CpG Oligodeoxynucleotides Can Reverse Th2-Associated
Allergic Airway Responses and Alter the B7.1/B7.2 Expression
in a Murine Model of Asthma*
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CpG oligodeoxynucleotides (CpG-ODN) administered during Ag sensitization or before Ag challenge can inhibit allergic pulmo-
nary inflammation and airway hyperreactivity in murine models of asthma. In this study, we investigated whether CpG-ODN can
reverse an ongoing allergic pulmonary reaction in a mouse model of asthma. AKR mice were sensitized with conalbumin followed
by two intratracheal challenges at weekly intervals. CpG-ODN was administered 24 h after the first Ag challenge. CpG-ODN
administration reduced Ag-specific IgE levels, bronchoalveolar lavage fluid eosinophils, mucus production, and airway hyperre-
activity. We found that postchallenge CpG-ODN treatment significantly increased IFNy concentrations and decreased IL-13,
IL-4, and IL-5 concentrations in bronchoalveolar lavage fluids and spleen cell culture supernatants. Postchallenge CpG-ODN
treatment also increased B7.1 mRNA expression and decreased B7.2 mRNA expression in lung tissues. These results suggest that
CpG-ODN may have potential for treatment of allergic asthma by suppressing Th2 responses during IgE-dependent allergic
airway reactions. The down-regulation of Th2 responses by CPG-ODN may be associated with regulation of the costimulatory
factors B7.1 and B7.2. The Journal of Immunology,2000, 165: 5906—-5912.

and airway hyperreactivity (AHR)(2—4) have been though CpG-ODN has also been shown to reverse an ongoing
well documented in patients with allergic asthma and inlethal Th2-drivenLeishmania majoinfection in mice (16); to in-
animal models (5, 6), and increasing evidence suggests that thduce 1L-12, IL-18, and IFNy; and to inhibit IgE synthesis by
Th2-type cytokines IL-4, IL-5, and IL-13, produced by activated cultured peripheral mononuclear cells from allergic patients (17),
CD4" T cells play a central role in the pathogenesis of allergicthe ability of CpG-ODN to inhibit an ongoing allergic pulmonary
asthma (6, 7). Thus, interventions that inhibit Th2 cytokine pro-reaction has not been reported previously.
duction by enhancing Th1 cytokine production, may be useful in We previously generated a mouse model of allergic asthma, which
the treatment of allergic asthma. We previously demonstrated thaxhibits pulmonary eosinophilia, AHR, and increased Ag-specific IgE
treatment of sensitized mice with the Thl-associated cytokinesccompanied by increased IL-4 and IL-5 levels in BALF following
IL-12 or IFN-y before challenge reduced IL-4 and IL-5 levels in conalbumin sensitization and challenge (18). We used this model in
bronchoalveolar lavage fluid (BALF) and inhibited Ag-induced the present study to evaluate possible therapeutic effects of CpG-ODN
eosinophilic inflammation and AHR (8, 9). on allergic pulmonary responses by administration of CpG-ODN 24 h
Bacterial DNA and synthetic oligodeoxynucleotides (ODN) after the first Ag challenge. Because several previous studies reported
containing CpG maotifs are potent adjuvants of Thl-like responseshat CpG-ODN administration at the time of Ag sensitization and
characterized by production of IL-12, IFj-and IgG2a (10, 11). challenge inhibited Th-2 responses (12—-15), we also used a similar
Consequently, immunomodulatory protocols employing CpG-protocol for comparison. We found that, in addition to its known
ODN have recently been applied to murine models of allergicpreventive effects, CpG-ODN administered after Ag challenge also
asthma. It has been reported that CpG-ODN treatment at the timsignificantly reduced Ag-specific IgE production, eosinophilic inflam-
of Ag sensitization or before Ag challenge have a prophylacticmation, and AHR, which were associated with up-regulation of 4=N-
and down-regulation of IL-4, IL-5, and IL-13 synthesis. A previous
study (19) found that CpG-ODN inhibitory effects on Th2 -mediated
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School of Medicine. Standard guidelines (20) for the care and use of anblocked as described above. Ten serial 1:2 dilutions of murine anti-DNP

imals were followed. IgE, 1gG2a, or IgG1 Abs were added, beginning with a concentration of
The CpG-ODNs consisted of 20 bases containing 2 CpG motifs: (TC1000 ng/ml. Thereafter, all steps were performed as described above. All

CATGACGTTCCTGACGTT) and a control ODN, identical except for re- analyses were performed in duplicate, and coefficients of variatib®%

arrangements of the CpG motifs (TCCATGAGCTTCCTGAGTCT) as pre- were repeated to ensure a high degree of precision.

viously described (12). Both ODNs were synthesized and purified by Life

Technologies (Gaithersburg, MD), and reconstituted in endotoxin-free waRT-PCR

ter. Conalbumin (CA) and dinitrophenyl conjugated with albumin (DNP- ) ] ]

albumin) were purchased from Sigma (St. Louis, MO). Abs for ELISAs Total MRNA was isolated from lung tissues of high dose CpG postchal-

were purchased from the The Binding Site and PharMingen (San Diegdenge treated, simultaneously treated, sham treated, and naive mice using

CA). Anti-DNP IgE, IgG1, and IgG2a were purchased from Accurate Sci- Trizol reagent (Life Technologies), as described by the manufacturer. The

entific (Westbury, NY). reverse transcription was performed using the Superscript Amplification
System kit for cDNA synthesis (Life Technologies), as described by the
Ag sensitization, challenge, and CpG-ODN treatment manufacturer (23). Briefly, 12l of the mixture of RNA (5ug)-oligo(dT)

. . . . . . (1 wl) was incubated at 70°C for 10 min and then incubated on ice for 2
Mice were sensitized i.p. with 200g CA adsorbed with 2 mg alumin 0.4 min "Reaction mixture (7ul; 1X PCR buffer, 5 mM MgCJ, 0.5 mM
ml PBS on days 0 and 7. Mice were subsequently challenged intratracheiNTps, 0.02 M DTT) was added to the RNA-oligo(dT) mixture and incu-
ally (i.t.) with 100 ng CA in 0.05 ml PBS on days 14 and 21. bated at 42°C for 5 min. One microliter (200 U) Superscript Il reverse

Sensitized mice received 30g (low dose) or 10Qug (high dose) of  transcriptase was then added, and the mixture was incubated at 42°C for 50
CpG-ODN i.p. 24 h after the first Ag challenge and again 1 wk later (CpGmin, The reaction was terminated by incubating the mixture at 70°C for 15
30-post, CpG 100-post). Other mice received the same doses of CpG-ODNin followed by the addition of Jul RNase H for 20 min at 37°C. First
simultaneously with Ag sensitization and challenge (CpG 30-simul, CpGstrand cDNAs were either stored a20°C or used for the PCR step.
100-simul). Control ODN-treated (ODN-30-simul), untreated Ag-sensi-  pCR was performed as described previously (8, 24) with slight modi-
tized and challenged mice (none), and naive mice served as additionglation. Briefly, PCR (5Qul total volume) was conducted in 2 mM Mg
controls. 1X PCR buffer, 2.5 U AmpliTaq DNA polymerase,i2 10 uM anti-sense

. . ._and sense primer pairs anglPcDNA. PCR was conducted beginning with

Late phase airway response measurement, BALF cell dlﬁerentlag5oc for 2 lEr)nin foI'I)owed b?/LZS cycles fog-actin and 35 cyclgs for%?.l

counts, and lung histology and B7.2 using the following temperature profile: denaturation, 94°C for

Three days after the second Ag challenge, airway responsiveness was (f'le?f; primer annealing, 60°C for 45 s; and primer extension, 72°C for 90 s.
€ day . . g ge, Y respon . This protocol was based on The manufacturer’s protocol for use of Clon-
termined by measuring airway pressure changes after i.v. acetylcholmge

. ) o ch Amplimer Sets (Clontech Laboratories, Palo Alto, CA) in RT-PCR,
challenge, as previously described (9, 21). The time-integrated changes Ihd the Superscript Kit instruction manual, as well as preliminary exper-

peak airway pressure, referred to as the airway pressure-time index_ (Ceﬂﬁents. These cycles sufficiently amplify tieactin and B7.1 and B7.2
timeters HO-s) were cal_culated and served as measurements of all'W"’%xpression and avoid amplification saturation. The final extension was at
responsiveness. After airway response measurement, the lungs were lfioc for 10 min. Once the PCR were complete, /l0of the reaction

\;ﬁge ddifrag;gnégll_ngLaFS cC§|||Iigfﬂgaéfzggtjﬂn?ﬁﬂg pi%ﬁ agg:gﬁ:)neefnixture were separated by electrophoresis through a 1.5% agarose gel and
p Y Visualized by ethidium bromide staining and UV irradiation. Gel images

(18, 22). In addition, BALF from 4 mice in each group were collected

24-30 h after the second challenge and used for cytokine measuremenfeg captured using a Gel Doc Image Analysis system (Bio-Rad, Hercules,
e - 9 : Y A), and PCR product quantitation was performed by densitometry using
This time point was chosen because we previously demonstrated that T

- A uantity One Software (Bio-Rad) and standardized aggresttin from
cytokine levels peaked at 24 h after challenge in this model (18). Lungg; o san¥e mMRNA preparegtion Res)ults were expressed g?an OD ratio (B7.1
(n = 4/group) were fixed in neutral buffered formaldehyde, andn®- ; '

paraffin sections were stained with hematoxylin and eosin and periodi
acid-Schiff (PAS) for evaluation of inflammatory cells and goblet cells.

or B7.2 vspB-actin). Before analysis, the PCR product band intensities were
%hecked to ensure that they had not reached saturation. All reactions were
repeated at least 2—3 times. Oligonucleotide primers for B7.1 (s€pse 5
ATGCTCACGTGTCAGAGGA-3, 19-mer; antisense'85ACGGTCTG
TTCAGCTAATG-3', 20-mer, 238 bp) and B7.2 (sense GAACTGGA
Splenocytes were isolated and suspended in RPMI 1640 containing 10%TCTACGACTTC-3, 20-mer; antisense’afGCTTAGACGTGCAGGT

FBS, 1% penicillin/streptomycin, and 1% glutamine. CellsX410%/ml/ CAA-3’, 20-mer, 209 bp) were synthesized by Life Technologies, and
well) were cultured in 24-well plates in the presence or absence of CA (5@B-actin used in the PCR was purchased from Clontech.

mg/ml) or Con A (2.5ug/ml). Supernatants were collected after a 72-h

culture. Statistical analysis

Cell culture

Cytokine measurement Statistical analysis was performed using Studenhtest for comparison

between two groups and one-way ANOVA for comparison between more
IFN-y, IL-4, IL-5, and IL-13 concentrations in BALF and spleen cell cul- than two groupsp < 0.05 was considered statistically significant. All
ture supernatants were determined by ELISA according to the manufacstatistical analyses were performed with SigmaStat software (SPSS,
turer’s instructions (PharMingen) as previously described (18). Chicago, IL).

Ag-specific Ab measurements
Results

ments. Serum CA-specific IgE levels were measured by ELISA as de‘_Effects of CpG-ODN on AHR, inflammation, and mucus cell

scribed previously (18). To measure CA-specific IgG1 and IgG2a concenlyPerplasia

trations, plates were coated with CA gb/ml) and incubated overnight at éo examine the possible therapeutic effect of CpG-ODN on aller-

4°C and then were blocked and washed. Serum samples (1:50 dilution). = _. . .
were added to the plates and incubated overnight a{o 4°C(. Plates weld/C &May hyperreactivity, we used a posttreatment protocol in

washed and biotinylated rat anti-mouse 1gG2a, or IgG1 mAbsgg/@l,  Which mice were treated with CpG-ODN (3@ or 100ug/mouse)
PharMingen) were added to the plates and incubated for an additional 1 B4 h after Ag challenge. We compared the effects of postchallenge
at room temperature. After washing, avidin-peroxidase (1:1000) was addefteatment to the effects produced by coadministration of CpG-

for an additional 15 min at room temperature. After washing, the reaction ; P
were developed with 2;2azino-di(3-ethylbenzthiazoline-6-sulfonate) ODN at the time of Ag sensitization and challenge. Postchallenge

(Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 30 min at room CpQ-ODN treatment significantly.reduced AHR and BA.I_.F eosin-

temperature and read at 405 nm. ophil numbers when compared with untreated Ag-sensitized, chal-
Because there is no commercially available mouse anti-conalbumin Ablenged mice (Fig. 1). CpG-ODN administered at the time of Ag

the equivalent concentrations of Ag-specific IgE, 19G2a, and 1gG1 weresensitization also significantly reduced BALF eosinophil numbers

calculated by comparison with a reference curve generated with mous . S
mAbs, anti-DNP IgE, IgG2Aand IgG1 as described previously (18). &nd AHR when compared with the untreated group. The inhibitory

Briefly, DNP-albumin was coated at the same concentration as conalbieffect of CpG-ODN on BALF eosinophilia and AHR appeared
min, and after overnight incubation at 4°C, the plates were washed andnore pronounced in the high dose treatment groups.

Blood samples were obtained immediately after airway pressure measur
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FIGURE 2. Reduction of Ag-induced bronchial mucus hypersecretion
by posttreatment with CpG-ODN. Lungs were collected 3 days after the
second challenge. Paraffin sections of lungs were stained with RAS.

(', 10 2'0 30 40 50 50 Many PAS-positive bronchial epithelial cells and mucus in bronchial lu-
% of BALF eosinophils men in lung from Ag-sensitized and challenged untreated niica.lung
from CpG 100-post treated mouse containing fewer PAS-positive epithelial
B cells (bar, 100um).
-
None
CpG 30-post (data not shown). These results demonstrate that CpG-ODN par-
CpG 100-post B tially reversed the processes responsible for Ag-induced eosino-
G 30-simul philic inf!ammation and mucus 9e|l hyperplasia, which are asso-
Cp100-5 ciated with increased AHR in this model.
OON 30-simal 3 Effects of CpG-ODN on Ig synthesis
Naive
To determine the effect of postchallenge CpG-ODN treatment on
0 200 400 600 800 1000 humoral responses, serum CA-specific IgE, 1gG1, and IgG2a Ab
APTI (cm Ha0-sec.) levels were determined by ELISA. As shown in Fig. 3, CpG post-

challenge treatment as well as CpG simultaneous treatment signif-

airway hyperreactivity by CpG-ODN. Micen(= 610 in each group) were icantly decregsed IgE levels when compar_ed with the untreated
sensitized i.p. and challenged i.t. with CA. CpG-ODN (3§ or 100.g) group, an_d this effect was more pronqun_c_ed in the high dose_group.
was administered 24 h postchallenge or simultaneously with Ag sensitiza\d-SPecific 19G1 levels were also significantly decreased in the
tion. Control ODN (30ug) was also given with Ag sensitization. The CPG simultaneous- and posttreated groups; however, no signifi-
number of BALF eosinophilsA) and airway pressure-time index (APTI, cant difference was observed between the high and low dose
B) were determined 3 days after the second challenge. Data are given ggoups. 1gG2a levels, in contrast, were significantly increased in
mean* SEM of 2-3 experiments:, p < 0.05 vs noney*, p < 0.01vs  both CpG treatment groups, and were higher in the high dose
none;#+#, p < 0.001 vs none. group. Furthermore, the decreased IgE and IgG1 concentrations
and the elevated IgG2a concentrations in simultaneous- and post-
treated mice receiving the same dose of CpG were not significantly
Although the number of BALF eosinophils and the degree ofdifferent. Control ODN treatment did not significantly affect IgE,
AHR in posttreatment groups were slightly higher than in the si-lgG1 and IgG2a levels when compared with the untreated group.
multaneous treatment groups at equivalent doses, these differencébese results show that CpG-ODN administered after Ag chal-
were not statistically significant. Control ODN treatment also ap-lenge can reduce IgE and IgG1 production and increase 1gG2a
peared to slightly reduce BALF eosinophil numbers and AHRresponses.
when compared with untreated mice, but the reduction was not .
statistically significant. In addition, like the reduced total cell num- Effects of CpG-ODN on IL-13, IL-4, IL-5, and IFisynthesis
bers in the high dose simultaneously treated group, the total nunifo assess the effects of CpG-ODN treatment on Th2 cytokines
bers of BALF cells were also reduced by high dose postchallengassociated with allergic airway responses, we measured IL-13,
CpG-ODN treated (5.% 10% as compared with the control ODN- |L4, IL-5, and IFN-y concentrations in BALF and spleen cell cul-
treated group (8.% 10%). ture supernatants. Consistent with our previous findings in this
Goblet cell hyperplasia is frequently observed in airways ofmodel (9) (18), IFNy concentrations were markedly lower, and
asthmatic patients and in animal models of allergic asthma, antL-13, IL-4, and IL-5 concentrations were markedly higher in
mucus plugging has long been recognized as a major factor corBALF from untreated mice after Ag sensitization and challenge
tributing to the mortality associated with acute severe asthma (2%han in naive mice (Fig. 4), demonstrating predominantly a Th2
26). To determine whether postchallenge CpG-ODN treatmentesponse. In contrast, IFM-levels were significantly increased
also appeared to affect airway mucus production, we comparednd IL-13, IL-4, and IL-5 concentrations were markedly decreased
PAS-stained sections of lungs from mice treated with @0 in BALF from both CpG posttreatment, and CpG simultaneous
CpG-ODN postchallenge to lungs from untreated mice 3 days aftetreatment groups. Differences in IFN-L-13, IL-4, and IL-5 con-
the second i.t. challenge. Numerous PAS-positive goblet cells wereentrations between control ODN-treated and untreated groups did
present in bronchi and bronchioles of untreated mice, and in someot reach statistical significance.
instances, bronchial lumens were filled with mucus (Figj). 2n Furthermore, increased IFi-and decreased IL-13, IL-4, and
contrast, the number of mucus-containing epithelial cells in thelL-5 levels were also observed in splenocyte culture supernatants
airways of treated mice appeared to be markedly reduced, and littfsom CpG-ODN postchallenge treated as well as simultaneous sen-
or no mucus was present in the bronchial lumens (H8). £on-  sitization/challenge-treated groups (Table I). These results demon-
sistent with the BALF findings, peribronchial and perivascular in- strate that CpG-ODN reversed systemic as well as local Th2
flammation was also reduced by postchallenge CpG treatmemesponses.

FIGURE 1. Reduction of Ag-induced eosinophilic inflammation and
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RT-PCR. As shown in Fig. 5, B7.2 expression was markedly in-
A creased, whereas B7.1 expression was decreased in the Ag-sensi-
tized/challenged/untreated group as compared with naive mice.
CpG posttreatment reduced B7.2 expression by 60% and increased
B7.1 expression by 28% compared with the untreated groups. Si-
multaneous CpG treatment reduced B7.2 expression by 43% and
increased B7.1 expression by 50%. These results show that CpG-
ODN has an immunoregulatory effect on lung B7.1 and B7.2 ex-
pression and that postchallenge CpG-ODN treatment had a greater
effect on suppression of B7.2 expression whereas simultaneous
CpG-ODN treatment appeared more effective in increasing B7.1

Treatment
None §

CpG 30-post ¢
CpG 100-post 4
CpG 30-simul {55
CpG 100-simul §
ODN 30-simul 4

Naive

‘ " " expression.
o] 200 400 800 800
IgE (ng/mi)
Discussion
B Previous studies have reported that the administration of CpG-
Treatment ODN during Ag sensitization of naive mice, or before Ag chal-

lenge of sensitized mice prevents Th2-directed allergic airway in-
flammation and AHR (12-15). Although several studies
investigated the effects of CpG given at the time of Ag challenge,
the reported efficacy of CpG-ODN in preventing Ag-induced eo-
sinophilic inflammation and AHR varies widely between different
reports. Sur et al. (14) found that i.t. administration of CpG with
Ag challenge had no effect on eosinophilic inflammation. Shirota
et al. (29) found that CpG was effective when coadministered into
the lung with Ag, but not alone. We found that i.p. administration

None
CpG 30-post 1
CpG 100-post 4

6 5 10 5 20 25 2 of 30 ug CpG into AKR/J mice at the time of challenge was more
1aG1 (ug/mi) effective than i.t. administration of the same dose in suppressing
C AHR, but administration of 10q.g CpG equally suppressed AHR
whether given i.p. or i.t. (30). The varying results in these studies
Treatment . . .
are most likely a consequence of the CpG dose or murine strain
None used. We previously showed that AKR mice produced stronger
CpG 30-post IgG2a than BALB/c mice after plasmid DNA-encoding peanut al-
CpG 100-post lergen immunization (31).
CpG 30-simut Recently, CpG-ODN has also been shown to have therapeutic
CpG 100-simul potential by inhibiting IgE synthesis, and inducing IL-12, IL-18,
ODN 30-simul and IFN-<y synthesis by cultured peripheral mononuclear cells

from allergic patients (17), and by reversing an ongoing lethal
. ‘ . Th2-drivenL. major infection (16). These findings suggest that
0 2 4 6 8 10 12 14 16 18 20 CpG-ODN may have therapeutic potential for ameliorating aller-
IgG2a (ug/mi) gic airway inflammation and AHR. However, until now there has
been no direct experimental evidence to support this hypothesis. In
FIGURE 3. Reduction of IgE and IgG1, and increase of IgG2a levels by hjs study, we report for the first time that administration of CpG-
CpG-ODN. Sera from different groups of mice ¢ 6-10) were obtained 5N after Ag challenge can significantly reduce AHR, eosino-
and CA-specific IgE, IgG1, and IgG2a concentrations were determined b)f)hilic inflammation. mucus production. and IaE and 1aG1 produc-
) p ) g gGlp
ELISA. Data are given as meanSEM of two to three experiments, p < tion. Interestingly, these effects were equivalent to those induced
0.05 vs none#*, p < 0.01 vs none. " ’ b h o
by simultaneous CpG administration at sensitization and chal-
lenge. Although the reversal was not total, these findings support
) further research into the possible use of CpG-ODN therapy for
Effects of CpG-ODN on B7.1 and B7.2 mRNA expression treatment of allergic AHR.
Selective expression of B7.1 vs B7.2 has been shown in many As recently reviewed by Romagnani et al. (7), Th2 cytokines play
models to preferentially influence Thl and Th2 responses, respee central role in the pathogenesis of asthma. IL-4/IL-13 promotes B
tively (27). It has also been reported that up-regulation of B7.1 bycell switching to IgE production and mucus hypersecretion. IL-5 has
CpG-ODN appeared to be involved in preventing a Th2 responseeen shown to be the primary determinant of eosinophil priming,
(19). Therefore, we determined whether postchallenge CpG-ODMctivation, recruitment, and survival. Although up-regulation of
treatment also influenced B7.1 and B7.2 expression in the lung. Th1l cytokines by CpG-ODN administered before Ag challenge
has been suggested that many cells in murine lungs can potentialhas been well documented, the effects of CpG-ODN on Th2 cy-
process and/or present Ag, including “professional” APCs (B cellstokine production have not been comprehensively characterized. It
alveolar macrophages, and dendritic cells) and nontraditionahas been reported that CpG-ODN pretreatment reduced IL-4
APCs (epithelial cells, eosinophils) (28). However, it has not yetand/or IL-5 (12, 13, 29) However, it also has been reported that
been determined which APC or combination of APCs plays a domCpG-ODN treatment did not decrease IL-4 synthesis by spleen or
inant role in T lymphocyte activation in human asthma or mouselung cells, but due to enhanced IFNproduction, the IFNy-1L4
models of asthma. Therefore, we evaluated the relative expressiaatio was increased (14). An effect of CpG-ODN on IL-13 synthe-
of B7.1 and B7.2 mRNA in whole lung tissue by semiquantitative sis has not been previously reported.

Naive
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Treatment Treatment

None {
None

CpG 30-post

CpG 30-post
CpG 100-post o
CpG 100-post £
CpG 30-simul
| CpG30-simul 11}
CpG 100-simul {0 = P
CpG 100-simul *x
ODN 30-simut
ODN 30-simul 4.
Naive £ 7
Naive
[4] 100 200 300 400 500 ' ™
BALF IFN-y (pg/mi) 0 50 100 160 200 250
BALF IL-13 (pg/ml)
Treatment Treatment|
None | None
CpG 30-post { CpG 30-post
CpG 100-post CpG 100-post
CpG 30-simul {& CpG 30-simul
CpG 100-simul 11w CpG 100-simul £
ODN 30-simul 1 ODN 30-simul
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BALF IL-4 (pg/ml) BALF [L-5 (pg/ml)

FIGURE 4. BALF cytokine concentrations. BALF were collected 24—30 h after the second Ag challenge from eachrgrouligroup). Cytokines
IFN-v, IL-13, IL-4, and IL-5 were determined by ELISA. Data are given as mea®EM, *, p < 0.05 vs nonej#, p < 0.01 vs noness**, p < 0.001

VS none.

In this study, we found that CpG-ODN administered 24 h afterpartially reduced CpG-ODN inhibition of IL-5, IL-3, and GM-CSF
i.t. Ag challenge, the time of peak Th2 cytokine expression in thisproduction (13). These findings suggest that suppression of Th2
model (18), suppressed IL-4, IL-5, and IL-13 synthesis and in-responses by CpG-ODN is only partially attributable to induction
creased IFNy synthesis. These results suggest that the therapeutiof IL-12 or IFN-y. A more recent study by Chiaramonte et al. (19)
effect of CpG on eosinophilic inflammation, IgE levels, and AHR showed that the preventive effect of CpG-ODN on Th2-mediated
in this model may be a result of down-regulation of TH2 cytokine schistosome egg-induced pulmonary inflammation was not
levels. Previous studies showed that anti-IL-4 or anti-IL-13 recep-blocked in IL-12-deficient mice and was only partially decreased
tor Abs suppressed Ag-induced AHR, but not eosinophilic inflam-in IFN-y and IL-10/IL-12 double knockout mice, demonstrating
mation (32, 33)and that anti-IL-5 Ab administered after Ag chal- that CpG-ODN-induced suppression of Th2-mediated inflamma-
lenge suppressed eosinophilic inflammation but had little effect ortion is not IL-12 dependent. This study also found that CpG-ODN
AHR (34). Because natural allergic inflammatory reactions are meincreased B7.1, but not B7.2 expression by activated macrophages
diated by a combination of Th2 cytokines, CpG-ODN administra-from IL-12 and IL-10/IL-12 double knockout mice as well as wild-
tion may offer some advantage over therapeutic administration ofype mice. These findings suggest that up-regulation of B7.1 may
single Abs against IL-4, IL5, or IL-13, or their receptors. play an important role in CpG-ODN suppression of Th2 responses.

It has been suggested that the prophylactic effect of CpG-ODN In the present study, we found that CpG-ODN treatment altered
on Th2-driven allergic airway responses is associated with the inB7.1 and B7.2 mRNA expression in the lung with a greater in-
duction of IL-12 (12) and IFNy (14). However, it has also been crease in B7.1 mRNA in the simultaneously treated groups and a
reported that blocking IL-12 or IFN-by specific Abs in vitro only  greater decrease in B7.2 mRNA in the postchallenge treated group.

Table I. Cytokine levels in Ag-stimulated spleen cell culture supernatants

Group IFN-y (pg/ml) IL-4 (pg/ml) IL-5 (pg/ml) IL-13 (pg/ml)
None 445+ 2.5 183+ 16 924+ 4 7549+ 18
CpG 30-post 952 1 Gsstex 70 = 3« 684 = 10.5xx 4992 + 248«
CpG 100-post 1474& 5.5kk% 59 = 1« 491 £ 9.5tk 3818+ 263+
CpG 30-simul 1514+ 45 5exs 73+ 1.5« 544 + 245¢x 4383+ 417+
CpG 100-simul 1797 50k 38+ 1« 372 £ sk 1338+ 142k
ODN 30-simul 503+ 3 105+ 1.5 775* 61 6912+ 57
Naive 975+ 31 1.9t 05 15+ 2 95+ 0

2Means=+ SEM of spleens of four mice per group,. p < 0.05 vs noney*, p < 0.01 vs noney#*, p < 0.001 vs none.
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cidation of B7.1 and B7.2 expression by various cell types in the
lungs of CpG-treated lungs.

n summary, we have demonstrated for the first time that the

systemic administration of CpG-ODN can partially reverse Ag-

uced airway inflammation and AHR, suggesting a potential ap-

proach for the treatment of allergic asthma. Although the mechanisms
underlying these effects are not fully understood, down-regulation of
Th2 cytokines likely contributes to the reduction of allergic airway
responses. Furthermore, the down-regulation of Th2 responses

by CPG-ODN may be associated with regulation of the costimu-

= B7-1/Actin latory factors B7.1 and B7.2.
B7-2/Actin

Treatment

= Acknowledgments

None -+ We thank Joanne Alshrue for histology preparations.
CpG 100-post References
1. Beasley, R., J. Crane, C. K. Lai, and N. Pearce. 2000. Prevalence and etiology of

CpG 100-simul 2.

3.
Naive

05 06 0.7 0.8

Optical Density (Cytokine vs. B-actin)
FIGURE 5. Semiquantitative analysis of B7.1 and B7.2 mRNA expres-
sion in the lung by RT-PCRA, Gel illustration of density of B7.1 and B7.2
mRNA in lungs of untreateddne 1), CpG 100-post treatedafie 2, CpG
100-simul treatedléne 3 and naive miceléne 4. B-Actin mRNA ex-
pression is shown for comparisdd, OD ratios of B7.1 and B7.2 vg-ac-
tin. Results are meart SEM of OD ratios for B7.1 and B7.2 in each
experimental groupn(= 3—4/group).

0.2 03 0.4

0.1

0.0
6.

8.

10.

Our finding of increased B7.1 expression is similar to the finding
of Chiaramonte et al. (19). Although CpG depression of B7.2 ex-'%
pression has not been previously reported, our finding that sup-
pression of B7.2 by CpG-ODN may be involved in the reduction12-
of Th2 responses is compatible with findings that B7.2, but not
B7.1, preferentially costimulates the initial production of IL-4 (35) 13.
and that anti-CD86 (B7.2), but not anti-CD80 (B7.1) treatment of
mice significantly inhibited Ag-induced AHR, eosinophilia, and
Ag-specific IgE, which was associated with the reduction of IL-4 14.
and IL-5 (36, 37). Taken together, the above findings suggest that
the suppressive effects of CpG -ODN on Th2 responses involve ats.
least two immunoregulatory pathways. The first is induction of
Thl responses via activation of B7.1 expression. This pathway
most likely explains the prophylactic effect of CpG-ODN on Th2 1e.
responses, described by Chiaramonte et al. (19). The second path-
way, decreasing B7.2 expression, may more likely explain the;
therapeutic effect of CpG-ODN on ongoing Th2 responses. Several
previous studies, mainly using cultured dendritic cells, found that
CpG-ODN increased B7.2 expression (38—40). However, exprests.
sion of B7.1 or B7.2 by cultured DC is dependent on the matura-
tion state of DC and culture conditions. Thus, these previous studpq
ies are not necessarily contradictory to our finding of decreased
B7.2 expression after CpG exposure of a mixed population of in-
flammatory and noninflammatory cells such as bronchial epitheliabg
cells, in an allergic inflammatory milieu in vivo. Nevertheless, as

in the case of CpG prophylactic effects on airway responses b¥1_
CpG, the exact mechanisms responsible for the therapeutic effects
of CpG on Th2-mediated inflammation and AHR in our study are22-
largely unknown. Further research is necessary to assess the mech-
anisms of actions of CpG underlying these effects, including elu-

. Gleich, G. J. 2000. Mechanisms of eosinophil-associated

asthmad. Allergy Clin. Immunol. 105:466.

Pauwels, R. 1989. The relationship between airway inflammation and bronchial
hyperresponsivenes€lin. Exp. Allergy 19:395.

Bousquet, J., P. K. Jeffery, W. W. Busse, M. Johnson, and A. M. Vignola. 2000.
Asthma: from bronchoconstriction to airways inflammation and remodeling.
Am. J. Respir. Crit. Care Med. 161:1720.

inflammation.
J. Allergy Clin. Immunol. 105:651.

. Renz, H., K. Bradley, J. Saloga, J. Loader, G. L. Larsen, and E. W. Gelfand.

1993. T cells expressing specifigd\elements regulate immunoglobulin E pro-
duction and airways responsiveness in vi#oExp. Med. 177:1175.

Wills-Karp, M. 1999. Immunologic basis of antigen-induced airway hyperre-
sponsivenessAnnu. Rev. Immunol. 17:255.

7. Romagnani, S. 2000. The role of lymphocytes in allergic disgagdlergy Clin.

Immunol. 105:399.

Gavett, S. H.,, D. J. O'Hearn, X. Li, S. K. Huang, F. D. Finkelman, and
M. Wills-Karp. 1995. Interleukin 12 inhibits antigen-induced airway hyperre-
sponsiveness, inflammation, and Th2 cytokine expression in idexp. Med.
182:1527.

. Li, X. M., R. K. Chopra, T. Y. Chou, B. H. Schofield, M. Wills-Karp, and

S. K. Huang. 1996. Mucosal IFN-gene transfer inhibits pulmonary allergic
responses in micel. Immunol. 157:3216.

Krieg, A. M., A. K. Yi, S. Matson, T. J. Waldschmidt, G. A. Bishop, R. Teasdale,
G. A. Koretzky, and D. M. Klinman. 1995. CpG moitifs in bacterial DNA trigger
direct B-cell activationNature 374:546.

Klinman, D. M., A. K. Yi, S. L. Beaucage, J. Conover, and A. M. Krieg. 1996.
CpG motifs present in bacteria DNA rapidly induce lymphocytes to secrete in-
terleukin 6, interleukin 12, and interferon Proc. Natl. Acad. Sci. USA 93:2879.
Kline, J. N., T. J. Waldschmidt, T. R. Businga, J. E. Lemish, J. V. Weinstock,
P. S. Thorne, and A. M. Krieg. 1998. Modulation of airway inflammation by CpG
oligodeoxynucleotides in a murine model of asthdalmmunol. 160:2555.
Broide, D., J. Schwarze, H. Tighe, T. Gifford, M. D. Nguyen, S. Malek, U. J. Van,
E. Martin-Orozco, E. W. Gelfand, and E. Raz. 1998. Immunostimulatory DNA
sequences inhibit IL-5, eosinophilic inflammation, and airway hyperresponsive-
ness in miceJ. Immunol. 161:7054.

Sur, S., J. S. Wild, B. K. Choudhury, 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. Immunol. 162:6284.

Jahn-Schmid, B., U. Wiedermann, B. Bohle, A. Repa, D. Kraft, and C. Ebner.
1999. Oligodeoxynucleotides containing CpG motifs modulate the allergic TH2
response of BALB/c mice to Bet v 1, the major birch pollen allergen.
J. Allergy Clin. Immunol. 104:1015.

Zimmermann, S., O. Egeter, S. Hausmann, G. B. Lipford, M. Rocken,
H. Wagner, and K. Heeg. 1998. CpG oligodeoxynucleotides trigger protective
and curative Thl responses in lethal murine leishmanidsisimunol. 160:3627.
Bohle, B., B. Jahn-Schmid, D. Maurer, D. Kraft, and C. Ebner. 1999. Oligode-
oxynucleotides containing CpG motifs induce IL-12, IL-18 and Iffldroduction

in cells from allergic individuals and inhibit IgE synthesis in vitiur. J. Im-
munol. 29:2344.

Li, X. M., B. H. Schofield, Q. F. Wang, K. H. Kim, and S. K. Huang. 1998.
Induction of pulmonary allergic responses by antigen-specific Th2 cellsn-
munol. 160:1378.

Chiaramonte, M. G., M. Hesse, A. W. Cheever, and T. A. Wynn. 2000. CpG
oligonucleotides can prophylactically immunize against Th2-mediated schisto-
some egg-induced pathology by an IL-12-independent mechadisitmmunol.
164:973.

Institute of Laboratory Animal Resources Commission of Life Sciences, NRC.
1996. Guide for the Care and Use of Laboratory Animaléational Academy
Press, Washington, DC.

Levitt, R. C., and W. Mitzner. 1988. Expression of airway hyperreactivity to
acetylcholine as a simple autosomal recessive trait in nHASEB J. 2:2605.
Kroegel, C., P. Julius, H. Matthys, J. C. J. Virchow, and W. Luttmann. 1996.
Endobronchial secretion of interleukin-13 following local allergen challenge in
atopic asthma: relationship to interleukin-4 and eosinophil cotis. Respir. J.
9:899.



5912

23.

24,

25.

26.

27.

28.

29.

30.

31.

Krzesicki, R. F., G. E. Winterrowd, J. R. Brashler, C. A. Hatfield, R. L. Griffin, 32.

S. F. Fidler, K. P. Kolbasa, K. L. Shull, I. M. Richards, and J. E. Chin. 1997.
Identification of cytokine and adhesion molecule mRNA in murine lung tissue

and isolated T cells and eosinophils by semi-quantitative reverse transcriptases3

polymerase chain reactioAm. J. Respir. Cell Mol. Biol. 16:693.

Simpson, A. E., P. T. Tomkins, and K. L. Cooper. 1997. An investigation of the
temporal induction of cytokine mRNAs in LPS-challenged thioglycollate-elicited
murine peritoneal macrophages using the reverse transcription polymerase chag14
reaction.Inflamm. Res. 46:65.

Kay, A. B. 1991. Asthma and inflammatiah. Allergy Clin. Immunol. 87:893.
Saetta, M., A. Di Stefano, C. Rosina, G. Thiene, and L. M. Fabbri. 1991. Quan-
titative structural analysis of peripheral airways and arteries in sudden fatal
asthmaAm. Rev. Respir. Dis. 143:138.

Kuchroo, V. K., M. P. Das, J. A. Brown, A. M. Ranger, S. S. Zamvil, R. A. Sobel,
H. L. Weiner, N. Nabavi, and L. H. Glimcher. 1995. B7-1 and B7-2 costimulatory
molecules activate differentially the Th1/Th2 developmental pathways: applica-
tion to autoimmune disease therag@ell 80:707.

Mathur, M., K. Herrmann, Y. Qin, F. Gulmen, X. Li, R. Krimins, J. Weinstock,
D. Elliott, J. A. Bluestone, and P. Padrid. 1999. CD28 interactions with either
CDB80 or CD86 are sufficient to induce allergic airway inflammation in mice.
Am. J. Respir. Cell Mol. Biol. 21:498.

Shirota, H., K. Sano, T. Kikuchi, G. Tamura, and K. Shirato. 2000. Regulation of
T-helper type 2 cell and airway eosinophilia by transmucosal coadministration of
antigen and oligodeoxynucleotides containing CpG mo#is. J. Respir. Cell
Mol. Biol. 22:176.

Serebrisky, D., Teper, A. A., Kattan, M., Sampson, H. A., and Li, X. M. 2000.
Systemic or local CpG oligonucleotide administration inhibits ongoing allergic
allergic airway inflammationAm. J. Respir. Crit. Care Med. 161:A591.

Li, X., C. K. Huang, B. H. Schofield, A. W. Burks, G. A. Bannon, K. H. Kim,
S. K. Huang, and H. A. Sampson. 1999. Strain-dependent induction of allergic
sensitization caused by peanut allergen DNA immunization in ndiceamunol.
162:3045.

36.

38.

39.

40.

CpG ODN REVERSE ALLERGIC AIRWAY RESPONSES

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 ast8oa.
ence 282:2258.

Gavett, S. H.,, D. J. O'Hearn, C. L. Karp, E. A. Patel, B. H. Schofield,
F. D. Finkelman, and M. Wills-Karp. 1997. Interleukin-4 receptor blockade pre-
vents airway responses induced by antigen challenge in rAice.J. Physiol.
272:L.253.

. Mathur, M., K. Herrmann, X. Li, Y. Qin, J. Weinstock, D. Elliott, J. Monahan,

and P. Padrid. 1999. TRFK-5 reverses established airway eosinophilia but not
established hyperresponsiveness in a murine model of chronic asthma.
Am. J. Respir. Crit. Care Med. 159:580.

35. Freeman, G. J., V. A. Boussiotis, A. Anumanthan, G. M. Bernstein, X. Y. Ke,

P. D. Rennert, G. S. Gray, J. G. Gribben, and L. M. Nadler. 1995. B7-1 and B7-2
do not deliver identical costimulatory signals, since B7-2 but not B7-1 preferen-
tially costimulates the initial production of IL-4mmunity 2:523.

Haczku, A., K. Takeda, I. Redai, E. Hamelmann, G. Cieslewicz, A. Joetham,
J. Loader, J. J. Lee, C. Irvin, and E. W. Gelfand. 1999. Anti-CD86 (B7.2) treat-
ment abolishes allergic airway hyperresponsiveness in rAice.J. Respir. Crit.
Care Med. 159:1638.

7. Keane-Myers, A. M., W. C. Gause, F. D. Finkelman, X. D. Xhou, and

M. Wills-Karp. 1998. Development of murine allergic asthma is dependent upon
B7-2 costimulationJ. Immunol. 160:1036.

Sparwasser, T., E. S. Koch, R. M. Vabulas, K. Heeg, G. B. Lipford, J. W. Ellwart,
and H. Wagner. 1998. Bacterial DNA and immunostimulatory CpG oligonucle-
otides trigger maturation and activation of murine dendritic céls.. J. Immu-

nol. 28:2045.

Sun, S., X. Zhang, D. F. Tough, and J. Sprent. 1998. Type | interferon-mediated
stimulation of T cells by CpG DNAJ. Exp. Med. 188:2335.

Behboudi, S., D. Chao, P. Klenerman, and J. Austyn. 2000. The effects of DNA
containing CpG motif on dendritic cellimmunology 99:361.



