Oligodeoxynucleotides containing CpG
motifs modulate the allergic T, response
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Background: The use of adequate adjuvants to modulate the
allergic T ,,-type immune response is a promising concept for
futureimmunotherapy of type| allergy. Bacterial DNA or
oligodeoxynucleotides containing CpG motifs (CpG-ODNSs)
have been demonstrated to foster T, ;-type immune responses.
Objective: We investigated the adjuvanticity of CpG-ODNs
and their capability to modulate the allergic T, responsein a
mouse model.

Methods: BAL B/c mice were treated with CpG-ODNs and Bet
v 1, themajor birch pollen allergen, in different experimental
setups. Aller gen-specific antibody responses, T, cytokines, and
eosinophilic infiltration of the airways were investigated.
Results: Intraperitoneal administration of Bet v 1 together
with aluminium hydroxide led to a typical T, response. In
contrast, coadminstration of CpG-ODNswith Bet v 1 in alu-
minium hydroxide resulted in markedly increased T, activi-
ties (high 1gG2a levels) and subsequently to reduced airway
inflammation. The T, ;-like immune response indicated by
these humoral findings was also reflected by decreased IL-5
and increased | FN-y levelsin cell cultures. CpG-ODNs as sole
adjuvants with Bet v 1 did not lead to measureable I g respons-
es after subcutaneous or intraperitoneal immunizations; after
intranasal application, 3 of 10 mice reacted. Nevertheless, a
prophylactic effect was obtained with all routestested; that is,
mice treated subsequently with an established aerosol sensiti-
zation protocol displayed altered immune responses char acter -
ized by drastically elevated levels of Bet v 1-specific |gG2a,
indicating a T,1/T,,o-like immunity. Application of CpG-ODNs
after aerosol sensitization also induced 1gG2a.

Conclusion: By inducing T,,4/T,,o-biased immune responses to
allergens, the use of CpG-ODNSs as adjuvants may have impor -
tant impacts for new forms of specific immunotherapy in type
I hyper sensitivity. (J Allergy Clin Immunol 1999;1015-23.)
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Abbreviations used
AS: Aerosol sensitization
BAL: Bronchoalveolar lavage
CpG-ODN: Oligodeoxynucleotide containing CpG motifs
ISS: Immunostimulatory sequence
SIT: Specific immunotherapy

The prevalence of type | allergy has tremendously
increased in recent years, with approximately 20% of the
population having alergic rhinitis, conjunctivitis, or
bronchial asthma mostly caused by airborne inhalant
allergens.! Among these, birch pollen represents an
important allergen source, containing Bet v 1 as the major
alergen.2 In allergic individuals the dominance of T,,-
type cytokines (1L 4, IL-5, and IL-13) leads to the produc-
tion of IgE antibodies against allergenic molecules.3 Spe-
cificimmunotherapy (SIT) has been the therapy of choice
for more than 80 years in the treatment of type | hyper-
sensitivity to airborne allergens.# Successful SIT (ie,
injection of increasing doses of specific allergen to induce
tolerance) has been associated with a shift from T,,- to
T,.1/T.olike cytokine responses indicated by decreased
IL-4 and/or increased IFN-y production of allergen-spe-
cific T cells4 In addition, a strong inverse association
between delayed-type hypersensitivity responses (T ;) to
Mycobacterium tuberculosis and atopic disorders was
found recently.5 Thusimmune deviation of T cellstoward
T,/ Tw1 responses may represent a promising approach in
therapy and possibly even in prophylaxis of type | alergy.

In this respect the use of T,;-inducing adjuvants in
SIT should be considered in the development of allergy
vaccines.57 Besides well-known surface components of
bacterial origin, lately bacterial DNA and synthetic
oligodeoxynucleotides (ODNs) containing immunostim-
ulatory DNA sequences have been shown to exhibit adju-
vant activity and to induce T,,;-like immune responses.®-
12 These effects are mainly due to unmethylated CpG
dinucleotides in certain sequence contexts (CpG motifs),
which are present at the expected frequency in bacterial
DNA but are underrepresented (CpG suppression) in ver-
tebrate DNA.13 ODNs containing CpG motifs (CpG-
ODNSs) dlicit an innate immune response characterized
by polyclonal B-cell activation and T,,;-type cytokine
production dominated by IL-12 and IFNs, leading to nat-
ural killer—cell activation and induction of cytotoxic T
lymphocytes.8-1014,15 The potent immunologic response
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to unmethylated CpG motifs suggests that bacterial DNA
serves as an evolutionary conserved ligand for the verte-
brate immune system, which recognizes this structural
pattern as a danger signal.16 The mechanisms through
which immunostimulatory DNA exertsits drasticimmune
activation are still unclear. Cells directly responsive to
CpG-ODNSsinclude macrophages, dendritic cells, B cells,
and natural killer cells.17 Uptake of DNA is sequence
independent and temperature and energy dependent. Once
internalized, nuclear factor kB, activator protein, or both
are activated, which leads to expression of early-response
genes and subsequent cytokine production.18

Recent studies in mice with protein antigens, such as
ovalbumin, hen egg lysozyme, fowl y-globulin, or hepati-
tis B surface antigen, demonstrated an adjuvant effect of
systemically administered CpG-ODNSs, especially when
applied together with liposomes, incomplete Freund's
adjuvant, or aluminium hydroxide (AI[OH]3).10.12.19.20
With respect to alergic immune responses, it has been
reported that genetic immunization with plasmids con-
taining immunostimul atory sequences (1SS) resulted in a
preferential induction of T, responses,2l.22 such as
immunoprophylaxis.23 Thus far CpG-ODNs have only
been reported asimmunomodul ating adjuvants for model
allergens, such as B-galactosidase or ovalbumin.11.24

The objective of this study was to investigate whether
CpG-ODNs may serve as adjuvants for allergens to pos-
sibly improve the efficacy of conventional SIT. Recombi-
nant Bet v 1,25 a relevant inhalant allergen, was used in
BALB/c mice.26 CpG-ODNs were examined for (1) their
modulatory effect on aT,,, response induced by Al(OH)s,,
which is currently used in SIT; (2) their adjuvant effect
per se, comparing mucosal and parenteral routes for
immunization; (3) their effect in a presensitization (pro-
phylaxis) experimental set-up; and (4) their effect in a
postsensitization (therapy) experimental set-up. To evalu-
ate immune responses induced by CpG-ODNSs, Ig sub-
class distribution and cytokine expression were assessed,
as well as their effect on airway inflammation. Our
results, showing T,,/T,,;-biased allergen-specific immune
responses induced by CpG-ODNSs, support the potential
use of such immunomodulators in the development of
new prophylactic and therapeutic strategies in the treat-
ment of type | allergy. The mucosal (eg, nasal) application
of CpG-ODNs appears to be especialy promising.

METHODS
ODNs and allergens

ODNs with phosphorothioate modification of the backbone were
synthesized and HPLC purified by MWG Biotech (Munich, Ger-
many). The 20-mer used contained 3 CpG motifs (ie, ATC-
GACTCTCGAGCGTTCTC).? In some experiments a control ODN
lacking CpG motifs was used (ie, ATGCACTCTGCAGGC-
TTCTC). The endotoxin content of the ODN was undetectable
(<0.1 EU/6 pg of DNA) by means of Limulus assay (BioWhittaker
Bioproducts, Walkersville, Md). Birch pollen (Allergon AB, Engel-
holm, Sweden) was extracted in PBS, as previously described,” con-
taining approximately 25% natural Bet v 1. Recombinant (r)Bet v 1
was obtained from Biomay GmbH (Linz, Austria).
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Animals

Female BALB/c mice were purchased from Charles River Wiga
GmbH (Sulzfeld, Germany) and used at an age of 7 to 10 weeks. All
experiments were approved by the Animal Experimentation Ethics
Committee of the University of Vienna and the Ministry of Science
and Research.

Experimental design

Four approaches were made to test the adjuvanticity of CpG-
ODNs in the context of Bet v 1. First, for CpG-ODNs as
immunomodulators of the Al(OH)5-induced T,,, response, CpG-
ODNSs or control ODNs were coinjected 3 times, or CpG-ODNs
were preinjected (3 days in advance) intraperitoneally with Bet v 1
and AI(OH); (group 1). Second, for CpG-ODNSs as sole adjuvants,
mice were immunized 3 times intranasally, subcutaneously, or
intraperitoneally with CpG-ODNs and Bet v 1 (group 2). Third, to
trace possible priming or prophylactic effects, parallel immunized
groups (as in group 2) were subsequently subjected to the aerosol
sensitization protocol, as described below (group 3). Fourth, for
CpG-ODNs in postsensitization treatment, sensitized mice were
treated simultaneously 3 times both intranasally and intraperi-
toneally with ISS-ODN plus Bet v 1, whereas the respective sensi-
tized control group received PBS plus alergen (group 4). For
groups 3 and 4, see Fig 1. Groups consisted of 5 mice each.

Immunization-aerosol sensitization

For intraperitoneal coadministration experiments (group 1), 10
pg of Bet v 1 and 10 nmol of CpG-ODNSss (or control ODNs) were
mixed with 100 pL (2 mg) of Al(OH); (Serva, Heidelberg, Ger-
many). Control groups or mice that had been pretreated with CpG-
ODNs intraperitoneally before received Bet v 1 and Al(OH)5 alone.
For mucosal immunizations (groups 2 and 3), 10 ug of Bet v 1 and
10 nmol of CpG-ODN in 40 pL of PBS were applied intranasally
after mice had been anesthesized with metoxyfluorane (Metofane;
Mallinckrodt Veterinary Inc, Mundelein, Ill). For systemic immu-
nizations (groups 2 and 3), 10 pg of Bet v 1 and 10 nmol of CpG-
ODN in 150 pL of PBS were injected subcutaneously at 3 different
sites on the back or intraperitoneally, respectively. Aerosol sensiti-
zation (AS; groups 3 and 4) was performed by means of one
intraperitoneal injection of 1 pug of Bet v 1 in 50 pL of PBS
adsorbed to 100 pL of Al(OH),. Fourteen days later, mice were
exposed 10 times to aerosolized birch pollen extract, as previously
described in detail.” To assess postsensitization effectiveness (group
4), 10 ug of Bet v 1 plus 10 nmol of CpG-ODN in PBS were applied
both intranasally and intraperitoneally 14 days after sensitization.
Control mice received Bet v 1 in PBS only.

Sampling

Blood samples were taken by means of tail bleeding before each
immunization-sensitization or before mice were killed 7 days after
the last immunization. Serawere prepared and stored at —20°C until
analysis. Bronchoalveolar lavage (BAL) fluid from killed mice was
obtained as described previously.” Lungs were washed twice with
0.8 mL of ice-cold PBS and with approximately 1.4-mL recovered
volume of BAL volume.

Airway eosinophilia

To evaluate the effect of CpG-ODNs on airway inflammation,
mice were immunized 3 times intraperitoneally at 14-day intervals
with 10 nmol of CpG-ODNSs with Al(OH); and Bet v 1 or with
Al(OH)5 and Bet v 1 without CpG-ODNSs as a control. Thereafter,
mice were challenged twice 7 and 8 days after the last immuniza-
tion with 40 mg/4 mL aerosolized birch pollen extract. Three days
later, BAL was collected, and samples were spun onto microscope
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FIG 1. Experimental approach: presensitization and postsensitiza-
tion treatment with CpG-ODNSs plus Bet v 1. Mice were immunized
at 14-day intervals and killed 7 days after the last treatment. i.n.,
Intranasal; s.c., subcutaneous; i.p., intraperitoneal; BP, Birch
pollen.

slides, air-dried, and stained with hematoxylin and eosin (Hemacol-
or; Merck, Darmstadt, Germany). At least 200 cells were counted
and differentiated by light microscopy according to standard mor-
phologic criteria, and the percentage of eosin-positive cells was
determined. At day 6 after challenge, lung-associated lymphocytes
were isolated from identically treated mice and analyzed as
described below.

Determination of allergen-specific antibodies

Bet v 1-specific antibodies were measured in an ELISA, as pre-
viously described.?6 For coating, 2 pug of Bet v 1 were used. Serum
samples were diluted 1:2000 for 1gG1, 1:500 for 1gG2a, and 1:10
for IgE, and BAL fluid was used undiluted to determine IgA levels.
Subclass-specific rat anti-mouse antibodies to 1gG1, 19gG2a, IgE,
and IgA were diluted 1:500 (Pharmingen, San Diego, Calif), and the
peroxidase-conjugated mouse anti-rat 1gG was diluted 1:2000
(Jackson ImmunoLabs Inc, Westgrove, Pa). Antibody levels were
indicated in OD units.

Determination of proliferation and cytokines

Allergen-specific proliferation of spleen cells or lung-associated
lymphocytes was assessed in RPMI medium containing 10% FCS,
as described previously.26 Here, 2 x 105 cells/200 pL were stimu-
lated with or without birch pollen extract (25 pg/mL) or Bet v 1 (10
pg/mL) for 5 days. Tritiated thymidine was added for the last 16
hours of incubation, and proliferation was determined by scintilla-
tion counting. To determine cytokine production, 5 x 106 spleen
cellg/500uL were stimulated with and without birch pollen extract
(20 pg/mL). Supernatants were collected after 24 hours (IL-5) and
48 hours (IFN-y). Samples within the same group were pooled and
stored at —20°C. The cytokine concentrations were determined by
using commercially available ELISA kits (Endogene, Cambridge,
Mass; sensitivity limits: 15 pg/mL for IFN-y and 5 pg/mL for IL-5).
Allergen-induced cytokine production was obtained by substracting
the values found in control cultures without stimulant.

Statistical analysis
The Mann-Whitney U test was used for stetistical analysis.

RESULTS
Humoral immune responses

Modulation of the Al(OH)3-induced response to Bet v
1 (group 1). To induce T,,, responses to Bet v 1, mice
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FIG 2. Coadministration of CpG-ODNs modulates the Al(OH);-
induced immune response to Bet v 1. Ig isotype distribution of Bet
v 1-specific antibodies in sera after 1 (A), 2 (B), or 3 (C) intraperi-
toneal immunizations. Comparison of mice that had received Bet
v 1 in AI(OH); alone (1), in AI(OH); plus CpG-ODNSs (2), or in
AI(OH); plus control ODNs (3) is shown. Sera were diluted 1:2000
for IgG1, 1:500 for IgG2a, and 1:10 for IgE. ELISA OD units are
shown (means * SD; **P < .01).

were immunized 3 times intraperitoneally with Betv 1in
Al(OH)5 at 14-day intervals and killed 7 days after the
last treatment. Bet v 1-specific antibodies were investi-
gated in the respective sera by means of ELISA. The
humoral immune response was dominated by I1gG1 and
IgE production (Fig 2, A-C, 1). To assess whether CpG-
ODNSs can modulate the Al(OH)5-induced T, response,
CpG-ODNs were coadministered with Bet v 1 and
AI(OH)3, and results were compared with those from
mice immunized with allergen in AI(OH); alone. A 20-
mer ODN with a nuclease-resistant phosphorothioate
backbone containing 3 CpG motifswas used (Fig 2, A-C,
2). A significant increase of 1gG2a antibodies (P = .002)
was observed after 2 and 3 immunizations when com-
pared with the control group, which had received Bet v 1
in AI(OH)5 only. IgE antibodies were significantly sup-
pressed after the first immunization (P = .011), whereas
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FIG 3. Treatment with CpG-ODNs before aerosol sensitization. Ig
isotype distribution of Bet v 1-specific antibodies in sera of
BALB/c mice that had been subjected to an AS protocol (see the
“Methods” section) or that had been treated 3 times with CpG-
ODN s intranasally (i.n.), subcutaneously (s.c.), or intraperitoneal-
ly (i.p.) before AS. ELISA OD units are shown (means + SD; ***P
<.001)

similar levelswere found in both groups after the follow-
ing injections. No significant differences were obtained
concerning Bet v 1-specific IgG1 levels. In parallel
coadministration experiments mice were immunized
with control ODNs lacking CpG motifs in addition to
Al(OH); plus Bet v 1. When compared with Al(OH),
plusBet v 1 alone, no effect on the | g isotype distribution
was observed (Fig 2, A-C, 3).

We presumed that a preceding injection of CpG-ODNs
might increase their modulatory capacity by activating
the innate immune system and creating a favorable
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FIG 4. Priming for Bet v 1-specific IgA by intranasal (i.n.) treat-
ment with Bet v 1 and CpG-ODNs. IgA levels of BALB/c mice after
3x Bet v 1 administered intranasally (i.n.), 3x Bet v 1 plus CpG-
ODNs administered intranasally, AS (see the “Methods™ section),
or 3x Bet v 1 plus CpG-ODNs administered intranasally and sub-
sequent AS. ELISA OD units are shown (means * SD; *P < .05).

cytokine environment in the mice before they were
immunized specificly with allergen in Al(OH),. Howev-
er, preadministration of CpG-ODNSs 3 days before immu-
nization with Bet v 1 in Al(OH)5 did not lead to marked-
ly different results compared with those achieved by
coadministration (data not shown).

CpG-ODNs s as sole adjuvant for Bet v 1 (group 2).
Mucosal and systemic application of CpG-ODNSs as an
adjuvant for Bet v 1 were examined. Systemic subcuta-
neous or intraperitoneal immunizations of 10 mice each
did not lead to detectable Bet v 1-specific antibody pro-
duction. After 3 intranasal applications, Bet v 1-specific
antibody responses with 1gG2a as the dominating 1g iso-
type developed in 3 of 10 mice (data not shown).

CpG-ODN treatment before aerosol sensitization
(group 3). In contrast, a distinct priming effect was
obtained by all 3 routes of applying CpG-ODNs plus Bet
v 1, when mice were subsequently subjected to an estab-
lished aerosol-sensitization protocol (Fig 3). Sensitized
control animals showed atypical T,,, responseto allergen,
namely very low levels of 1gG2a and high concentrations
of 1gG1 and IgE. Compared with these control mice,
intranasal, subcutaneous, and intraperitoneal preimmu-
nizations with Bet v 1 and CpG-ODNs caused a promi-
nent induction of IgG2a (P = .001). IgG1 was significant-
ly higher only in intranasally pretreated animals (P <
.001). At the same time, IgE levels were increased
(intranasal) or not influenced (subcutaneous and
intraperitoneal). Moreover, mucosal priming, as indicated
by allergen-specific 1gA levels in BAL fluid, was
observed in mice pretreated intranasally with CpG-ODNs
plusBet v 1 (Fig 4).

CpG-ODN treatment after aerosol sensitization
(group 4). To investigate whether an ongoing T,
immune response can be influenced by vaccination
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with CpG-ODNSs, sensitized mice were subsequently
treated 3 times intranasally and intraperitoneally with
Bet v 1 and CpG-ODNs or with Bet v 1 in PBS as con-
trol (Fig 1, B). The results are shown in Fig 5. AS led
to aT,,-like Bet v 1-specific response with a predom-
inant expression of 1gG1 and IgE. At later time points,
the antibody levels of the control group decreased
slightly. In contrast, a drastic and gradual increase of
Bet v 1-specific IgG2a was observed within the group
treated with CpG-ODNs plus Bet v 1. Consequently,
the CpG-ODN-treated mice displayed significantly
higher 1gG2a levels compared with those found in the
control group (P =.044, P =.007, and P = .003, respec-
tively). 1gG1 was not significantly (P > .05) enhanced
by the treatment with Bet v 1 and CpG-ODNs. Howev-
er, compared with control mice, 1gG1 antibodies were
significantly increased (P = .004, P = .001, P = .004,
Fig 5). This difference is due in part to the time-depen-
dent decrease of 1gG1 in the control mice after sensiti-
zation. Allergen-specific IgE was not boosted by the
application of CpG-ODNs with Bet v 1 and was not
significantly increased compared with the control
group. No differences were obtained in IgA levelsfrom
BAL fluid (OD, 0.119 + 0.027 vs 0.130 * 0.04, respec-
tively; data not shown).

Cellular responses

Antigen-specific stimulation of spleen cell cultures
with Bet v 1 or birch pollen extract generally resulted in
similar proliferationsin all groupsimmunized with aller-
gen (data not shown). To characterize the T,, cytokine
profile in supernatants of spleen cell cultures, IFN-y and
IL-5 were determined as representative T, versus T,
cytokines. Table | summarizes the cytokine production of
splenocytes stimulated with birch pollen extract. Com-
pared with the respective control groups, CpG-ODNs led
to markedly increased IFN-y production in groups 2
(after intranasal application of CpG-ODNSs plus Bet v 1)
and 3 (treated intranasally or subcutaneously with Bet v
1 plus CpG-ODNs before sensitization). Addition of
CpG-ODNs to intraperitoneal immunizations with Bet v
1inAl(OH) (group 1) did not alter the IFN-y production
in our in vitro system. The application of CpG-ODNs
after sensitization (group 4) caused no marked increase
in IFN-y levels.

In coadministration experiments (group 1) IL-5 was
drastically reduced compared with levels found in the
respective control mice. A distinct reduction of IL-5 com-
pared with immunization with Al(OH)3 was observed in
mice immunized with CpG-ODNSs intranasally, subcuta-
neously, or intraperitoneally as the sole adjuvant (group
2). In parald groups with subsequent sensitization, IL-5
was diminished in intranasally pretreated mice but was
even more drastically reduced in the systemically pre-
treated mice when compared with the sensitized control
group (group 3). Application of CpG-ODNs to already
sensitized mice (ie, after the alergic Th2 response was
aready established; group 4) did not lead to a marked
reduction of IL-5.
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FIG 5. Treatment after aerosol sensitization. Aerosol-sensitized
mice were treated with Bet v 1 plus CpG-ODNs simultaneously
intranasally and intraperitoneally (circles) compared with Bet v 1
in PBS (squares). |g isotype distribution of Bet v 1-specific anti-
bodies at different time points: after sensitization (AS), and the
first (1), second (2), and third application (3). Because of differ-
ences between the 2 groups at the time of sensitization, Ig levels
were calculated as the percentage of the OD measured after sen-
sitization (*P < .05, **P < .01, and ***P < .001).

Airway inflammation

As shown in Table Il, eosinophilic infiltration in the
lung can be induced in mice immunized intraperitoneal -
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TABLE I. Allergen-induced cytokine production of spleen
cell cultures

IFN-y IL-5

Treatment (pg/mL) (pg/mL)
Coadministration

3x Al(OH); + Bet v 1ip 388" 8.9

3x Al(OH); + Bet v 1 + CpG-ODN ip 401 04
ISS-ODN as adjuvant

3x Al(OH); + Betv 1ip 310 19.2

3x CpG-ODN + Betv 1in 1913 0.8

3x CpG-ODN + Bet v 1 sc 372 0.8

3x CpG-ODN + Betv 1ip 571 0.5
ISS-ODN treatment before AST

AS 184 10.5

AS/3x CpG-ODN + Betv 1in 1078 7.2

AS/3x CpG-ODN + Betv 1sc 947 1.0

AS/3x CpG-ODN + Betv 1ip 254 0.0
ISS-ODN treatment after AS

AS/3x PBS+Betv lip+in 0 75

AS/3x CpG-ODN + Betv lip +in 25 6.3

ip, Intraperitoneal administration; in, intranasal administration; sc, subcuta
neous administration.

*Concentration of cytokinesin pooled supernatants of spleen cell cultures
after 24 hours (IL-5) or 48 hours (IFN-y) are shown. Values indicated repre-
sent change in picograms per milliliters (cytokine concentration after stimu-
lation with allergen — medium control).

tFor AS protocol, see the “Methods’ section.

ly with Al(OH)5 and Bet v 1 after subsequent exposure to
aerosolized allergen. However, addition of CpG-ODNs
to intraperitoneal immunizations with Bet v 1in Al(OH),
resulted in significantly reduced eosinophilic inflamma-
tion and concomittantly decreased IL-5 expressionin cell
cultures of lung-associated lymphoid tissue (Table I1).

DISCUSSION

SIT isthe treatment of choicein type 1 alergy and has
been successfully used in venom hypersensitivity and in
patients with pollinosis.2” A possible approach to further
improve the effectiveness of SIT is to develop adjuvants
that may be better suited than AI(OH)3, which is conven-
tionally injected subcutaneously together with allergen
during SIT and has been shown to induce T,,, respons-
es.”:28 |n addition, other routes of application, especially
mucosal application (oral, sublingual, and intranasal)
could ease the tedious long-term SIT and favorably influ-
ence patient compliance.29:30 In the present study we
investigated the adjuvanticity of CpG-ODNSs, which are
known to induce strong innate and antigen-specific T ;-
like immune responses. We show that CpG-ODNs, given
together with allergens, can modulate the characteristic
allergen-specific T,, response in mice. A relevant
inhalent allergen, recombinant Bet v 1, was used as the
model allergen. Pilot experiments with phosphodi-
esterase CpG-ODNs together with Al(OH), resulted in
significantly increased allergen-specific IgG2alevels and
no significant differences for allergen-specific 1gG1 or
IgE (data not shown). In our present study, CpG-ODNs
with a more nuclease-resistant phosphorothioate modifi-
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TABLE Il. Reduced eosinophilic infiltration and IL-5 pro-
duction in lungs of mice induced by means of CpG-
ODNs

Treatment™ Eosinophils (%) IL-5 (pg/mL)*
3x Al(OH); + Betv 1ip 76+28 599 + 398
3x Al(OH); + Betv 1 34+ 209t 210+ 145

+ CpG-ODN ip

*After intraperitoneal immunization, mice were challenged with 1%
aerosolized birch pollen extract; eosinophils were determined in BAL fluid
at day 3 (n = 5) after challenge, and allergen-induced IL-5 production was
determined at day 6 (n = 6) after challenge.

TIL-5 in 24-hour supernatants of lung-associated lymphoid cells. Values
indicated represent the change in picograms per milliliters (cytokine con-
centration after stimulation with allergen — medium control).

P < .05.

cation of the backbone were used to increase the half-life
of the oligonucleotides. It was demonstrated that first
intraperitoneal coadministration (or pretreatment) of
phosphorothioate CpG-ODNSs induced a drastic increase
of alergen-specific IgG2a and an initial suppression of
Bet v 1-specific IgG1 and IgE. Second, CpG-ODNs
proved to be weak immune-enhancing agents when
applied as the sole adjuvant for Bet v 1. Only the
intranasal route, but not systemic injections, led to
detectable Ig responses; however, all routes of CpG-
ODN pretreatment led to IFN-y production in spleen
cells, thereby creating a milieu for the T,,;-like priming
effect, which was observed in mucosally and systemical-
ly preimmunized mice when they were subsequently
subjected to an aerosol sensitization protocol. Third,
treating sensitized animals with CpG-ODNSs plus aller-
gen led to strongly increased |lgG2alevels. In genera, the
| g-i sotype distribution was consistent with the T ,;-biased
cytokine profile of alergen-stimulated spleen cells.
Within our system, we confirm findings from other
groups who characterized systemically applied CpG-
ODNss as weak immune enhancers when used as the sole
adjuvant for fowl y-globulin immunization1® but as
strong immunomodulators when applied together with
other adjuvants.10.19.20.24 |n our investigations the prefer-
ential induction of allergen-specific 1gG2a in every
immunization protocol tested demonstrates a strongly
T,1-biased immune response. The presence of 1gG2a
indicates the induction of IFN-y, which is necessary as a
switch factor for this isotype.3!l Increased allergen-
induced IFN-y levels were especially found in spleen cell
cultures of mice that had obtained CpG-ODNs by
intranasal application. These findings are remarkable
considering BALB/c mice as a strain exceptionaly dis-
posed to T,-like immune responses in general and in
response to Bet v 1.26:32 |L-5 production, which is
indicative for T,,-type immune responses, was reduced
in al groups that had received CpG-ODNs. When CpG-
ODNSs were used in a postsensitization regimen, only lit-
tle effect was observed on IgE serum levels. However we
obtained elevated 1gG levels, especialy 1gG2a. This phe-
nomeneon is also noticed in the human disease. Even
after successful immunotherapy, persistent IgE levels
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FIG 6. Proposed mechanism of the immunomodulating effects of CpG-ODNs on allergic T,

immune responses.

have been observed opposed to increased and possibly
blocking 1gG antibodies.# It has been reported that
extreme priming effects leading to established immune
responses of either T,; or T, type are difficult to redi-
rect. Long-term effects of priming rather than boosting
determine the type of |g and cytokine responses.33 How-
ever, in other experimental systems (eg, murine model of
asthma with Schistosoma eggs as antigen or ovalbumin
sensitization), CpG-ODNs have been shown to reverse
ongoing alergic reactions, such as reduction of IgE pro-
duction or protection from eosinophilia.21.23,24,34 Qur
opposing findings may be due to intrinsic properties of
the alergen used.35

The nasal-associated lymphoid tissue has been found
to be a convenient site of vaccine application.36 Recent-
ly, it was shown that in mice CpG-ODNs are also potent
mucosal adjuvants for vaccination with influenzavirus or
hepatitis B surface antigen. CpG-ODNs applied
intranasally together with inactivated virus37 or viral pro-

tein38 induced systemic 1gG and mucosal slgA produc-
tion. Also in our system, allergen-specific sigA in BAL
was inducible by intranasal pretreatment with CpG-
ODNSs plus Bet v 1 (Fig 4). The importance of specific
IgA in alergy is a matter of debate.3® However, IgA
induction by CpG-ODNs has important implications in
vaccine development for infectious diseases transmitted
through mucosal surfaces, such as influenza.37 Other
possible applications for CpG-ODNSs in future vaccines
have been proposed (eg, against intracellular para-
sites?0.41 or in tumor therapy42).

The doses of CpG-ODNs used in our study did not
lead to any obvious vital complications compared with
those found in control mice. However, for the use of
CpG-ODNs as the adjuvant in human individuals, the
potential toxicity is of concern. Perhaps because of
sequence properties, CpG-ODNSs have been described to
induce high levels of TNF-a and thus lead to shock
symptoms in mice.43 Other side effects may include
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excessive inflammatory reactions?* or activation of
autoreactive T cells.4> Because immunogenicity is
improved when CpG-ODNSs are physicaly linked to the
relevant antigen,46 allergen-CpG-ODN conjugates may
permit the reduction of CpG-ODN doses in future SIT
vaccines. The application of CpG-ODNs together with
hypoallergenic variants of allergens?”48 could provide us
with highly efficient and safe new forms of SIT (Fig 6).

We thank Mrs R. Steiner-Goltl for excellent technical support.

REFERENCES

1. Waithrich B, Schindler C, Leuenberger P, Ackermann-Liebrich U. Preva-
lence of atopy and pollinosis in the adult population of Switzerland
(Sapaldia study). Int Arch Allergy Immunol 1995;106:149-56.

2. Ipsen H, Loewenstein H. Isolation and characterization of the major aller-
gen of birch pollen (Betula verrucosa). J Allergy Clin Immunol
1983;72:150-9.

3. Romagnani S. Regulation of the development of type 2 T-helper cellsin
alergy. Curr Opinion Immunol 1994;6:838-46.

4. Ebner C. Systemic immune response to specific immunotherapy. Clin
Exp Immunol 1998;28:781-3.

5. Shirikawa T, Enomoto T, Shimazu S, Hopkin M. The inverse association
between tuberculin responses and atopic disorder. Science 1997;275:77-80.

6. Jahn-Schmid B, Siemann U, Zenker A, Bohle B, Messner P, Unger FM, et
a. Bet v 1, the major birch pollen alergen, conjugated to crystalline bac-
terial cell surface proteins, expands allergen-specific T-cells of the ThO/Thl
phenotype in vitro by induction of I1L-12. Int Immunol 1997;9:1867-74.

7. Wiedermann U, Jahn-Schmid B, Fritsch R, Bauer L, Renz H, Kraft D, et al.
Effects of adjuvants on the immune reponse to alergens in amurine model
of dlergen inhalation: choleratoxin induces a Thl-like responseto Bet v 1,
the mgjor birch pollen alergen. Clin Exp Immunol 1998;111:144-51.

8. Krieg AM, Yi A-K, Matson S, Waldschmidt TJ, Bishop GA, Teasdale R,
et al. CpG motifsin bacterial DNA trigger direct B-cell activation. Nature
1995;374:546-9.

9. Klinman D, Yi A-K, Beaucage SL, Conover J, Krieg AM. CpG motifs
expressed by bacterial DNA rapidly induce lymphocytes to secrete IL-6,
IL-12 and IFN. Proc Natl Acad Sci USA 1996;93:2879-83.

10. Lipford GB, Bauer M, Blank C, Reiter R, Wagner H, Heeg K. CpG-con-
taining synthetic oligonucleotides promote B and cytotoxic T cell
responses to protein antigen: a new class of vaccine adjuvants. Eur J
Immunol 1997;27:2340-4.

11. Roman M, Martin-Orozco E, Goodman JS, Nguyen M-D, Sato Y, Ron-
aghy A, et a. Immunostimulatory DNA sequences function as T helper
1-promoting adjuvants. Nat Med 1997;3:849-54.

12. Chu RS, Targoni OS, Krieg AM, Lehmann PV, Harding CV. CpG oligo-
nucleotides act as adjuvants that switch on T helper 1 (Th1) immunity. J
Exp Med 1997;186:1623-31.

13. Bird AP. CpG-rich islands and the function of DNA methylation. Nature
1986;321:209-13.

14. Yi A, Chace JH, Cowdery JS, Krieg AM. IFN-y promotes IL-6 and IgM
secretion in response to CpG motifs in bacterial DNA and oligonu-
cleotides. J Immunol 1996;156:558-64.

15. Ballas ZK, Rasmussen WL, Krieg AM. Induction of NK activity in
murine and human cells by CpG motifs in oligodeoxy-nucleotides and in
bacterial DNA. J Immunol 1996;157:1840-5.

16. Matzinger P. Tolerance, danger and the extended family. Ann Rev
Immunol 1994;12:991-1045.

17. Bohle B, Jahn-Schmid B, Maurer D, Kraft D, Ebner C. Oligodeoxynu-
cleotides containing CpG motifs induce IL-12, IL-18 and |FN-y produc-
tion in cells from alergic individuals and inhibit IgE synthesis. Eur J
Immunol 1999;29:2344-53.

18. Yi A-K, Krieg AM. Cutting edge: rapid induction of mitogen-activated
protein kinases by immune stimulatory CpG DNA. J Immunol
1998;161:4493-7.

19. Sun S, Kishimoto H, Sprent J. DNA as an adjuvant: capacity of insect
DNA and synthetic oligonucleotides to augment T cell responses to spe-
cific antigen. J Exp Med 1998;187:1145-50.

20. Davis HL, Weeranta R, Waldschmidt TJ, Tygrett L, Schorr J, Krieg AM.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.

37.

38.

39.

41.

42.

43.

J ALLERGY CLIN IMMUNOL
NOVEMBER 1999

CpG DNA is a potent enhancer of specific immunity in mice immunized
with recombinant hepatitis B surface antigen. JImmunol 1998;160:870-6.
Raz E, Tighe H, SatoY, Corr M, Dudler JA, Roman M, et a. Preferential
induction of Th1 immune response and inhibition of specific IgE anti-
body formation by plasmid DNA immunization. Proc Natl Acad Sci USA
1996;93:5141-5.

Hartl A, Kiesslich J, Weiss R, Bernhaupt A, Mostbock S, Scheiblhofer S,
et al. Immune responses after immunization with plasmid DNA encoding
Bet v 1, the major alergen of birch pollen. J Allergy Clin Immunol
1999;103:107-13.

Hsu CH, Chua K-Y, Tao M-H, Lai Y-L, Wu H-D, Huang SK et al.
Immunoprophylaxis of immunoglobulin E synthesis and airway hyper-
responsiveness in vivo by genetic immunization. Nat Med 1996;2:540-4.
Broide D, Schwarze J, Tighe H, Gifford T, Nguyen M-D, Malek S, et a.
Immunostimulatory DNA sequences inhibit | L-5, eosinophilic inflamma-
tion, and airway hyperresponsiveness in mice. J Immunol 1998;161:
7054-62.

Ferreira FD, Hoffmann-Sommergruber K, Breiteneder H, Pettenburger
K, Ebner C, Sommergruber W, et a. Purification and characterization of
recombinant Bet v I, the major birch pollen allergen. J Biol Chem
1993;268:19574-80.

Bauer L, Bohle B, Jahn-Schmid B, Wiedermann U, Daser A, Renz H, et
al. Modulation of the allergic immune response in BALB/c mice by sub-
cutaneous injection of high doses of the dominant T cell epitope from the
major birch pollen allergen Bet v 1. Clin Exp Immunol 1997;107:536-41.
Bousquet J, Lockey RF, Malling HS. Allergen immunotherapy: thera-
peutic vaccines for alergic diseases. Allergy 1998;53(Suppl):6-32.
IshizakaK. Regulation of IgE synthesis. Ann Rev Immunol 1984;2:159-82.
Sabbah A, Hassoun S, Le Sellin J, Andre C, Sicard H. A double-blind,
placebo-controlled trial by the sublingual route of immunotherapy with a
standardized grass pollen extract. Allergy 1994;49:309-13.

Andri L, Senna G, Andri G, DamaA, Givanni S, Betteli C, et al. Local
nasal immunotherapy for birch pollen rhinitis with extract in powder
form. Clin Exp Allergy 1995;25:1092-9.

Snapper CM, Paul WE. IFN-y and B cell stimulatory factor-1 reciprocal-
ly regulate |g isotype production. Science 1987;236:944-7.

Mosman TR, Coffman RL. Thl and Th2 cells: different patterns of lym-
phokine secretion lead to different functional properties. Ann Rev
Immunol 1989;7:145-73.

Sacks T, Klinman D. Long-term effect of primary immunization on sub-
sequent immune responsiveness. Cell Immunol 1997;177:162-8.

. Kline JN, Waldschmidt TJ, Businga TR, Lemish JE, Weinstock JV, Thorne

PS, et a. Modulation of airway inflammation by CpG oligodeoxynu-
cleotides in a murine model of asthma. J Immunol 1998;160:2555-9.
Wiedermann U, Jahn-Schmid B, Lindblad M, Rask C, Holmgren J, Kraft
D, et a. Suppressive versus stimulatory effects of allergen/choleratoxoid
(CTB) conjugates depending on the nature of allergen in amurine model
of type | alergy. Int Immunol 1999;11:1131-8.

Walker RI. New strategies for using mucosal vaccination to achieve more
effective immunization. Vaccine 1994;5:387-400.

Moldoveanu Z, Love-Homan L, Qiang Huang W, Krieg AM. CpG DNA,
anovel immune enhancer for systemic and mucosal immunization with
influenza virus. Vaccine 1998;16:1216-24.

McCluskie MJ, Davies HL. Cutting edge: CpG DNA is a potent enhancer
of systemic and mucosal immune responses against hepatitis B surface
antigen with intranasal administration to mice. J Immunol
1998;611:4463-6.

Taylor B, Fergusson DM, Mahoney GN, Hartley WA, Abbott J. Specific
IgA and IgE in childhood asthma, eczema and food allergy. Clin Allergy
1982;12:499-505.

. Krieg AM, Love-Homan L, Yi A-K, Harty JT. CpG DNA induces sus-

tained IL-12 expression in vivo and resistance to listeria monocytogenes
challenge. J Immunol 1998;161:2428-34.

Zimmermann S, Egeter O, Hausmann S, Lipford GB, Récken M, Wagner
H, et al. Cutting edge: CpG oligodeoxynucleotides trigger protective and
curative Thl responses in lethal murine leishmaniasis. J Immunol
1998;160:3627-30.

Weiner GJ, Liu H-M, Wooldridge JE, Dahle CE, Krieg AM. Immuno-
stimulatory oligodeoxynucleotides containing the CpG motif are effec-
tive asimmune adjuvantsin tumor antigen immunization. Proc Natl Acad
Sci USA 1997;94:10833-37.

Lipford GB, Sparwasser T, Bauer M, Zimmermann S, Koch E-S, Heeg K,



J ALLERGY CLIN IMMUNOL Jahn-Schmid et al 1023

VOLUME 104, NUMBER 5

et a. Immunostimulatory DNA: sequence-dependent production of 47. Ferreira F, Hirtenlehner K, Jilek A, Godnick-Cvar J, Breiteneder H,

potentially harmful or useful cytokines. Eur J Immunol 1997;27:3420-6.

. Schwartz DA, Quinn TJ, Thorne PS, Sayeed S, Yi A-K, Krieg AM. CpG
motifs in bacterial DNA cause inflammation in the lower respiratory
tract. J Clin Invest 1997;100:68-73.

. Segal BM, Klinman DM, Shevach EM. Microbia products induce auto-
immune disease by an IL-12 dependent pathway. J Immunol
1997;158:5087-90.

. Klinman D. Therapeutic applications of CpG-containing oligodeoxynu-
cleotides. Antisense Res Dev 1998;8:181-4.

Grimm R, et a. Dissection of IgE and T lymphocyte reactivity of isoforms
of the mgjor birch pollen alergen Bet v 1. J Exp Med 1996;183:599-609.

. Ferreira F, Ebner C, Kramer B, Casari G, Briza P, Kungl AJ, et a. Mod-

ulation of IgE-reactivity of alergens by site directed mutagenesis: poten-
tial use of hypoallergenic variants for immunotherapy. FASEB J
1998;12:231-42.



