The Journal of Experimental Medicine

ARTICLE

Immunostimulatory oligonucleotides block
allergic airway inflammation by inhibiting
Th2 cell activation and IgE-mediated

cytokine induction
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A single treatment with a CpG-containing immunostimulatory DNA sequence (ISS) given

before allergen challenge can inhibit T helper type 2 cell (Th2)-mediated airway responses in
animal models of allergic asthma; however, the mechanism of this inhibition remains largely
undefined. Here, we demonstrate that airway delivery of ISS before allergen challenge in
Th2-primed mice acts in two distinct ways to prevent the allergic responses to this challenge.
The first is to prevent induction of cytokines from allergen-specific Th2 cells, as demonstrated
by the nearly complete inhibition of Th2 cytokine production, Th2-dependent functional
responses, and gene induction patterns. ISS inhibits the Th2 response by rendering lung
antigen-presenting cells (APCs) unable to effectively present antigen to Th2 cells, but not to
Th1 cells. This loss of APC function correlates with a reduced expression of costimulatory
molecules, including programmed cell death ligand (PD-L)1, PD-L2, CD40, CD80, CD86, and
inducible T cell costimulator, and of major histocompatibility complex class Il on CD11c* APCs
from the airways of ISS-treated mice. The second important action of ISS is inhibition of
immunoglobulin E-dependent release of Th2 cytokines, especially interleukin 4, from basophils
and/or mast cells in the airways of Th2-primed mice. Thus, inhibition by ISS of allergic
responses can be explained by two novel mechanisms that culminate in the inhibition of the
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principal sources of type 2 cytokines in the airways.

CpG-containing immunostimulatory DNA
sequences (ISS) have been shown to inhibit the
major features of allergic asthma and airway
inflammation. Studies performed by us and
others have demonstrated that ISS inhibit the
development of airway hyperresponsiveness,
mucus production, and airway eosinophil infil-
tration in mouse asthma models (1-7). Treat-
ment with one single systemic dose of ISS
inhibits Th2 responses in the airways for a period
of 4 wk, in spite of ongoing allergen challenges
(5). ISS are eftective when given before allergen
challenge as a preventive measure (3, 5, 6) and
have been demonstrated to reverse established
disease (4, 8). In long-term mouse asthma
models, ISS inhibit such lung-remodeling pa-
rameters as collagen deposition, goblet cell
hyperplasia, and thickening of the epithelial
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basement membrane (9—11). Recently, similar
effects of ISS have been reported in a monkey
model for allergic asthma (12).

ISS activate the Toll-like receptor (TLR)-9
pathway (13) and promote the development of a
Th1 cell response both in vitro and in vivo (14,
15). ISS activate cells of the innate immune sys-
tem to generate cytokines, such as TNF-o, IL-
12, IFN-q, and indirectly, IFN-y (14, 15). One
can envision that long-term treatment with ISS
through induction of IL-12 and IFNs would lead
to a rebalancing of Th1/Th2 responses, perhaps
ultimately leading to complete inhibition of the
Th2 response. A recent study in allergic rhinitis
patients treated during the ragweed season with
ISS conjugated to the dominant ragweed allergen
Amb a I demonstrated increased levels of IFN-y
and reduced levels of IL-4 in nasal biopsies
obtained 16 wk after the ragweed season,
supporting this hypothesis (16).
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A key question, however, is how the immediate inhibi-
tory effects of ISS on the Th2 response can be explained. A
single treatment with ISS given just before allergen challenge
can completely block the allergen-induced Th2 response. A
direct effect on Th2 cells is unlikely, as T cells do not express
TLR-9 (13). However, other modes of action are possible
based on known activities of ISS. For example, cytokines or
mediators induced by ISS could inhibit effector functions
mediated by Th2 cytokines, such as IgE production, smooth
muscle hyperreactivity, and eosinophilia. Studies investigat-
ing whether the immediate inhibitory eftects of ISS are me-
diated by IL-12 or IFN-vy, however, give conflicting results
(4, 17-19). Some studies demonstrate that ISS inhibition of
allergen-induced eosinophil infiltration is partially dependent
on IFN-vy (4), whereas others show that ISS inhibition of
allergen-induced Th2 responses is independent of ISS-
induced cytokines, such as IL-12 or IFN-y (17-19). Alterna-
tively, inhibition by ISS could result from actions on cell
types required for Th2 activation, such as APCs. In this
study, we sought to elucidate how ISS exert their immediate
inhibitory effect on the allergic response and characterize
more precisely which pathways and cellular events of the
allergen-induced response are inhibited.

RESULTS

1018 ISS does not inhibit gene induction by IL-4 or IL-13
IL-4 and IL-13 play a central role in Th2 responses in the
respiratory tract, inducing airway hyperresponsiveness, mu-
cus overproduction, and eosinophil recruitment (20-22).
Many biological activities mediated by IL-4 and IL-13 are
known to be inhibited by cytokines inducible by ISS, such
as IL-12, IFN-a, and IFN-y (23-28), suggesting that ISS
may inhibit the allergic airway response by antagonizing
the actions of IL-4 and IL-13. To test this, naive BALB/c
mice were treated intranasally with 20 wg 1018 ISS, con-
trol oligodeoxynucleotide (ODN), or saline, followed 1 d
later by 5 pg IL-4 or IL-13, also given intranasally. Prior
studies have shown optimal gene induction in the airways
between 3 and 12 h after treatment at this dose of IL-4 or
IL-13 (not depicted). The dose of 20 wg 1018 ISS was de-
rived from previous experiments demonstrating optimal in-
duction of ISS-inducible genes in the airways within a dose
range of 5-20 wg 1018 ISS (not depicted). Lungs were har-
vested 6 h after treatment with cytokine and evaluated for
mRNA expression. Treatment with either IL-4 or IL-13
induced increased mRNA expression levels for eotaxin,
GOB-5, and FIZZ1 in the lung, and this was not inhibited
by pretreatment with 1018 ISS (Fig. 1, A and B). This lack
of effect of 1018 ISS was not due to inhibition of the ac-
tions of ISS by subsequent IL-4 or IL-13 administration, as
genes known to be highly inducible by ISS, such as IP-10,
MIG, and MCP-3, remained elevated after IL-4 or IL-13
treatment (Fig. 1 C and not depicted). In summary, the di-
rect inhibition of IL-4— and IL-13-mediated functions does
not appear to be the mechanism of action of ISS in this
mouse asthma model.
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Figure 1. 1018 ISS does not inhibit gene induction by IL-4 or IL-13.

(A-C) mRNA expression measured in whole lung is shown. Lungs were
harvested 6 h after intranasal treatment with 5 wg IL-4 (A and C) or 5 g
IL-13 (B). 1 d before cytokine treatment was given, mice were treated
intranasally with saline (black bars), 20 g 1018 ISS (gray bars), or control
ODN (white bars). Mice treated with saline only (and no cytokine) are
represented by hatched bars. All data are expressed as gene/ubiquitin ratio
(mean = SEM; five mice per group), and * indicates a p-value of <0.05
when compared with the saline-only treated group. Increased levels of
eotaxin, GOB-5, and FIZZ1 are observed after IL-4 and after IL-13 treatment,
which cannot be inhibited by 1018 ISS treatment. Up-regulation of the
ISS-inducible genes IP-10, MIG, and MCP-3 is observed after 1018 ISS
treatment both in IL-4- (A) and IL-13-treated mice (not depicted).

1018 ISS does not prevent airway hyperresponsiveness
induced by IL-13 administration to the lung
In addition to inducing STAT-6-regulated genes, IL-13
administration to the lung has also been reported to di-
rectly induce airway hyperresponsiveness to acetylcholine
via a STAT-6—dependent mechanism (20, 29). To test
whether 1018 ISS pretreatment could inhibit IL-13—induced
airway hyperresponsiveness, mice were given three in-
tratracheal doses of IL-13 on consecutive days (5 wg per
day) as described previously (20). For this experiment, mice
were given three (instead of one) intratracheal doses of IL-
13 because, in our experience, this regimen induces a
stronger, more consistent change in airway responsiveness
than a single dose of IL-13. Before the IL-13 treatments,
mice were given one intratracheal administration of 20 ug
1018 ISS, control ODN, or PBS. 1 d after the last IL-13
treatment, airway responsiveness to acetylcholine was mea-
sured. IL-13 caused a substantial increase in the airway
pressure-time index (APTI; Fig. 2), indicating increased
airway reactivity to acetylcholine, and this was unaffected
by pretreatment with 1018 ISS (Fig. 2). In mice treated
with control ODN and IL-13, the mean APTI was not
significantly different from the PBS control.

Upon completion of the APTI measurements, lungs
were harvested to confirm that 1018 ISS did not inhibit gene
induction by the three-dose regimen of IL-13. As expected,
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Figure 2. 1018 ISS does not prevent IL-13-induced airway
hyperresponsiveness. Airway responsiveness to acetylcholine was measured
in mice exposed to three intratracheal treatments with 5 g IL-13. 1d
before the IL-13 treatment started, mice were treated intratracheally with
PBS (black bar), 20 g 1018 ISS (gray bars), or control ODN (white bar).
Mice treated with PBS only (and no IL-13) are represented by the hatched
bar. Airway responsiveness measurements were taken 1 d after the last IL-13
treatment. Airway responsiveness is defined by the time-integrated change
in peak airway pressure or the APTI. Data shown are mean = SEM of seven
mice per group, and * indicates a p-value of <0.05 when compared with
the PBS-only treated group. A significant increase in airway responsiveness
is observed after IL-13 treatment. Treatment with 1018 ISS is not able to
inhibit IL-13-induced airway hyperresponsiveness.

increased levels of eotaxin, GOB-5, and FIZZ1 mRNA ex-
pression were observed in IL-13—treated mice, and the levels
of these genes were similar in the IL-13—treated/1018 ISS—
pretreated mice (not depicted). Taken together, the experi-
ments in Figs. 1 and 2 clearly demonstrate that pretreatment
with doses of 1018 ISS capable of inhibiting antigen-induced
Th2 responses (see Figs. 3 and 4 below) does not block any
measurable lung response to IL-4 or IL-13.

1018 ISS prevents allergen-induced Th2 and Th2-dependent
gene induction

The experiments described above demonstrate that the inhi-
bition by ISS of antigen-driven Th2-mediated eftector func-
tions cannot be explained by direct ISS inhibition of those
effector functions. This suggests that 1018 ISS is able to in-
hibit the activation of antigen-specific Th2 cells, although
direct inhibition of polarized Th2 cells by ISS has not previ-
ously been reported. We assessed the activation of Th2 cells
by antigen in situ by measuring increases in the Th2 cell cy-
tokines IL-4, IL-5, and IL-13 at the protein and mRNA lev-
els in the airways, and by measuring increases in the mRINA
levels of genes directly dependent on IL-4 and IL-13 in the
lung tissue. Mice were sensitized with ragweed pollen ex-
tract (RW) in alum (days O and 3) and challenged intratra-
cheally (day 10) with 200 pg RW or PBS. 1 d before chal-
lenge (day 9), the mice were treated with 20 g 1018 ISS,
control ODN, or PBS. 48 h after RW challenge, lungs were
harvested and mRNA levels of a panel of Th2 and Th2-
dependent genes were evaluated using quantitative PCR.
Challenge with RW induced a marked increase in IL-4, IL-5,
and IL-13 mRNA as well as in the expression of Th2-
dependent genes, such as the chemokines eotaxin, TARC,
MDC, and TCA-3, and the goblet cell genes, GOB-5 and
FIZZ1 (Fig. 3). Pretreatment with 1018 ISS, however, com-
pletely prevented increases in these Th2 and Th2-dependent
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Figure 3. 1018 ISS prevents allergen-induced Th2 and Th2-depen-
dent gene induction. mRNA expression measured in whole lung is shown.
Mice were sensitized with RW and alum on days 0 and 3. Lungs were
harvested 48 h after intratracheal challenge (day 10) with 200 g RW in
sensitized mice. 1 d before the RW challenge, mice were given PBS (black
bars), 20 g 1018 ISS (gray bars), or control ODN (not depicted)
intratracheally. Mice challenged with PBS only (and not with RW) are
represented by white bars. All data are expressed as gene/ubiquitin ratio
(mean = SEM; five mice per group), and * indicates a p-value of <0.05
when compared with the PBS-only challenged group. RW challenge in
sensitized mice induces significant up-regulation of Th2 and Th2-dependent
genes 48 h after challenge. Treatment with 1018 ISS completely inhibits
the induction of these genes.

genes in the lung (Fig. 3). Expression levels in the RW-chal-
lenged/1018 ISS—pretreated mice were reduced to the levels
observed in control mice that were sensitized but challenged
with PBS only. Treatment with control ODN caused no
significant inhibition of allergen-induced gene expression
(not depicted). These data clearly indicate that 1018 ISS pre-
vents antigen-mediated activation of Th2 cells as measured
directly in the lung.

1018 ISS inhibits allergen-induced airway hyperresponsiveness,
eosinophilia, and Th2 cytokine production

To determine whether this inhibition of Th2 gene expres-
sion by 1018 ISS correlated with the inhibition of major fea-
tures of asthma in this model, mice were sensitized, RW
challenged, and treated with 1018 ISS 1 d before RW chal-
lenge as described in the preceding section. 48 h after RW
challenge, airway responsiveness to acetylcholine was mea-
sured and airway inflammation was assessed by the number
of eosinophils in the bronchoalveolar lavage (BAL) compart-
ment. RW challenge in sensitized mice induced a significant
increase in airway responsiveness when compared with con-
trol-challenged animals (Fig. 4, top left). As observed in sim-
ilar experiments using OVA (5), pretreatment with 1018 ISS
was able to significantly inhibit the development of airway
hyperresponsiveness (49% inhibition), whereas pretreatment
with control ODN had no effect. A similar result was ob-
tained with BAL eosinophils. RW challenge induced in-
filtration of eosinophils into the BAL compartment, and
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Figure 4. 1018 ISS inhibits allergen-induced airway hyperresponsive-

ness, eosinophilia, and Th2 cytokine production. Mice were sensitized
with RW and alum (days 0 and 3) and challenged intratracheally on day 10
with 200 g RW. 1 d before the challenge, the mice were treated via
intratracheal administration of PBS (black bars), 20 g 1018 ISS (gray bars),
or control ODN (white bars). Mice challenged with PBS only (and not with
RW) are represented by hatched bars. 2 d after challenge, airway
responsiveness (top left) and the absolute number of eosinophils in the
BAL (top right) were measured. In the same mice, IL-13 and IL-5 protein
levels were determined in BAL fluid by ELISA (bottom left and right,
respectively). Data shown are mean = SEM of 10 mice per group, and

* indicates a p-value of <<0.05 when compared with the PBS-only challenged
group. RW challenge in sensitized mice significantly increases airway
responsiveness, the number of eosinophils, and IL-13 and IL-5 levels in
BAL fluid. Treatment with 1018 ISS significantly inhibits all four of these
features of allergic asthma.

pretreatment with 1018 ISS prevented the influx of these
inflammatory cells (92% inhibition; Fig. 4, top right panel).
RW challenge in sensitized mice also induced readily mea-
surable IL-13 and IL-5 protein in the BAL fluid (Fig. 4, bot-
tom left and right panels, respectively). Levels of both cyto-
kines were significantly reduced by treatment with 1018 ISS
(IL-13: 76% inhibition; IL-5: 82% inhibition), but not con-
trol ODN, confirming the inhibition of the mRNAs encod-
ing these cytokines. In summary, it is clear that a single intra-
nasal dose of 1018 ISS is able to inhibit antigen-dependent
activation of Th2 cells in the lung as assessed by a number of
physiological and molecular techniques.

APCs from the airways of 1018 ISS-treated mice do not
activate Th2 cells in vitro

Based upon our current understanding of the biological ac-
tivities of ISS, it is likely that the observed inhibition of
Th2 cell activation is due to actions on TLR-9* APCs
rather than on TLR-9~ T cells. This was examined directly
by testing the APC function of CD11c* cells derived from
the lungs of mice treated with 1018 ISS and challenged
with antigen. Mice were sensitized with OVA in alum
(days 0 and 7). OVA was used instead of RW in these ex-
periments as we had previously optimized conditions for
stimulation of Th2 cells with APC from OVA-challenged
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Figure 5. Antigen-presenting CD11c* cells from the airways of
1018 ISS-treated mice do not activate Th2 cells in vitro. IL-13, IL-5,
and IFN-y protein levels as measured by ELISA in culture supernatant are
shown. A twofold dilution series of irradiated CD11c™ cells from the airways
(starting at 4 X 106 cells/ml) was incubated with a constant number of
CD4*/MEL14"% T cells (108 cells/ml) in 96 U-bottom wells for 72 h (total vol,
200 wl). The CD11c* cells were derived from the airways of sensitized and
OVA-challenged mice treated in vivo with saline (black circles), 20 wg 1018
ISS (black squares), or control ODN (white circles). CD4+/MEL14"% T cells
were derived from the spleens of OVA-sensitized mice. Data shown are
averaged from three separate experiments (mean = SEM), and * indicates a
p-value of <0.05 when compared with the response measured with CD11c*
cells from OVA-challenged/saline-treated mice. CD11c* cells derived from
0VA-challenged/saline-treated mice induce high levels of Th2 cytokines in
the cultures. This is in sharp contrast to the low levels induced by CD11c™
cells from OVA-challenged/1018 ISS-treated mice, demonstrating that these
CD11c* cells prevent the activation of Th2 cells in vitro. IFN-+y levels are not
changed, regardless of which in vivo pretreatment is applied.

mice. On day 13, mice were treated with 20 pg 1018 ISS,
control ODN, or saline, and then on day 14 they were
challenged with OVA aerosol. 24 h after OVA challenge,
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1018 ISS prevents the induction of costimulatory molecules

on airway APCs. CD11c™ cells were derived from the airways of OVA-
sensitized and -challenged mice treated in vivo with saline (shaded area)
or 20 g 1018 1SS (black line). Cells were stained with antibodies directed
against CD11¢, PDCA-1, B220, and a variety of costimulatory molecules,
adhesion molecules, and MHC class I, including I-Ad, PD-L1, PD-L2, PD-1,
CD40, CD80, CD86, and ICOS. Expression levels were analyzed in CD11¢*/

lungs were harvested and CD11c? cells were selected from
the lung and irradiated. Our previous work has shown that
1 d after allergen challenge, the majority of cells presenting
antigen in the airways are CD11c¢™ (30). A dilution series
of these CD11c™ APCs was incubated with a constant
number of CD4*/MEL14°Y T cells isolated from the
spleens of OVA-sensitized mice. When CD11c™ APCs
were derived from allergen-challenged/saline-treated mice,
high levels of IL-13 and IL-5 were induced, indicating effi-
cient Th2 cell activation in these cultures (Fig. 5). In con-
trast, responses of both cytokines were greatly reduced at
all APC doses when APCs were derived from allergen-
challenged 1018 ISS—treated mice (inhibition at 8 X 10°
APCs/2 X 10° T cells: 82 and 83%, respectively, for IL-13
and IL-5 when compared with saline-treated mice; Fig. 5).
Although APCs from control ODN-treated mice were
slightly less active than APCs from saline-treated mice,
they were still very capable of stimulating Th2 cells in a
dose-dependent manner. APCs from 1018 ISS-treated
mice were not completely disabled as they were capable of
stimulating an IFN-y response from the relatively small
Th1 cell population among the primed splenic T cells (Fig.
5). Our results demonstrate that 1018 ISS treatment in vivo
alters the function of the airway APCs such that they pre-
vent the activation of allergen-specific Th2 cells in vitro.

JEM VOL. 202, December 5, 2005

PDCA-1- cells (airway APCs; top) and CD11c*/PDCA-17 cells (airway PDCs;
bottom). Airway APCs derived from OVA-challenged/1018 ISS-treated mice
display lower expression levels of MHC class Il and various costimulatory
molecules than observed in OVA-challenged/saline-treated mice, whereas
airway PDCs derived from 1018 ISS-treated mice display higher levels of
PD-1and ICOS compared with their saline-treated counterparts.

1018 ISS prevents induction of costimulatory molecules

on airway APCs

In an attempt to elucidate why ISS treatment of allergic mice
renders APCs in the airways unable to effectively activate
Th2 cells, ISS-induced changes in the expression of mole-
cules important for APC function were assessed. CD11c*
cells derived from the airways of OVA-sensitized mice
treated intranasally 1 d before allergen challenge with either
saline or 1018 ISS were stained with antibodies to CD11c,
B220, and the plasmacytoid dendritic cell (PDC)—specific
antibody anti-PDCA-1, as well as with a variety of antibod-
ies directed against costimulatory molecules, adhesion mole-
cules, and MHC class II. CD11c*/PDCA-1" cells from the
airways of 1018 ISS—treated mice consistently expressed
lower levels of MHC class II molecules on the cell surface
when compared with CD11c¢*/PDCA-1" cells from allergic
mice treated with saline (Fig. 6, top). Interestingly, even
though ISS are known inducers of dendritic cell maturation
in vitro, expression of costimulatory molecules, including
programmed cell death ligand (PD-L)1 and PD-L2, CDA40,
and inducible T cell costimulator (ICOS), was substantially
lower on CD11¢*/PDCA-1" cells from 1018 ISS—treated
mice when compared with the same cell population derived
from the airways of allergic mice treated with saline (Fig. 6,
top). Smaller differences were measured in the expression of
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CD80, CD86, or programmed cell death protein 1 (PD-1);
however, CD11ct/PDCA-1" cells from 1018 ISS—treated
mice consistently expressed lower levels than those observed
in saline-treated allergic mice. In allergic mice, the popula-
tion of CD11¢*/PDCA-1" cells expressing the highest lev-
els of costimulatory molecules also expressed B220, consis-
tent with previous work describing CD11¢*/B220* cells as
the predominant APCs in the airways (30). It is this popula-
tion that demonstrates the greatest reduction in the expres-
sion of MHC class II and costimulatory molecules in 1018
ISS—treated mice. Thus, the overall pattern of reduced ex-
pression of molecules critical for antigen presentation pro-
vides support for the observation that CD11c™ cells derived
from 1018 ISS—treated mice are unable to activate Th2 cells
in vitro and in vivo.

Concurrent with changes in the CD11¢*/PDCA-1~
population, airway PDCs defined as CD11c*/PDCA-1*
cells derived from 1018 ISS—treated mice demonstrated a
ninefold higher percentage of cells expressing the inhibitory
molecule PD-1 compared with PDCs from saline-treated al-
lergic mice (47% in 1018 ISS—treated mice vs. 5.3% in sa-
line-treated mice; Fig. 6, bottom). In addition, PDCs from
the airways of 1018 ISS—treated mice displayed increased
levels of ICOS (25.2% in 1018 ISS—treated mice vs. 4.4% in
saline-treated mice). No other differences in costimulatory
molecule, adhesion molecule, or MHC class II expression
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Figure 7. 1018 ISS prevents allergen-induced Th2 and Th2-depen-

dent gene induction at an early time point after challenge. mRNA
expression measured in whole lung is shown. Mice were sensitized with
RW and alum on days 0 and 3. Lungs were harvested 6 h after intratracheal
challenge (day 10) with 200 wg RW in sensitized mice. 1 d before the RW
challenge, mice were given PBS (black bars), 20 g 1018 ISS (gray bars),
or control ODN (not depicted) intratracheally. Mice challenged with PBS
only (and not with RW) are represented by white bars. All data are expressed
as gene/ubiquitin ratio (mean == SEM; five mice per group), and * indicates
a p-value of <0.05 when compared with the PBS-only challenged group.
RW challenge in sensitized mice induces significant up-requlation of Th2
and Th2-dependent genes 6 h after challenge. Pretreatment with 1018 ISS
completely inhibits the induction of these genes, with the exception of IL-4.
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were observed (Fig. 6, bottom). PD-1 acts as an important
negative regulator of T cell responses (31), and it might be
significant that this molecule is induced after in vivo treat-
ment with 1018 ISS on TLR-9" PDCs in the airways. We
speculate that activation of this inhibitory pathway may very
well contribute to the inhibition of the Th2 response observed
after ISS treatment.

1018 ISS inhibits IL-4 secretion and IL-4-mediated gene
induction upon IgE cross-linking

Using the expression of such cytokines as IL-4 and IL-13 to
measure the activation of Th2 cells in the lungs has a signifi-
cant limitation. Allergic airways are rich in non—T cells capa-
ble of producing type 2 cytokines in response to allergen
challenge. Previous work has shown that FceRI-bearing
cells, primarily mast cells and basophils, are the major source
of IL-4 in the lung in the first few hours after allergen chal-
lenge, whereas at later times after challenge, IL-4 derives
increasingly from activated Th2 cells (32). To determine
whether ISS treatment was able to inhibit type 2 cytokine
secretion from mast cells, basophils, and Th2 cells, we first
investigated whether pretreatment with 1018 ISS was able to
inhibit allergen-induced gene induction at an early time
point after challenge. Mice were sensitized, treated with ISS,
and challenged with RW as illustrated in Fig. 3, but the
lungs were harvested at 6 h rather than 48 h after allergen
challenge. In initial experiments (not depicted), many Th2-
derived and Th2-dependent genes were highly induced as
early as 6 h after challenge. In this series of experiments, all
of the allergen-induced genes that were elevated at 48 h
(Fig. 3) were observed to be significantly elevated by 6 h af-
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Figure 8. 1018 ISS also inhibits the induction of Th2-dependent

genes after challenge with anti-IgE antibodies in sensitized mice.
mRNA expression measured in whole lung is shown. Mice were sensitized
with RW and alum on days 0 and 7. Lungs were harvested 6 h after intranasal
challenge (day 14) of sensitized mice with 5 g RW (A) or 50 g anti-IgE
antibodies (EM-95; B). 1 d before the RW or anti-IgE challenge, mice were
given intranasal saline (black bars), 20 g 1018 ISS (gray bars), or control
ODN (white bars). Mice challenged with saline only (and not with RW or
anti-IgE) are represented by hatched bars. All data are expressed as
gene/ubiquitin ratio (mean =+ SEM; five mice per group), and * indicates a
p-value of <0.05 when compared with the saline-only challenged group.
Intranasal challenge of sensitized mice with RW or anti-IgE antibodies
up-regulates IL-4, TARC, MDC, and GOB-5 mRNA expression. Pretreatment
with 1018 ISS completely prevents the induction of TARC, MDC, and
GOB-5 mRNA expression.
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Figure 9. 1018 ISS prevents anti-lgE-induced IL-4 protein production
in the BAL fluid of sensitized mice. IL-4 protein levels as measured by
ELISA in BAL fluid are shown. Mice were sensitized with RW and alum on
days 0 and 7. BAL fluid was harvested 6 h after intranasal challenge (day
14) with 50 g anti-IgE antibodies (EM-95) in sensitized mice. 1 d before
challenge, mice were treated intranasally with saline (black bar), 20 g
1018 ISS (gray bar), or control ODN (white bar). Mice challenged with
saline only (and not with anti-IgE) are represented by the hatched bar.
Data shown are mean = SEM of five mice per group, and * indicates a
p-value of <0.05 when compared with the saline-only challenged group.
Intranasal challenge of RW-sensitized mice with anti-IgE antibodies
induces IL-4 protein production in BAL fluid, which is completely inhibited
by 1018 ISS pretreatment.

(pg/ml)

ter allergen challenge in the group pretreated with saline
(Figs. 7 and 8 A). In the 1018 ISS-treated mice, however,
the induction of these genes was completely inhibited (Figs.
7 and 8 A), with the consistent exception of IL-4 mRNA.
But as shown below, IL-4 protein secretion into BAL fluid is
strongly inhibited by 1018 ISS at this time point.

The finding that early cytokine and chemokine induc-
tion is extensively inhibited by 1018 ISS treatment strongly
suggests ISS inhibition of mast cell and basophil as well as T
cell responses; however, gene expression at 6 h after allergen
challenge does not conclusively demonstrate this as measure-
ments at the early time point include both T and non—T cell
sources of cytokine. To assess directly the effect of 1018 ISS
on IgE-triggered pathways, mice primed with RW (days 0
and 7) were challenged (day 14) with anti-IgE instead of an-
tigen. A subset of the genes induced by RW challenge (Fig.
8 A) was strongly induced with anti-IgE challenge: IL-4 and
three of the most highly IL-4—inducible genes, TARC,
MDC, and GOB-5 (Fig. 8 B). The IL-4—-induced genes
were very effectively inhibited by 1018 ISS pretreatment
(Fig. 8 B); however, as observed in Figs. 7 and 8 A, 1L-4
mRNA was not inhibited. As neither IL-13 protein nor
mRNA levels were significantly elevated by anti-IgE chal-
lenge (not depicted), it was not obvious why the induction
of genes regulated by IL-4 was inhibited, whereas IL-4
mRNA itself was not. One possible explanation was tested
by measuring IL-4 protein recovered from the BAL fluid 6 h
after anti-IgE challenge (Fig. 9). This resolved the paradox
by showing that 1018 ISS was a potent inhibitor of induced
IL-4 at the protein level, despite the lack of effect on IL-4
mRNA induction. Some FceR1* cells have been shown to
store IL-4 in granules for subsequent release (33), providing
a possible explanation for the uncoupling of transcription
and translation of IL-4 mRNA in this experimental setting.
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DISCUSSION

CpG-containing ISS have shown significant promise for pre-
venting allergic responses to pulmonary allergen challenge
in both mouse (1-11) and primate (12) models of allergic
asthma. They can be delivered systemically (1, 2, 4-6) or di-
rectly to the respiratory tract (1, 3, 6) and can inhibit not
only acute responses to allergen, but also more chronic man-
ifestations, such as airway remodeling (9-12). The response
to a pulmonary allergen involves a series of distinct events
mediated by a number of different cell types and cellular in-
teractions, yet the events and cell types directly inhibited by
ISS are poorly understood. In particular, the rapid and ex-
tensive, albeit transient, inhibition of acute Th2 responses
caused by a single inhaled dose of ISS given before allergen
challenge has yet to be explained.

Two distinct possible mechanisms underlying the imme-
diate inhibition of the Th2 response by ISS were evaluated
in this study. The first was inhibition by ISS of the effector
functions mediated by the Th2 cell-dependent cytokines IL-4
and IL-13. Administration of IL-4 and IL-13 to the airways
has been shown to induce many characteristics of allergic
asthma, such as airway hyperresponsiveness, mucus produc-
tion, and gene induction via a STAT-6—dependent mecha-
nism (20-22, 29). Despite the known antagonism of IL-12,
IFN-a, and IFN-vy on many IL-4— and IL-13-mediated ac-
tivities (23—28), our data demonstrate clearly that this mech-
anism appears to contribute little to the inhibition of allergen
challenge by ISS.

The second possible mechanism evaluated in our study
was ISS-induced inhibition of Th2 cell activation. Th2 re-
sponses were measured directly in the lung by measuring the
expression of Th2 and Th2-dependent genes in whole lung
mRNA and confirming the expression of key cytokines by
immunoassay of BAL fluid. ISS pretreatment resulted in ex-
tensive or complete inhibition of allergen-induced expres-
sion of the definitive Th2 cell genes, IL-4, IL-5, and IL-13,
as well as all of the IL-4/IL-13—inducible genes we have
tested. This direct evidence of Th2 cell inhibition was con-
firmed by a comparable inhibition of Th2-dependent airway
hyperresponsiveness, eosinophilia, and Th2 cytokine pro-
teins in the BAL fluid. These results constitute a comprehen-
sive analysis of the T cell response to allergen challenge in the
lung itself and are consistent with earlier studies that measured
cytokines by ELISA and ELISPOT techniques (2—4).

FceRlI-bearing cells, such as mast cells and basophils,
have been described to be a major source of IL-4 in the air-
ways in the first few hours after allergen challenge, whereas
at later times, IL-4 is increasingly derived from activated Th2
cells (32). The virtually complete inhibition of IL-4—induced
genes and functions suggested that these non—T cell sources
might also be inhibited by ISS. This could be a direct eftect
of ISS as it has been shown that mast cells and basophils are
TLR-9" (34, 35) and respond to ISS stimulation with the
production of IL-6 and TNF-a (36). This hypothesis was
tested by challenge of allergic mice with anti-IgE antibodies
rather than with allergen. Anti-IgE challenge induced IL-4
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secretion into the BAL fluid within 6 h, and this was indeed
substantially inhibited by pretreatment with 1018 ISS. This
was further confirmed by a profound reduction in the ex-
pression of the IL-4—inducible genes GOB-5, TARC, and
MDC in the mice pretreated with 1018 ISS, indicating that
biologically active IL-4 (and IL-13) had not been secreted.
Although 1018 ISS did not significantly inhibit the early,
mostly non—T cell-derived increase in IL-4 mRNA, it was
clear that this IL-4 mRNA did not result in secreted IL-4
protein in ISS-treated mice. Taken together, these findings
show that a single-dose pretreatment of ISS inhibits allergic
airway responses by blocking the two key initial cellular
events: cytokine release by mast cells and basophils by anti-
gen cross-linking of IgE and cytokine production by aller-
gen-activated Th2 cells. These actions are sufficient to ex-
plain the extensive inhibition—observed by us and many
other groups—on the consequences of those initial cellular
events: airway hyperresponsiveness, eosinophilia, goblet cell
hyperplasia, mucus secretion, and airway remodeling (1-11).

One consequence of allergen-mediated IgE cross-linking
may not, however, be affected by ISS treatment, degranula-
tion, and release of such mediators as histamine and seroto-
nin. Ikeda et al. (34) have reported that ISS does not inhibit
the process of IgE-mediated degranulation, and we have con-
firmed this by measuring the immediate drop in body tem-
perature after anti-IgE challenge. Challenge with anti-IgE as
illustrated in Fig. 8 caused a transient reduction in rectal tem-
perature from 38.1 = 0.1°C before challenge to a minimum
of 35.8 = 0.1°C at 45 min postchallenge, consistent with an
immediate response to IgE-mediated mast cell and basophil
degranulation. A similar temperature drop was observed after
anti-IgE challenge of sensitized/1018 ISS-treated mice, sug-
gesting no inhibition of degranulation by ISS (Fig. S1, avail-
able at http://www.jem.org/cgi/content/full/jem.20050631/
DC1). Chen et al. (37) have reported that IFN-a inhibits IL-3—
primed IL-4 and IL-13 secretion from human basophils,
whereas histamine and leukotriene C4 release was unaf-
fected, providing additional evidence that cytokine and
mediator release are regulated quite differently.

The nearly complete absence of allergen-induced Th2
cytokines combined with the absence of transcriptional and
functional responses to those cytokines after ISS treatment
demonstrated clearly that Th2 cell activation in the lung was
inhibited by recent exposure to ISS. This was not a result of a
change in the Th1/Th2 cell ratio as there was no evidence of
a corresponding increase in the allergen-specific Thl re-
sponse. One possible mechanism for the failure of Th2 acti-
vation in ISS-treated mice could be inhibition of the migra-
tion of Th2 cells into the lung. This could account for part of
the reduced Th2 response, particularly at the 48-h postchal-
lenge time point. We have observed partial inhibition of
CD4* T cell infiltration at 48 h in ISS-pretreated mice (not
depicted), but this would not explain the virtually complete
inhibition of Th2 responses we have observed as substantial
numbers of antigen-specific Th2 cells reside in the lungs of
primed mice, even before the first pulmonary challenge (30).
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The principal mechanism for Th2 inhibition in this model
appears to be inhibition of the ability of lung APCs to acti-
vate differentiated Th2 cells. Antigen-presenting CD11c*
cells derived from the lungs of sensitized and challenged mice
treated in vivo with 1018 ISS failed to induce Th2 cell cyto-
kine production in CD4*/MEL14" T cell populations from
primed spleen cells in vitro. This activity is not revealed in a
complete in vitro system. The addition of 1018 ISS to the
cultures of CD4%/MEL14" T cells and antigen-presenting
CD11c* cells derived from the airways of allergen-chal-
lenged mice did not inhibit Th2 cell cytokine production
(not depicted). Thus, 1018 ISS needs to act in vivo in the
presence of components of the lung microenvironment in
order to have an inhibitory effect. This may explain why the
ability of ISS to inhibit recall responses of fully polarized Th2
cells has not been reported previously.

We evaluated several potential mechanisms by which ISS
may alter the function of CD11c* APCs. One of these was
involvement of the rate-limiting enzyme of the tryptophan
catabolism, indoleamine 2,3-dioxygenase (IDO). Increased
levels of IDO lead to the enhanced degradation of the essen-
tial amino acid tryptophan, which in turn has been shown to
inhibit T cell responses (38). ISS are capable of inducing
increased levels of IDO in both lung epithelial cells and
CD11c* dendritic cells (38, 39), making IDO a candidate by
which CD11c¢* APCs could mediate the abrogation of Th2
cell activation that occurs after treatment with ISS. In a
somewhat different model of murine asthma, inhibitors of
IDO have been shown to reverse the protective eftects of
systemic ISS (39). In our models, we were able to measure a
significant increase in pulmonary IDO mRNA levels after
ISS treatment (Fig. S2, available at http://www jem.org/
cgi/content/full/jem.20050631/DC1); however, this did
not result in significant IDO enzymatic activity (not de-
picted). Furthermore, subcutaneous implantation of slow-
release pellets containing the IDO inhibitor 1-methyl-DL-
tryptophan (M-trp) did not affect ISS-induced inhibition of
the Th2 response (Fig. S3). Thus, in our models, IDO does
not play a decisive role in the ISS-mediated inhibition of the
Th2 response in the airways, and APCs of 1018 ISS—treated
mice most probably use mechanisms other than IDO to
down-regulate Th2 cell activation.

A second potential mechanism evaluated was an ISS-
induced change in costimulatory molecule expression on the
APCs. Costimulation s a critical component of APC function
and various costimulatory molecules have important roles in
stimulating eftector T cell responses (for review see reference
31). We observed a drastic reduction in the overall expression
of costimulatory molecules on CD11c™ APCs from the air-
ways of ISS-treated mice, including PD-L1, PD-L2, CD40,
ICOS, CD80, CD86, and PD-1, accompanied by a clear re-
duction in the expression of MHC class II molecules, creating
an overall picture of a much less competent APC. ISS may
very likely induce these changes via a direct action on the
APCs themselves as most APC subsets in the mouse express
TLR-9 and respond to ISS (15). Alternatively, this might be
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regulated via indirect effects via other cell types. Of interest is
our observation that in vivo ISS treatment induced the ex-
pression of the inhibitory molecule PD-1 on TLR-9* PDCs
in the airways. Serebrisky et al. (4) investigated changes in co-
stimulatory molecule mRNA expression levels in the airways
after in vivo treatment with ISS. They observed that ISS-
induced inhibition of the Th2 cell response was accompanied
with an up-regulation in CD80 mRNA expression levels and
decreased levels of CD86 mRNA. In contrast to our study,
however, these changes were measured in whole lung.

In summary, we demonstrate that ISS do not act on cy-
tokine-mediated effector pathways, but rather prevent Th2
cytokine secretion from both Th2 cells as well as IgE-activated
cells, such as mast cells and basophils. In vivo treatment with
ISS decreases the expression of MHC class II and costimula-
tory molecules on CD11c* APCs in the airways, resulting in
APC:s that fail to activate Th2 cells. Inhibition of both the Th2
and the IgE-mediated pathway enhances the prospects for suc-
cessful therapeutic application of ISS in allergic asthma and re-
veals an exiting new mechanism of action of ISS.

MATERIALS AND METHODS
In vivo treatment with IL-4, IL-13, or ISS. Animal experiments de-
scribed in our studies were performed at Northview Pacific Laboratories
Inc. or at the animal facility of the Division of Immunobiology, Cincinnati
Children’s Hospital Medical Center, and all procedures applied were Insti-
tutional and Animal Care Use Committee—approved.

6—8-wk-old female BALB/c mice were anesthetized with isoflurane
and treated intranasally with 5 pg IL-4 or IL-13 (R&D Systems) in 50 .l
of pyrogenic-free saline. 1 d before IL-4 or IL-13 treatment, the mice
were pretreated intranasally with 20 g ISS or control ODN in 50 pl sa-
line. The ISS and two control ODNs used in our experiments were 1018
ISS (5'-TGACTGTGAACGTTCGAGATGA), 1040 (5'-TGACTGT-
GAACCTTAGAGATGA), and C661 (5'-TGCTTGCAAGCTTG-
CAAGCA), respectively. All sequences used had <5 endotoxin units per

mg of ODN as determined by Limulus amebocyte lysate assay (BioWhit-
taker). Sequences were synthesized as described previously (40). To in-
duce IL-13—mediated airway hyperresponsiveness, mice were treated
three times with 5 pg IL-13 on consecutive days (days 1-3) as described
previously (20). Before the IL-13 treatments, one 20-pg ISS treatment
(day 0) was administered. In this particular set of experiments, IL-13 and
ISS were given intratracheally.

Ragweed sensitization and allergen or anti-IgE challenge. 6—8-wk-
old female BALB/c mice were intraperitoneally sensitized with 150 pg de-
fatted RW (Ambrosia artemissifolia; Greer Laboratories) and alum on days 0
and 3. On day 9, the mice were pretreated with 20 pg ISS, control ODN,
or diluent control via intratracheal administration under ketamine/xylazine
anesthesia. On day 10, the mice were intratracheally challenged with 200
pg RW or diluent control (41).

In a second series of experiments, a different sensitization was used.
Mice were intraperitoneally sensitized with 10 g RW in alum on days 0
and 7. On day 13, the mice were pretreated with 20 pg ISS, control ODN,
or saline via intranasal administration. On day 14, these mice were chal-
lenged intranasally with 5 wg RW, 50 g anti-mouse anti-IgE antibodies
(EM95), or with saline. The anti-mouse anti-IgE antibodies were provided
by F. Finkelman (University of Cincinnati, Cincinnati, OH).

Airway responsiveness measurements and assessment of airway in-
flammation. Airway responsiveness to intravenous acetylcholine was
measured as described previously (42). In brief, 1 d after the last IL-13 treat-
ment or 2 d after RW challenge, mice were anesthetized with sodium pen-
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tobarbital, intubated, and ventilated at a rate of 120 breaths/min with a con-
stant tidal volume of 0.2 ml. After recording a stable baseline airway
pressure, mice were paralyzed with decamethonium and injected intrave-
nously with 50 pg/kg acetylcholine.

After airway responsiveness measurements, lungs were lavaged thor-
oughly with saline. BAL cells were separated from BAL fluid by centrifugation
and counted. Cytospins were prepared and stained with Wright-Giemsa.
Differential cell counts were obtained using oil immersion microscopy. At
least 500 cells were counted per cytospin.

Isolation of T cells and airway APCs as well as flow cytometric
analysis. Mice were intraperitoneally sensitized with 10 pg OVA (grade 5;
Sigma-Aldrich) in alum on days 0 and 7. For T cell isolation, spleens were
harvested 1 wk after sensitization (day 14). For isolation of airway allergen-
presenting cells, sensitized mice were pretreated on day 13 with 20 ug ISS,
control ODN, or saline via intranasal administration. 1 d later (day 14), the
mice were challenged with 5 mg/ml of an OVA aerosol for 45 min. 24 h
after challenge lungs were removed. Both the spleen and lungs were minced
and incubated with 0.02 mg/ml DNase I (Sigma-Aldrich) and 1 mg/ml col-
lagenase D (Roche) for 30 min at 37°C while shaking. Single cell suspen-
sions were prepared, the red blood cells were lysed, and cell suspensions
were thoroughly washed. For the spleen, the cells were first depleted for
B220*, CD8, and CD11b* cells using MACS microbeads and MACS LD
columns (both from Miltenyi Biotec) according to the manufacturer’s in-
structions. The remaining cells were then stained with fluorescently labeled
anti-MEL14 (MEL-14; BD Biosciences) and anti-CD4 antibodies (GK1.5;
BD Biosciences), and subsequently sorted for CD4*/MEL14"% cells using a
MoFlo high speed sorter (DakoCytomation). After sorting, the CD4*/
MEL14Y cells were washed and counted. For the lung, adherent cells were
removed by incubating the cell suspension in a Petri dish for 1 h at 37°C.
CD11c* cells were then selected from the nonadherent cell population us-
ing the appropriate MACS microbeads and MACS LD columns according
to the manufacturer’s instructions. The CD11c" cells were irradiated,
washed, and counted.

Flow cytometric analysis of CD11c* cells isolated from the airways was
performed using a BD FACSCalibur (BD Biosciences) after staining with
monoclonal antibodies directed against a variety of costimulatory molecules,
adhesion molecules, and MHC class II. Antibodies included anti-CD11c
(HL-3), anti-B220 (RA3-6B2), anti-I-A¢ (AMS-32.1), anti-PD-L1
(MIHS), anti-PD-1 (Jj43), anti-CD40 (3/23), anti-CD80 (16-10A1), anti-
CD86 (GL1), anti-ICOS (7E.17G9; all from BD Biosciences), anti-PDCA-1
(Miltenyi Biotec), and anti-PD-L2 (TY25; eBioscience).

In vitro incubation of airway APCs and T cells. A twofold dilution
series of CD11c™ cells isolated from the airways (starting at 4 X 10° cells/
ml) was incubated with a constant number of CD4*/MEL14°% T cells (10°
cells/ml) in 96 U-bottom wells for 72 h (total vol, 200 wl). As a positive
control, wells containing CD11c™ cells, CD4"/MEL14°" T cells, and
OVA (250 wg/ml) were included. The CD11c™ cells were derived from
the airways of OV A-sensitized and -challenged mice pretreated in vivo with
saline, 20 pg 1018 ISS, or control ODN. CD4*/MEL14°Y T cells were
derived from the spleens of OVA-sensitized mice. After 72 h of incubation,
supernatant was harvested and tested for the presence of IL-13, IL-5, and
IFN-y cytokines by ELISA.

Cytokine measurement in BAL fluid or culture supernatant. BAL
fluids from individual mice were lyophilized and resuspended in 200 pl sa-
line. Levels of IL-4, IL-5, IL-13, and IFN-vy protein were measured in BAL
fluid samples or culture supernatants using ELISA kits (R&D Systems) ac-
cording to the manufacturer’s instructions. The lower detection levels were
8, 16, and 8 pg/ml for the IL-4, IL-5, and IL-13 ELISA, respectively. [FN-y
protein levels were assayed by matched antibody pairs (BD Biosciences)
used according to the manufacturer’s instructions. The lower detection
level of this ELISA was 13 pg/ml.
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Quantitation of gene expression by real-time PCR. The protocol
for the analysis of gene expression has been detailed elsewhere (43). In brief,
snap-frozen mouse lungs were homogenized in RLT buffer (QIAGEN) us-
ing a polytron homogenizer. Total RNA was extracted via the RNeasy
Mini Column Protocol (QIAGEN). Of each RNA sample, 5 pg was incu-
bated with DNase I (Boerhinger) in the presence of RNAsin (Promega) and
subsequently converted into ¢cDNA using oligo dT (Promega), random
hexamers, and SuperScript RT II (Invitrogen). cDNA was diluted 1:100,
and PCR was conducted using QuantiTect SYBR green PCR master mix
(QIAGEN) combined with primer pairs (Operon) or QuantiTect probe
PCR master mix and PDAR primer pairs with labeled probe (Applied Bio-
systems). PCR reactions were performed using a sequence detector (Gene-
Amp 5700; Applied Biosystems). PCR amplification of the housekeeping
gene ubiquitin was performed for each sample, allowing for normalization
of data. All data are expressed as a gene/ubiquitin ratio.

Data analysis. Data were analyzed with a one-way analysis of variance
followed by a Bonferroni multiple comparisons test. When data groups
demonstrated unequal standard deviations or were not normally distributed,
a Kruskal-Wallis nonparametric analysis of variance was performed followed
by a Dunn’s multiple comparisons test. ELISA data from the culture super-
natants were analyzed with a two-way analysis of variance followed by a
Bonferroni posttest. Analyses were performed with GraphPad InStat, and
P < 0.05 was considered significant for all statistical analyses.

Online supplemental material. Fig. ST shows the change in body tem-
perature measured before and at various time points after intranasal chal-
lenge with anti-IgE antibodies in R W-sensitized mice. 1 d before the chal-
lenge, mice were treated intranasally with either saline or 1018 ISS. These
data demonstrate that challenge of R W-sensitized mice with anti-IgE anti-
bodies significantly decreases the body temperature either in the absence or
presence of 1018 ISS pretreatment. Fig. S2 shows IDO mRNA levels mea-
sured in whole lung after intranasal treatment with saline, 1018 ISS, or con-
trol ODN in naive or Th2-primed mice. Significant IDO expression is ob-
served after the treatment of naive and allergic mice with 1018 ISS. Fig. S3
shows IL-5 and IL-13 protein levels in BAL fluid measured both in the RW
and in the OVA asthma model. Mice were sensitized as described above,
and on day 12, slow-release pellets containing the IDO inhibitor M-trp
were inserted under the dorsal skin. Mice were treated with 1018 ISS and
challenged with allergen as described above, and BAL fluid was harvested
24 h after challenge. These data demonstrate that treatment with 1018 ISS
significantly inhibits the Th2 response in the airways, which is not prevented
by concurrent treatment with M-trp.

We are grateful to Drs. Franck Barrat, Holger Kanzler, Jason Marshall, and Gary Van
Nest for helpful discussions. We thank Dr. Fred Finkelman for providing us with anti-
mouse anti-IgE antibodies, Karen L. Fearon and Josh Gregorio for preparation of the
ISS, Robert Milley and Holli Camera for help with the ragweed preparation, Zachary
Boyd, Jeffrey Tsao, and Hector Nolla for technical assistance, Lorraine Smyser and
Linh Chu for administrative help, and Alicia Chandler, Geoffrey Del Rosario, and
Zobair Musa for their excellent assistance with the in vivo treatment procedures.

E.M. Hessel, M. Chu, J.0. Lizcano, B. Chang, S.A. Kell, and R.L. Coffman were or
are currently Dynavax Technologies employees. The remaining authors have no
conflicting financial interests.

Submitted: 28 March 2005
Accepted: 31 October 2005

REFERENCES
1. Broide, D., J. Schwarze, H. Tighe, T. Gifford, M.D. Nguyen, S.
Malek, J. Van Uden, E. Martin-Orozco, E.W. Gelfand, and E. Raz.
1998. Immunostimulatory DNA sequences inhibit IL-5, eosinophilic
inflammation, and airway hyperresponsiveness in mice. J. Immunol.
161:7054-7062.
2. Kline, J.N., T.J. Waldschmidt, T.R. Businga, J.E. Lemish, J.V. Wein-
stock, P.S. Thorne, and A.M. Krieg. 1998. Modulation of airway in-

10 of 11

10.

11.

12.

13.

14.

16.

17.

18.

19.

flammation by CpG oligodeoxynucleotides in a murine model of
asthma. J. Immunol. 160:2555-2559.

. Sur, S., J.S. Wild, B.K. Choudhoury, N. Sur, R. Alam, and D.M.

Klinman. 1999. Long-term prevention of allergic lung inflammation in
a mouse model of asthma by CpG oligodeoxynucleotides. J. Immunol.
162:6284-6293.

. Serebrisky, D., A.A. Teper, C.K. Huang, S.Y. Lee, T.F. Zhang, B.H.

Schofield, M. Kattan, H.A. Sampson, and X.M. Li. 2000. CpG oli-
godeoxynucleotides can reverse Th2-associated allergic airway re-
sponses and alter the B7.1/B7.2 expression in a murine model of
asthma. J. Immunol. 165:5906-5912.

. Broide, D.H., G. Stachnick, D. Castaneda, J. Nayar, M. Miller, J.Y.

Cho, M. Roman, J. Zubeldia, T. Hayashi, and E. Raz. 2001. Systemic
administration of immunostimulatory DNA sequences mediates revers-
ible inhibition of Th2 responses in a mouse model of asthma. J. Clin.
Immunol. 21:175-182.

. Jahn-Schmid, B., U. Wiedermann, B. Bohle, A. Repa, D. Kraft, and

C. Ebner. 1999. Oligodeoxynucleotides containing CpG motifs mod-
ulate the allergic Th2 response of BALB/c mice to Bet v 1, the major
birch pollen allergen. J. Allergy Clin. Immunol. 104:1015-1023.

. Kohama, Y., O. Akizuki, K. Hagihara, E. Yamada, and H. Yamamoto.

1999. Immunostimulatory oligodeoxynucleotide induces Th1 immune
response and inhibition of IgE antibody production to cedar pollen al-
lergens in mice. J. Allergy Clin. Immunol. 104:1231-1238.

. Kline, J.N., K. Kitagaki, T.R. Businga, and V.V. Jain. 2002. Treatment

of established asthma in a murine model using CpG oligodeoxynucle-
otides. Am. J. Physiol. Lung Cell. Mol. Physiol. 283:L170-L179.

. Jain, V.V., K. Kitagaki, T. Businga, I. Hussain, C. George, P.

O’Shaughnessy, and J.N. Kline. 2002. CpG-oligodeoxynucleotides in-
hibit airway remodeling in a murine model of chronic asthma. J. Al-
lergy Clin. Immunol. 110:867—872.

Youn, CJ., M. Miller, K.J. Baek, J.W. Han, J. Nayar, S.Y. Lee, K.
McElwain, S. McElwain, E. Raz, and D.H. Broide. 2004. Immuno-
stimulatory DNA reverses established allergen-induced airway remod-
eling. J. Immunol. 173:7556~7564.

Cho, J.Y., M. Miller, K.J. Baek, J.W. Han, J. Nayar, M. Rodriguez, S.Y.
Lee, K. McElwain, S. McElwain, E. Raz, and D.H. Broide. 2004. Im-
munostimulatory DNA inhibits transforming growth factor-beta expres-
sion and airway remodeling. Am. J. Respir. Cell Mol. Biol. 30:651-661.
Fanucchi, M.V., E.S. Schelegle, G.L. Baker, M.J. Evans, R.J. Mc-
Donald, L.J. Gershwin, E. Raz, D.M. Hyde, C.G. Plopper, and L.A.
Miller. 2004. Immunostimulatory oligonucleotides attenuate airways
remodeling in allergic monkeys. Am. J. Respir. Crit. Care Med. 170:
1153-1157.

Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M.
Matsumoto, K. Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000.
A Toll-like receptor recognizes bacterial DNA. Nature. 408:740-745.
Krieg, A.M. 2002. CpG motifs in bacterial DNA and their immune ef-
fects. Annu. Rev. Immunol. 20:709-760.

. Klinman, D.M. 2004. Immunotherapeutic uses of CpG oligodeoxynu-

cleotides. Nat. Rev. Immunol. 4:249-258.

Tulic, M.K., P.O. Fiset, P. Christodoulopoulos, P. Vaillancourt, M.
Desrosiers, F. Lavigne, J. Eiden, and Q. Hamid. 2004. Amb a 1-immu-
nostimulatory oligodeoxynucleotide conjugate immunotherapy de-
creases the nasal inflammatory response. J. Allergy Clin. Immunol. 113:
235-241.

Kline, J.N., A.M. Krieg, T.J. Waldschmidt, Z.K. Ballas, V. Jain, and
T.R. Businga. 1999. CpG oligodeoxynucleotides do not require Th1
cytokines to prevent eosinophilic airway inflammation in a murine
model of asthma. J. Allergy Clin. Immunol. 104:1258—1264.
Chiaramonte, M.G., M. Hesse, A.W. Cheever, and T.A. Wynn. 2000.
CpG oligonucleotides can prophylactically immunize against Th2-
mediated schistosome egg-induced pathology by an IL-12-indepen-
dent mechanism. J. Immunol. 164:973-985.

Broide, D.H., G. Stachnick, D. Castaneda, J. Nayar, M. Miller, J. Cho,
M. Rodriquez, M. Roman, and E. Raz. 2001. Immunostimulatory
DNA mediates inhibition of eosinophilic inflammation and airway hy-
perreactivity independent of natural killer cells in vivo. J. Allergy Clin.

ISS BLOCKS TH2 AND IGE-MEDIATED TYPE 2 CYTOKINE SECRETION | Hessel et al.

5002 ‘0E J8GWSAON U0 BIO"Wal' MMM WOoJ) papeojuMod


http://www.jem.org

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Immunol. 108:759-763.

Wills-Karp, M., J. Luyimbazi, X. Xu, B. Schofield, T.Y. Neben, C.L.
Karp, and D.D. Donaldson. 1998. Interleukin-13: central mediator of
allergic asthma. Science. 282:2258-2261.

Grunig, G., M. Warnock, A.E. Wakil, R. Venkayya, F. Brombacher,
D.M. Rennick, D. Sheppard, M. Mohrs, D.D. Donaldson, R.M.
Locksley, and D.B. Corry. 1998. Requirement for IL-13 indepen-
dently of IL-4 in experimental asthma. Science. 282:2261-2263.
Dabbagh, K., K. Takeyama, H.M. Lee, L.F. Ueki, J.A. Lausier, and J.A.
Nadel. 1999. IL-4 induces mucin gene expression and goblet cell
metaplasia in vitro and in vivo. J. Immunol. 162:6233-6237.

Tournoy, K.G., J.C. Kips, and R.A. Pauwels. 2001. Counterbalancing
of Th2-driven allergic airway inflammation by IL-12 does not require
IL-10. J. Allergy Clin. Immunol. 107:483—491.

Essayan, D.M., G. Krishnaswamy, A. Oriente, L.M. Lichtenstein, and
S.K. Huang. 1999. Differential regulation of antigen-induced IL-4 and
IL-13 generation from T lymphocytes by IFN-alpha. J. Allergy Clin.
Immunol. 103:451-457.

Ford, J.G., D. Rennick, D.D. Donaldson, R. Venkayya, C. McArthur, E.
Hansell, V.P. Kurup, M. Warnock, and G. Grunig. 2001. IL-13 and IFN-
gamma: interactions in lung inflammation. J. Immunol. 167:1769-1777.
Yoshida, M., R. Leigh, K. Matsumoto, J. Wattie, R. Ellis, P.M. O’Byrne,
and M.D. Inman. 2002. Effect of interferon-gamma on allergic airway
responses in interferon-gamma-deficient mice. Am. J. Respir. Crit. Care
Med. 166:451-456.

Lee, Y.L, C.L. Fu, Y.L. Ye, and B.L. Chiang. 1999. Administration of
interleukin-12 prevents mite Der p 1 allergen-IgE antibody production
and airway eosinophil infiltration in an animal model of airway inflam-
mation. Scand. J. Immunol. 49:229-236.

Cohn, L., R.J. Homer, N. Niu, and K. Bottomly. 1999. T helper 1
cells and interferon vy regulate allergic airway inflammation and mucus
production. J. Exp. Med. 190:1309—-1318.

Yang, M., S.P. Hogan, PJ. Henry, K.I. Matthaei, A.N.J. McKenzie,
I.G. Young, M.E. Rothenberg, and P.S. Foster. 2001. Interleukin-13
mediates airways hyperreactivity through the IL-4 receptor-alpha chain
and STAT-6 independently of IL-5 and eotaxin. Am. J. Respir. Cell
Mol. Biol. 25:522-530.

Julia, V., E.M. Hessel, L. Malherbe, N. Glaichenhaus, A. O’Garra, and
R.L. Coffman. 2002. A restricted subset of dendritic cells captures air-
borne antigens and remains able to activate specific T cells long after
antigen exposure. Immunity. 16:271-283.

Greenwald, R.J., GJ. Freeman, and A.H. Sharpe. 2005. The B7 family
revisited. Annu. Rev. Immunol. 23:515-548.

Luccioli, S., D.T. Brody, S. Hasan, A. Keane-Myers, C. Prussin, and

JEM VOL. 202, December 5, 2005

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

ARTICLE

D.D. Metcalfe. 2002. IgE(+), Kit(—), I-A/I-E(—) myeloid cells are the
initial source of IL-4 after antigen challenge in a mouse model of allergic
pulmonary inflaimmation. J. Allergy Clin. Immunol. 110:117-124.

Galli, SJ., J. Kalesnikoft, M.A. Grimbaldeston, A.M. Piliponsky, C.M.
Williams, and M. Tsai. 2005. Mast cells as “tunable” effector and immu-
noregulatory cells: recent advances. Annu. Rev. Immunol. 23:749-786.
Ikeda, R.K., M. Miller, J. Nayar, L. Walker, J.Y. Cho, K. McElwain,
S. McElwain, E. Raz, and D.H. Broide. 2003. Accumulation of peri-
bronchial mast cells in a mouse model of ovalbumin allergen induced
chronic airway inflammation: modulation by immunostimulatory DNA
sequences. J. Immunol. 171:4860-4867.

Kulka, M., L. Alexopoulou, R.A. Flavell, and D.D. Metcalfe. 2004. Ac-
tivation of mast cells by double-stranded RINA: evidence for activation
through Toll-like receptor 3. J. Allergy Clin. Immunol. 114:174-182.

. Zhu, F.-G., and J.S. Marshall. 2001. CpG-containing oligodeoxynu-

cleotides induce TNF-alpha and IL-6 production but not degranula-
tion from murine bone marrow-derived mast cells. J. Leukoc. Biol. 69:
253-262.

Chen, Y.-H., A.P. Bieneman, P.S. Creticos, K.L. Chichester, and J.T.
Schroeder. 2003. IFN-alpha inhibits IL-3 priming of human basophil
cytokine secretion but not leukotriene C4 and histamine release. J. Al-
lergy Clin. Immunol. 112:944-950.

Mellor, A.L., and D.H. Munn. 2004. IDO expression by dendritic cells:
tolerance and tryptophan catabolism. Nat. Rev. Immunol. 4:762-774.
Hayashi, T., L. Beck, C. Rossetto, X. Gong, O. Takikawa, K. Takaba-
yashi, D.H. Broide, D.A. Carson, and E. Raz. 2004. Inhibition of ex-
perimental asthma by indoleamine 2,3-dioxygenase. J. Clin. Invest.
114:270-279.

Fearon, K., J.D. Marshall, C. Abbate, S. Subramanian, P. Yee, J. Gre-
gorio, G. Teshima, G. Ott, S. Tuck, G. Van Nest, and R.L. Coffman.
2003. A minimal human immunostimulatory CpG motif that potently
induces IFN-gamma and IFN-alpha production. Eur. J. Immunol. 33:
2114-2122.

Santeliz, J.V., G. Van Nest, P. Traquina, E. Larsen, and M. Wills-Karp.
2002. Amb a 1-linked CpG oligodeoxynucleotides reverse established
airway hyperresponsiveness in a murine model of asthma. J. Allergy
Clin. Immunol. 109:455-462.

Levitt, R.C., and W. Mitzner. 1988. Expression of airway hyperreac-
tivity to acetylcholine as a simple autosomal recessive trait in mice.
FASEB J. 2:2605-2608.

Marshall, J.D., K. Fearon, C. Abbate, S. Subramanian, P. Yee, J. Gre-
gorio, R.L. Coffman, and G. Van Nest. 2003. Identification of a novel
CpG DNA class and motif that optimally stimulate B cell and plasma-
cytoid dendritic cell functions. J. Leukoc. Biol. 73:781-792.

11 of 11

5002 ‘0E J8GWSAON U0 BIO"Wal' MMM WOoJ) papeojuMod


http://www.jem.org

