The authors have no financial conflict of interest.

References

1. Abbas, A. K., K. M. Murphy, and A. Sher. 1996. Functional diversity of helper
T lymphocytes. Nature 383: 787-793.

2. O’Garra, A. 1998. Cytokines induce the development of functionally heteroge-
neous T helper cell subsets. Immunity 8: 275-283.

3. Glimcher, L. H., and K. M. Murphy. 2000. Lineage commitment in the immune
system: the T helper lymphocyte grows up. Genes Dev. 14: 1693-1711.

4. Murphy, K. M., and S. L. Reiner. 2002. The lineage decisions of helper T cells.
Nat. Rev. Immunol. 2: 933-944.

5. Kubo, M., T. Hanada, and A. Yoshimura. 2003. Suppressors of cytokine signal-
ing and immunity. Nat. fmmunol. 4. 1169-1176.

6. Shortman, K., and Y. J. Liu. 2002. Mouse and human dendritic cell subtypes. Nar.
Rev. hmunol. 2: 151-161.

7. Ardavin, C. 2003. Origin, precursors and differentiation of mouse dendritic cells.
Nat. Rev. Immunol. 3: 582-590.

8. Bjorck, P. 2002. The muitifaceted murine plasmacytoid dendritic cell. Hum. Im-
munol. 63: 1094-1102.

9. Hochrein, H., M. O'Keefte, and H. Wagner. 2002. Human and mouse plasma-
cytoid dendritic cells. Hum. Immunol. 63: 1103-1110.

10. Nakano, H., M. Yanagita, and M. D. Gunn. 2001. CD11¢*B220%Gr-17 cells in
mouse lymph nodes and spleen display characteristics of plasmacytoid dendritic

" cells. J. Exp. Med. 194: 1171-1178.

11. Bjorck, P. 2001. Isolation and characterization of plasmacytoid dendritic cells
from Flt3 ligand and granulocyte-macrophage colony-stimulating factor-treated
mice. Blood 98: 3520-3526.

12. Asselin-Paturel, C., A. Boonstra, M. Dalod, I. Durand, N. Yessaad,
C. Dezutter-Dambuyant, A. Vicari, A. O'Garra, C. Biron, F. Briere, and



The Journal of Immunology

17.

18.

19.

20.

21.

23.

24.

25.

26.

27.

29.

30.

G. Trinchieri. 2001. Mouse type I JTFN-producing cells are immature APCs with
plasmacytoid morphology. Nat. Inununol. 2: 1144-1150.

. Moser, M., K. M. Murphy. 2000. Dendritic cell regulation of Th1-Th2 develop-

ment. Nar. hnmunol. }: 199-205.

. de Heer, H. I, H. Hammad, T. Soullie, D. Hijdra, N. Vos, M. A. Willart,

H. C. Hoogsteden, and B. N. Lambrecht. 2004. Essential role of lung plasmacy-
toid dendritic cells in preventing asthmatic reactions to harmiess inhaled antigen.
J. Exp. Med. 200: 89-98.

. Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M. Minami, S. Kashiwamura,

K. Nakanishi, N. Yoshida, T. Kishimoto, and S. Akira. 1996. Essential role of
Stat6 in IL-4 signaling. Nature 380: 627-630.

. Murphy, K. M., A. B. Heimberger, and D. Y. Loh. 1990. Induction by antigen of

intrathymic apoptosis of CD4¥CD8*TCR™™ thymocytes in vivo. Science 250
1720-1723.

Kawade, Y., and Y. Watanabe. 1987. Characterization of rat monoclonal anti-
bodies to mouse interferon « and B8. In The Biology of the Interferon System.
K. Cantell and H. Schellekens, eds. Martinus Nijhoff Publishers, Dordrecht, The
Netherlands, pp 197-201.

Kagami, S.-i., H. Nakajima, A. Suto, K. Hirose, K. Suzuki, S. Morita, I. Kato,
Y. Saito, T. Kitamura, and 1. Iwamoto. 2001. Stat5a regulates T helper cell dif-
ferentiation by several distinct mechanisms. Blood 97: 2358 -2365.

Uzel, G., D. M. Frucht, T. A. Fleisher, and S. M. Holland. 2001. Detection of
intracellular phosphorylated STAT-4 by flow cytometry. Clin. Irmunol. 100:
270-276.

Suto, A., H. Nakajima, K. Hirose, K. Suzuki, S. Kagami, Y. Seto, A. Hoshimoto,
Y. Saito, D. C. Foster, and 1. Iwamoto. 2002. Interleukin 21 prevents antigen-
induced IgE production by inhibiting germ line Ce transcription of IL-4-stimu-
lated B cells. Blood 100: 4565-4573.

Egwuagu, C. E.,, C. R. Yu, M. Zhang, R. M. Mahdi, S. J. Kim, and L Gery. 2002.
Suppressors of cytokine signaling proteins are differentially expressed in Thl and
Th2 cells: implications for Th cell lineage commitment and maintenance. J. Im-
munol. 168: 3181-3187.

. Usui, T, R. Nishikomori, A. Kitani, and W. Strober. 2003. GATA-3 suppresses

Thl development by down-regulation of Stat4 and not through effects on IL-
12R B2 chain or T-bef. Immuniry 18: 415-428.

Asselin-Paturel, C., G. Brizard, J. J. Pin, F. Briere, and G. Trinchieri. 2003.
Mouse strain differences in plasmacytoid dendritic cell frequency and function
revealed by a novel monoclonal antibody. J. frmunol. 171: 6466-6477.
Boanstra, A., C. Asselin-Paturel, M. Gilliet, C. Crain, G. Trinchieri, Y. J. Liy, and
A. O’Garra. 2003. Flexibility of mouse classical and plasmacytoid-derived den-
dritic cells in directing T helper type 1 and 2 cell development: dependency on
antigen dose and differential Toll-like receptor ligation. J. Exp. Med. 197
101-109.

Kadowaki, N., S. Ho, S. Antonenko, R. W. Malefyt, R. A Kastelein, F. Bazan,
and Y. J. Liu. 2001. Subsets of human dendritic cell precursors express different
Toll-like receptors and respond fo different microbial antigens. J. Exp. Med. 194:
863-869.

Nelms, K., A. D. Keegan, J. Zamorano, J. I. Ryan, and W. E. Paul. 1999. The
T4 receptor: signaling mechanisms and biologic functions. Annu. Rev. Immunol.
17: 701-738.

Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392: 245-252.

. Steinman, R. M. 2003. Some interfaces of dendritic cell biology. APMIS 111:

675-697.

Szabo, S. J., B. M. Sullivan, C. Stermmann, A. R. Satoskar, B. P. Sleckman, and
L. H. Glimcher. 2002. Distinct effects of T-bet in TH1 lineage commitment and
IFN-v production in CD4 and CD8 T cells. Science 295: 338-342.
Lugo-Villarino, G., R. Maldonado-Lopez, R. Possemato, C. Penaranda, and
L. H. Glimcher. 2003. T-bet is required for optimal production of IFN-y and

32.

35.

36.

37.

38.

40.

41.

42.

43,

45.

46.

47.

. Hochrein, H., M. O'Keeffe, T. Luft,

5689

antigen-specific T cell activation by dendritic cells. Proc. Nail. Acad. Sci. USA
100: 7749-7754.

. Kaplan, M. H., Y. L. Sun, T. Hoey, and M. 1. Grusby. 1996. Impaired IL-12

responses and enhanced development of Th2 cells in Stat4-deficient mice. Narure
382: 174-171.

Carter, L. L., and K. M. Murphy. 1999. Lineage-specific requirement for signal
transducer and activator of transcription (Stat)4 in interferon y production from
CD4* versus CD8" T cells. J. Exp. Med. 189: 1335-1360.

. Fukao, T., D. M. Frucht, G. Yap, M. Gadina, J. J. O’Shea, and S. Koyasu. 2001.

Inducible expression of Stat4 in dendritic cells and macrophages and its critical
role in innate and adaptive immune responses. J. Immunol. 166: 44464455,

34. Frucht, D. M., M. Aringer, J. Galon, C. Danning, M. Brown, S. Fan, M. Centola,

C. Y. Wy, N. Yamada, H. El Gabalawy, and I. J. O’Shea. 2000. Stat4 is expressed
in activated peripheral blood monocytes, dendritic cells, and macrophages at sites
of Thl-mediated inflammation. J. Immunol. 164: 4659-4664.

Bream, J. H, R. E. Curiel, C. R. Yu, C. E. Egwuagu, M. J. Grusby, T. M. Aune,
and H. A. Young. 2003. IL-4 synergistically enhances both IL-2- and IL-12-
induced IFN-y expression in murine NK cells. Blood 102: 207-214.

Fukao, T., S. Matsuda, and S. Koyasu. 2000. Synergistic effects of IL-4 and IL-18
on IL-12-dependent IFN-y production by dendritic cells. J. Inununol. 164: 64-71.
Levy, D. E,, and J. E. Darnell, Jr. 2002, Stats: transcriptional control and bio-
logical impact, Nat. Rev. Mol. Cell Biol. 3: 651-662.

Trinchieri, G. 1998. Interleukin-12: a cytokine at the interface of inflammation
and immunity. Adv. Immunol. 70: 83-243.

S. Vandenabeele, R. I. Grumont,
E. Maraskovsky, and K. Shortrnan. 2000. Interleukin (IL)-4 is a major regulatory
cytokine governing bioactive [[.-12 production by mouse and humman dendritic
cells. J. Exp. Med. 192: 823-833.

Lutz, M. B., M. Schnare, M. Menges, S. Rossner, M. Rollinghoff, G. Schuler, and
A. Gessner. 2002. Differential functions of 1L.-4 receptor types I and IT for den-
dritic cell maturation and IL-12 production and their dependency on GM-CSF.
J. Immunol. 169: 3574-3580.

Nguyen, K. B,, W. T. Watford, R. Salomon, S. R. Hofmann, G. C. Pien,
A. Morinobu, M. Gadina, J. . O’Shea, and C. A. Biron. 2002. Critical role for
STAT4 activation by type 1 interferons in the interferon -y response to viral
infection. Science 297: 2063-2066.

Oppmann, B., R. Lesley, B. Blom, J. C. Timans, Y. Xu, B. Hunte, F. Vega,
N. Yu, J. Wang, K. Singh, et al. 2000. Novel p19 protein engages 1L.-12p40 to
form a cytokine, IL-23, with biological activities similar as well as distinct from
IL-12. Irwnunity 13: 715-725.

Strengell, M., S. Matikainen, J. Siren, A. Lehtonen, D. Foster, . Julkunen, and
T. Sareneva. 2003, IL-21 in synergy with IL-15 or I1.-18 enhances IFN-vy pro-
duction in human NK and T cells. J. fmununol. 170: 5464 -5469.

. Taniguchi, M., M. Harada, S. Kojo, T. Nakéyama, and H. Wakao. 2003. The

regulatory role of Val4 NKT cells in innate and acquired immune response.
Arnnu. Rev. Immunol. 21: 483-513.

Seder, R. A.,, W. E, Paul, A. M. Dvorak, S. J. Sharkis, A. Kagey-Sobotka, Y. Niv,
F. D. Finkelman, S. A. Barbieri, S. J. Galli, and M. Plaut. 1991. Mouse splenic
and bone marrow cell populations that express high-affinity Fce receptors and
produce interleukin 4 are highly enriched in basophils. Proc. Natl. Acad. Sci. USA
88: 2835-2839.

Brunner, T., C. H. Heusser, and C. A. Dahinden. 1993. Human peripheral blood
basophils primed by interleukin 3 (IL-3) produce IL-4 in response to immuno-
globulin E receptor stimulation. J. Exp. Med. 177: 605-611.

Iwamoto, I, H. Nakajima, H. Endo, and S. Yoshida. 1993. Interferon v regulates
antigen-induced eosinophil recruitment into the mouse airways by inhibiting the
infiltration of CD4™ T cells. J. Exp. Med. 177: 573-576.



The Journal of Immunology

Indispensable Role of Stat5a in Stat6-Independent Th2 Cell
Differentiation and Allergic Airway Inflammation’

Hiroaki Takatori, Hiroshi Nakajima,” Koichi Hirose, Shin-ichiro Kagami, Tomohiro Tamachi,
Akira Suto, Ketaro Suzuki, Yasushi Saito, and Itsuo Iwamoto

It is well-recognized that Stat6 plays a critical role in Th2 cell differentiation and the induction of allergic inflammation. We have
previously shown that Stat5a is also required for Th2 cell differentiation and allergic airway inflammation. However, it is the
relative importance and redundancy of Stat6 and StatSa in Th2 cell differentiation and allergic airway inflammation are unknown.
In this study we addressed these issues by comparing StatSa-deficient (Stat5a™ ™) mice, Stat6 ™'~ mice, and StatSa- and Stat6
double-deficient (Stat5a™'~ Stat6™’") mice on the same genetic background. Th2 cell differentiation was severely decreased in
Stat6™'~CD4" T eells, but Stat6-independent Th2 cell differentiation was still significantly observed in Stat6™'~CD4™ T cells.
However, even in the Th2-polarizing condition (IL-4 plus anti-IFN-y mAb), no Th2 cells developed in StatSa™/~Stat6™'~ CD4*
T cells. Moreover, Ag-induced eosinophil and lymphocyte recruitment in the airways was severely decreased in Stat5a™/~Stat6 ™'~
mice compared with that in Stat6™' ™ mice. These results indicate that Stat5a plays an indispensable role in Stat6-independent Th2
cell differentiation and subsequent Th2 cell-mediated allergic airway inflammation. The Journal of Immunology, 2005, 174:

3734-3740.

ewly activated CD4" T cells differentiate into at least

two functionally distinct subsets, Th1 and Th2 cells, as

defined by their patterns of cytokine production (1, 2).
Th1 cells produce IFN-vy and lymphotoxin and are responsible for
delayed-type hypersensitivity reactions, promoting control of in-
tracellular pathogens (1, 2). Th2 cells produce IL-4, IL-5, and
IL-13 and provide an excellent helper function for Ab production,
particularly of IgE (1, 2). Th2 cells are essential for promoting host
defense against helminths, but uncontrolled Th2 cell activation to
noninvasive Ags (allergen) causes atopic disorders, including
asthma (3, 4).

Over the last several years, significant progress has been made
in the molecular mechanisms for Th2 cell differentiation (5-7).
Although early studies have indicated that Stat6 (8-10), a cytoso-
lic latent transcription factor that is rapidly activated after cellular
exposure to [L-4 and IL-13, is essential for Th2 cell differentiation
through the induction of GATA3 (5-7), recent studies have re-
vealed that Stat6-deficient (Stat6™’™) CD4* T cells make a con-
siderable amount of IL-4 upon stimulation with TCR (11). In ad-
dition, it has been demonstrated that Th2 cell-mediated allergic
airway inflammation is still observed in Stat6™’~ mice (12-15).
Therefore, in addition to the Stat6-dependent pathway, the Stat6-
independent pathway participates in in vitro Th2 cell differentia-
tion as well as in vivo Th2 cell-mediated immune responses.
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In contrast, we have shown that Ag-induced IL-5 production and
eosinophil recruitment in the airways are decreased in Stat5a~/~
mice (16}. In addition, we have shown that Th cell differentiation
in Stat5a~’" mice is biased toward the Th1 type at single cell
levels and that retrovirus-mediated expression of StatSa restores
the impaired Th2 cell differentiation of Stat5a™'~CD4™ T cells
(17). Consistent with these findings, it has recently been shown
that the enforced expression of a constitutively active form of
Stat5a induces IL-4 production in CD4™ T cells by enhancing the
accessibility of the IL-4 gene (18). These findings suggest that the
intrinsic expression of Stat5a in CD4™ T cells plays an important
role in Th2 cell differentiation and the induction of allergic airway
inflammation. However, the relative importance and redundancy
of Stat5a-mediated Th2 cell differentiation and Stat6-mediated Th2
cell differentiation are still unclear.

In the present study we addressed these issues by comparing
Th2 cell differentiation in Stat5a~’~ mice, Stat6™'~ mice, and
Stat5a and Stat6 double-deficient (Stat5a~'~ Stat6™'") mice in the
same genetic background. We also examined allergic airway in-
flammation in these mice as a model of in vivo Th2 cell-mediated
immune responses. We found that Th2 cell differentiation and al-
lergic airway inflammation were severely decreased in StatSa™/~
Stat6™"" mice compared with those in Stat5a~'~ mice or Stat6™/~
mice. Our results suggest that StatSa is essential for Th2 cell dif-
ferentiation in the absence of Stat6 activation and vice versa.

Materials and Methods
Mice

StatSa-deficient (StatSa—/~) mice (19) and Stat6-deficient (Stat6™/") mice
(8) were backcrossed to BALB/c mice (Charles River Laboratories) for
eight generations. StatSa*/~Stat6*'~ male mice were mated with Stat5a™/~
Stat6™~ forale mice to obtain Stat5a™*Stat6*'™ mice (wild-type (WT)*
mice), Stat5a™"Stat6™* mice (Stat5a™'" mice), StatSa™*Stat6™’'" mice
(Stat6™~ mice), and StatSa ™~ Stat6 ™'~ mice within the litter. All experiments
were performed according to the guidelines of Chiba University.

3 Abbreviations used in this paper: WT, wild type,; BALF, bronchoalveolar iavage
fluid; PAS, periodic acid-Schiff.

0022-1767/05/$02.00
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Flow cytometric analysis

Cells were stained and analyzed on a FACSCalibur (BD Biosciences) using
CellQuest software. The following Abs were purchased from BD Pharm-
ingen: anti-CD4-FITC, -PE, -allophycocyanin, and -PerCP (H129.19); anti-
CD8-FITC and -PE (53-6.7); anti-B220-allophycocyanin (RA3-6B2); anti-
IgM-FITC (R6-60.2); anti-CD69-FITC (H1.3F3); anti-CD62L-FITC
(MEL-14); anti-TCR V8.1,2-FITC (MR 5-2); and anti-pan-NK-PE (DX5).
Before staining, FcRs were blocked with anti-CD16/32 Ab (2.4G2; BD
Pharmingen). Negative controls consisted of isotype-matched, directly
conjugated, nonspecific Abs (BD Pharmingen).

Cell culture

Splenocytes (2 X 10° cells/ml) from WT mice, Stat5a™" mice, Stat6 ™'~
mice, and Stat5a~’~Stat6 ™/~ mice were stimulated with plate-bound anti-
CD3 mAb (mAb) (5 pg/ml; clone 145-2C11; BD Pharmingen) in RPMI
1640 medium supplemented with 10% heat-inactivated FCS, 50 uM 2-ME,
2 mM L-glutamine, and antibiotics in a 24-well microtiter plate at 37°C for
48 h. Where indicated, IL-12 (15 ng/ml; PeproTech EC) was added to
polarize toward Th1 cells (Thl condition), and IL.-4 (15 ng/ml; PeproTech
EC) and anti-IFN-y mAb (15 pg/ml; clone XMG1.2; BD Pharmingen)
were added to polanize toward Th2 cells (Th2 condition) (17). Cells were
washed with PBS, then cultured for another 3 days in ThO (no exogenous
cytokines), Thi, or Th2 conditions in the presence of IL-2 (20 U/ml;
PeproTech).

Intracellular cytokine analysis

Intracellular cytokine staining for IL-4 vs IFN-v was performed as de-
scribed previously (17). In brief, cultured splenocytes were washed with
PBS and restimulated with plate-bound anti-CD3 mAb at 37°C for 6 h,
with monensin (2 pM) (Sigma-Aldrich) added for the final 4 h. After being
stained with anti-CD4-PerCP, cells were fixed with IC FIX (BioSource
Intemational), permeabilized with IC PERM (BioSource International),
and stained with anti-IL-4-PE (BVD4-1D11; BD Pharmingen) and anti-
IFN-vy-allophycocyanin (XMG1.2; BD Pharmingen) for 30 min at 4°C. The
cytokine profile (IL-4 vs IFN-y) of CD4 7 cells was analyzed on a FAC-
SCalibur using CellQuest software.

Ag-induced allergic inflammation in the airways

Allergic airway inflammation was induced by the inhalation of OVA (Sig-
ma-Aldrich) in sensitized mice as described previously (20). Briefly, mice
(aged 7-8 wk) were immunized 1.p. twice with 4 ug of OVA in 4 mg of
aluminum hydroxide at a 2-wk interval. Twelve to 14 days after the second
immunization, the sensitized mice were given aerosolized OVA (50 mg/
mi) dissolved in 0.9% saline by a DeVilbiss 646 nebulizer three times, for
20 min each time, at 24-h intervals. As a control, 0.9% saline alone was
administered by the nebulizer. Forty-eight hours after the last inhalation,
trachea and lung were excised, fixed in 10% buffered-formalin, and em-
bedded in paraffin. The specimens (3 wm thick) of the trachea were stained
with Luna and H&E solutions. The number of eosinophils in the submu-
cosal tissue of trachea was counted in Luna-stained sections and expressed
as the number of eosinophils per length of the basement membrane of
trachea, which was measured with a digital curvimeter.

Lung sections were stained with H&E and periodic acid-Schiff (PAS)
according to standard protocols. The magnitude of inflammatory cell in-
filtration in the perivascular and peribronchial spaces on H&E-stained lung
sections was evaluated by a semiquantitative scoring system as described
previously (21): +5 signified a large (more than three cells deep) wide-
spread infiltrate around the majority of vessels and bronchioles, and +1
signified a small number of inflammatory foci. The H&E-stained sections
were coded and then examined by two observers in a blind manner, the sum
of the scores from each lung was divided by the number of airways ex-
amined for the score, and the average of the two determinations for each
section was used for subsequent calculations. PAS-stained lung sections
were also categorized according to the abundance of PAS™ goblet cells and
assigned numerical scores as described previously (22): 0, <5% goblet
cells; 1, 5-25%; 2, 25-50%; 3, 50-75%; and 4, >75%.

The numbers of eosinophils, lymphocytes, and macrophages recovered
in the bronchoalveolar lavage fluid (BALF) were evaluated as described
previously (16). In shont, after bronchoalveolar lavage was performed with
2 mi of PBS, BALF was centrifuged at 400 X g for S min at 4°C, and
differential cell counts were performed on cytospin cell preparations
stained with Wright-Giemsa solution.

ELISA

Cultured splenocytes were washed with PBS and restimulated with plate-
bound anti-CD3 mAb at 37°C for 12 h. The amounts of IL-4, IL-5, IL-10,
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and IFN-vy in the culture supematant were measured by enzyme immuno-
assay using murine [L-4, IL-5, IL-10, and IEN-y ELISA kits (BD Pharm-
ingen). The amount of I1.-13 in the culture supernatant was measured using
an ELISA kit from R&D Systems. The assays were performed in duplicate
according to the manufacturer’s instructions. The minimum significant val-
ues of these assays were 15 pg/ml IL-4 and IL-5 and 30 pg/ml IFN-v,
IL-10, and IL-13.

Daia analysis

Data are summarized as the mean = SD. The statistical analysis of the
results was performed by unpaired ¢ test. A value of p < 0.05 was con-
sidered significant.

Results
Normal CD4™ T cell development in StatSa™"" Stat6™" mice

It has been shown that not only Staté (8~10), but also Stat5a (16~
18), play critical roles in Th2 cell differentiation. To investigate the
relative importance of Stat5a- and Stat6-mediated signaling in Th2
cell differentiation in detail, we generated Stat5a™" mice,
Stat6 ™/~ mice, and Stat5a™’~Stat6™’~ mice on the same genetic
background and compared the development and differentiation of
CD4™ T cells among these mice. Consistent with the previous
reports (16, 23), the number of splenocytes in Stat5a™'~ mice was
modestly, but significantly, decreased compared with that in WT
mice (Fig. 14). The number of splenocytes in Stat5a™/~ Stat6™/~
mice was also decreased compared with that in Stat6 '~ mice (Fig.
1A). However, FACS analysis revealed that the frequencies of
CD4" T cells and CD8* T cells were similar among WT,
Stat5a™'", Stat6™’~, and Stat5a~'~Stat6™’~ mice (Fig. 1B). The
expression of CD69 and CD62L. on CD4™ T cells was also similar
among these mice {data not shown). Based on B220 vs IgM stain-
ing, B cells in the spleen exhibited normal maturation in these mice
(Fig. 1B). These results indicate that T and B cells can develop
even in the absence of StatSa and Stat6.

Stat6-independent Th2 cell differentiation depends on Stat5a

We then examined cytokine production from WT, Stat5a™'~,
Stat6 ™', and Stat5a”/~Stat6™'" T cells. Splenocytes were stim-
ulated with plate-bound anti-CD3 mAb in ThQ (no exogenous cy-
tokines), Th1 (in the presence of IL.-12), or Th2 (in the presence of
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stareA{A

8220
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FIGURE 1. Normal T cell and B cell development in Stat5a™'"Stat6™*~
mice. A, Number of splenocytes in WT, Stat5a~'~, Stat6™'~, and Stat5a~’
~Stat6™'~ mice. Data are the mean = SD from eight mice for each geno-
type. *, p < 0.05; »x, p < 0.01. B, Flow cytometric analysis of splenocytes
from 6-wk-old mice. Cells were stained with anti-CD4-PE vs anti-CD8-
FITC or anti-B220-allophycocyanin vs anti-IgM-FITC. Shown are repre-
sentative FACS profiles from five mice in each group.
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IL-4 and anti-IFN-y mAb) conditions for 2 days, then cultured for
another 3 days in ThO, Thl, or Th2 conditions in the presence of
IL-2. After washing, cells were restimulated with plate-bound anti-
CD3 mAb for 12 h, and the amounts of 1L-4, IL-5, IL.-10, IL-13,
and IFN-vy in the culture supernatant were determined. In the ThO
condition, IL-4 and IL-5 production was significantly decreased in
Stat5a™ '~ splenocytes compared with that in WT splenocytes (Fig.
2), consistent with our previous report (17). IL-4 and IL-5 produc-
tion was more severely decreased in Stat6 ™’ spienocytes (Fig. 2).
However, significant IL.-4 and IL-5 production was still detected in
Stat6™ "~ splenocytes (Fig. 2). In contrast, almost no IL-4 or IL-5
was detected in StatSa™’~Stat6 ™"~ splenocytes in the ThO condi-
tion (Fig. 2). Furthermore, even when Stat5a™ ~Stats ™'~ spleno-
cytes were stimulated with anti-CD3 Ab in Th2 condition, they did
not significantly produce IL-4 and IL-5 (n = §5; p < 0.01; Fig. 2).
Similarly, IL-10 and IL.-13 production was significantly decreased
in Stat5a~'~ Stat6 ™'~ splenocytes compared with that in Stat5a™'~
or Stat6 ™'~ splenocytes in the Th2 condition (Fig. 2). By contrast,

ThO ™
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FIGURE 2. ThZ2 cytokine production is severely de- = i i i ' 3
creased in Stat5a™'"Stat6™/~ mice. Splenocytes from o

WT, Stat5a™'~ (5a~'7), Stat6 ™"~ (67'7), or Stat5a'~
Stat6™'~ (52~ 67/7) mice were stimulated with plate-
bound anti-CD3 mAb in the nonpolarizing ThO condi- 2001
tion (no exogenous cytokines), the Thl condition (in the
presence of 11.-12), or the Th2 condition (in the presence
of IL-4 and anti-IFN-vy mAb) for 48 h, then cultured for
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another 72 h in ThO, Th1, or Th2 conditions in the pres-
ence of IL-2. After washing, cells (1 X 10%ml) were
restimulated with plate-bound anti-CD3 mAb for 12h in
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ROLE OF STATS5A IN STAT6-INDEPENDENT Th2 CELL DIFFERENTIATION

IFN-vy production did not change in StatSa™’~ Stat6™’~ spleno-
cytes in the ThO condition and, instead, was increased in the Thi
condition compared with that in WT splenocytes or Stat6™'~
splenocytes (n = 5; p < 0.01; Fig. 2). In contrast, no significant
differences were observed in the proliferative responses of T cells
among these mice in ThO, Thl, and Th2 conditions (data not
shown), suggesting that the impaired Th2 cytokine production in
Stat5a~'~Stat6 ™'~ splenocytes does not result from possible de-
fects in cell proliferation.

Next, we examined Th1/Th2 cell differentiation at single-cell
levels (Fig. 3). Splenocytes were stimulated with plate-bound anti-
CD3 mAbin ThO, Th1, or Th2 conditions, and the cytokine profile
(IL-4 vs IFN-y) of CD4™ T cells was evaluated by intracellular
cytokine analysis. In the ThO condition, CD4™ T cells that pro-
duced IL-4, but not IFN-y, were significantly decreased in
Stat5a™/" mice compared with those in WT mice (Fig. 3, @ vs b).
IL-4-producing CD4™ cells were more severely decreased in
Stat6™’~ mice but II.-4-producing CD4™ cells still developed in
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FIGURE 3. Th2 cell differentiation is severely decreased in Stat5a™'~
Stat6 ™'~ mice. Splenocytes from WT, StatSa™'~, Stat6™'~, or Stat5a™'~
Stat6 ™'~ mice were stimulated with plate-bound anti-CD3 mAb for 48 h in
ThO, Thl, or Th2 conditions and cultured for another 72 h in ThO, Thl, or
Th2 conditions in the presence of IL-2. Cells were washed and restimulated
with plate-bound anti-CD3 mAb for 6 h. Intracellular cytokine profiles for
1L-4 vs IFN-y were determined on CD4™* T cells. Shown are representative
FACS profiles from five mice in each group.
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Stat6™’" mice (Fig. 3c). Consistent with a previous report (11),
IL-4-producing CD4" cells in Stat6™’™ mice lacked the expres-
sion of DX5, and the frequency of TCR V88" cells was not sig-
nificantly increased in these cells (data not shown), suggesting that
the majority of IL-4-producing CD4™ cells in Stat6 ™'~ mice were
conventional Th2 cells, but not NK T cells. Importantly, Th2 cells
were hardly detected in Stat5a™’~Stat6™'~ mice (Fig. 3d). The
frequency of Th2 cells in the ThO condition was as follows: WT
mice, 24.7 = 3.4%; Stat5a~'~ mice, 10.2 = 2.6%; Stat6 ™'~ mice,
5.5 + 1.1%; and StatSa~’/~Stat6™’~ mice, 1.2 + 0.3% (mean *
SD; n = 5 experiments in each group).
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When splenocytes were cultured in Th2-polarizing conditions,
the frequency of Th2 cells increased in Stat5a™'~ mice and
Stat6™’~ mice, although the frequency of Th2 cells was still sig-
nificantly lower in Stat5a~’~ and Stat6™’~ mice than that in WT
mice (Fig. 3). However, even in the Th2 condition, the frequency
of Th2 cells did not significantly increase in Stat5a™'~ Stat6™'~
mice (Fig. 3)). These results indicate that Stat5a is essential for
Stat6-independent Th2 cell differentiation and vice versa.

In contrast, in the Thl condition, CD4™ T cells that produced
IFN-v, but not [L-4 (Thl cells), were significantly increased in
Stat5a™’" and StatSa™'”Stat6™’” mice compared with those in
WT and Stat6™’~ mice, respectively (WT mice, 44.9 = 8.2%;
Stat5a~'~ mice, 62.3 = 11.9% (p < 0.05); Stat6 ™'~ mice, 50.8 +
12.9%: Stat5a~'~ Stat6 ™’ mice, 66.4 + 12.3% (p <0.05);n=275;
Fig. 3). In contrast, in the ThO or Th2 condition, Th1 cells were
significantly increased in Stat6™’” and StatSa”’” Stat6™’" mice
compared with those in WT mice and Stat5a™'~ mice, respectively
(Fig. 3). These results suggest that Stat5a and Stat6 are differently
involved in the suppression of Th1 cell differentiation, depending
on the cytokine environment.

Interestingly, CD4™" T celis that produced both IFN-vy and 11.-4
tended to be increased in Stat6™'" mice, but not in Stat5a~'~ mice
(Fig. 3). These results suggest that Stat6 may also play a role in the
suppression of IFN-vy production in developing Th?2 cells; this idea
is consistent with the previous finding that Stat6 induces the ex-
pression of GATA3 (24), a master regulator of Th2 cells that in-
duces Th2 cytokine production and inhibits IFN--y production in T
cells (5-7).

StatSa-dependent, Stat6-independent Th2 cell differentiation
participates in Ag-induced eosinophil and lymphocyte
recruitment into the airways

To clarify the in vivo role of Stat5a-dependent, Stat6-independent
Th2 cell differentiation, we examined Ag-induced airway inflam-
mation as a mode] of Th2 cell-mediated in vivo immune responses.
StatSa—’~, Stat6™/", Stat5a~/~Stat6™’~, and control WT mice
were immunized twice with OVA; 2 wk later, these mice were
challenged with aerosolized OVA three times at 24-h intervals.
Forty-eight hours after the last Ag challenge, airway inflammation
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FIGURE 4. Ag-induced eosinophil and lymphocyte 4001 200 404
recruitment into the airways is severely decreased in
StatSa™/~Stat6 ™'~ mice. A, OVA-sensitized Stat5a~'~, 00} - 1507 07
e - - . . i I | i ]
Stat6™'~, Stat5a~'"Stat6™'~, and littermate WT mice 200 = 100 20
were challenged with the inhalation of OVA or saline (as 10601 50 10
a control) three times at 24-h intervals. The numbers of o 0 0
total cells, eosinophils, and lymphocytes in BALF were WT 5al- 6/~ 5aler- wT sal e salel WT sal- &/ sal6/
evaluated 48 h after the last inhalation. Data are the
mean * SD for five mice in each group. *, p < 0.03; **, (/Bmm) Eosinophils
p < 0.01. B, Similar to 4, OVA-sensitized mice were 50+ B sali
challenged with inhaled OVA or saline, and the number { 1 Holee
of eosinophils infiltrating the submucosal tissue of tra- 401
chea was evaluated 48 h after the last inhalation. Data 30
are the mean = SD for five mice in each group. *, p < -
0.05; %, p < 0.01. Representative photomicrographs of 201 [ 1
trachea sections stained with Luma solution are also 10 =
shown (X 100).
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