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Abstract

DNA containing unmethylated CpG motifs and synthetic
oligodeoxynucleotides derived thereof (CpG ODN) have
intensively been investigated for their immunostimula-
tory properties in the recent past. CpG ODN were shown
to induce strong Thl immune responses in mammals.
The downregulation of the antigen-driven Th2 response
of type | allergies represents one important therapeutic
goal of specific immunotherapy (SIT). Hence, CpG ODN
represent promising substances which support the mod-
ification of the pathogenic Th2 immune profile toward a
Th1l profile when used as adjuvants for SIT. This article
discusses how the use of CpG ODN in immunotherapeu-

tics could improve the treatment of type | allergy.
Copyright© 2002 S. Karger AG, Basel

Introduction

Rodent and primate immune systems react strongly to
certain sequences (immunostimulatory DNA sequences,
ISS) that are rare in vertebrates but present in many low-
er, potentially pathogenic organisms. Therefore, ISS were
associated with dangerous invaders and thus represented

powerful adjuvants for activation of the innate arm of the
immune response. In response to stimulation with ISS,
professional antigen-presenting cells (APC), such as mac-
rophages and dendritic cells (DCs) produce 1L-12, IL-18,
and IFN-0/B, while altering their surface molecule profile
[1-6]. B cells also alter their surface markers for enhanced
antigen presentation while proliferating and producing
IL-6 and IL-12 [7, 8]. Natural killer (NK) cells become
cytotoxic and produce early IFN-y [9, 10]. This concerted
response then biases the adaptive arm of the immune sys-
tem toward a Thl response against any locally encoun-
tered foreign protein.

Type I allergy is caused by a characteristic immune
response to particular antigens that is mainly mediated by
Th2 cells. This subset of CD4+ T lymphocytes synthesizes
high levels of IL-4, IL-5 and IL-13, subsequently leading
to the production of allergen-specific IgE. Specific immu-
notherapy (SIT) has been successfully used in the treat-
ment of type I allergies for more than 80 years [11]. SIT
consists in the administration of increasing doses of aller-
gen extract to sensitized subjects. Besides an observed
increase of allergen-specific antibody levels, different im-
munological mechanisms at the T cell level have been dis-
cussed to contribute to the success of SIT: the treatment
leads to diminished allergen-induced lymphoproliferative
responses indicating induction of peripheral tolerance to
the injected allergen [12]. In addition, the Th2-like re-
sponse to allergenic molecules was shifted to a Th0/Th1-
like response, characterized by the production of higher
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amounts of IFN-y or reduced levels of IL-4 [13, 14]. This
phenomenon has been termed immune deviation.

Consequently, the modulation of T cells towards a
ThO0/Th1-like phenotype represents one crucial therapeut-
ic strategy of type I allergy. An approach to accomplish
this immunomodulation at the T cell level is the use of
adjuvants supporting the desired type of immune profile.
In this respect, ISS represent potential candidate mole-
cules to be used in SIT.

Immunostimulatory Nucleotides

The observation that certain unmethylated prokaryot-
ic DNA sequences induced strong Thl-associated im-
mune responses in vertebrates started off a new field of
immunological research. DNA was not seen as an immu-
nologically inert molecule but thought to serve as ‘danger
signal’ for the vertebrate immune system [15]. In general,
ISS consist of a central unmethylated pair of nucleotides,
cytosine and guanosine (CpQG), and either methylation or
reversion into GpC abrogates their immunostimulatory
activities [7]. In vertebrates, methylation of DNA at cyto-
sine residues in the CpG sequence plays an important role
for the long-term gene regulation of different cell types
[16]. DNA methylation patterns are normally transmitted
to daughter cells via cell division leading to clonally inher-
ited patterns of gene expression [17]. Furthermore, tran-
scription of some genes was repressed by the presence of
5-methylcytosine at certain CpG dinucleotides in the pro-
moter region [17, 18]. Approximately 70% of mammalian
CpG motifs are methylated. These methylated dinucleo-
tides represent hotspots for mutation to TpG during repli-
cation, therefore probably leading to a drastic reduction
of CpG motifs in the vertebrate genome. As a conse-
quence, unmethylated CpG sequences are 20 times more
common in bacterial than in mammalian DNA. The con-
cept emerged that immune recognition of unmethylated
CpG motifs served as an early detection of evidence for
microbial invasion and subsequently activates defense
mechanisms. The fact that certain intracellular pathogens
such as small DNA viruses have extraordinarily low CpG
contents indicates an evolutionary adaptation to avoid
the induction of CpG-based immune defenses [19].

The concept of how CpG DNA and short synthetic
oligodeoxynucleotides (CpG ODN) derived thereof were
recognized by mammalian cells has been intensively in-
vestigated in the past years. It was established that cell
types which directly responded to stimulation with
CpG motifs expressed Toll-like receptor (TLR) 9 [20-
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22].TLRs are a family of closely related proteins recogniz-
ing conserved patterns on microorganisms. So far, 10
members of the TLR family have been reported repre-
senting a combinatorial repertoire to discriminate be-
tween a wide spectrum of pathogen-associated microbial
molecules [23, 24]. Certain TLRs cooperate with each
other by forming functional pairs between cytoplasmatic
domains [25]. In this context, a possible cooperation in
CpG DNA recognition between TLR 9 and TLR 7 was
suggested only recently [26, 27].

TLR and the formation of combinatorial sets between
different TLRs could be involved in the discrimination
between different CpG sequences [22]. Indeed, immune
recognition of CpG motifs varies between different spe-
cies and human PBMC respond poorly to ODN that are
very active in mice [28]. Thus, intensive attempts to pre-
cisely define the DNA sequence structure required for
optimal immune stimulation were done [5, 29-31]. At
present, CpG sequences can be divided into at least 2 dis-
tinct classes. One class induces weak activation of B cells
but high levels of NK cell activation and synthesis of
IFNSs. By contrast, the second class induces high levels of
B cell activation and IgM production but only low levels
of IFNs [6, 28, 30]. These findings suggest that a combina-
tion of several CpG sequences will probably be necessary
to achieve optimal immunostimulatory effects.

CpG ODN and Type | Allergy

T lymphocytes are activated by CpG ODN but not
directly. Their bias towards Thl cells rather depends on
CpG ODN-induced cytokines and upregulation of cellu-
lar factors by APC. IL-12, which induces the production
of IFN-y and drives the development of Th1 cells is of key
importance [32]. Therefore, in order to support the emer-
gence of a Thl immune response in atopic individuals,
the induction of IL-12 remains a necessary first step.
However, the atopic state was associated with a reduced
synthesis of Th1 cytokines [33]. Therefore, it was tempt-
ing to investigate whether CpG ODN displayed Th1-fos-
tering activities in atopic individuals. We could demon-
strate that CpG ODN were capable of inducing IL-12, IL-
18 and subsequently IFN-y in peripheral blood mononu-
clear cells (PBMC) derived from atopic individuals to the
same extent as in cells from healthy individuals [4]. As a
consequence, IgE synthesis in vitro was downregulated [4,
34]. The addition of CpG ODN to Dermatophagoides
pteronyssinus group-1-specific T cell lines differentiated
CD4+ T cells into Th1 effector cells [35]. Although the
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Fig. 1. Potential supporting effects of CpG
ODN on the treatment of type I allergy.

induction of the Th1 shift in these allergen-specific T cells
depended on IL-12 synthesis, an additional role for IFN-o.
was suggested. Further studies supported that IFN-o me-
diates Th1-fostering properties of CpG ODN [34, 36, 37].
Type I IFNs are essential in anti-viral innate immunity,
and plasmacytoid dendritic cells (PDC) were found to be
the major source for INF-0 production in PBMC [38].
This cell type is also responsible for the production of high
amounts of IFN-o in response to certain CpG ODN [6,
39]. Nevertheless, allergic asthma was associated with
reduced IFN-a levels in plasma [40]. Hence, the selection
for IFN-a-inducing CpG sequences as adjuvants for SIT
might have an additional effect on the Th1 bias in allergic
individuals [41, 42].

Besides the expansion of naive T lymphocytes towards
Th1 cells, the modulation of allergen-specific Th2 memo-
ry cells towards the ThO/Th1 cell type represents an addi-
tional target for SIT. The persistence of long-lived aller-
gen-specific T cells in vivo was demonstrated for atopic
allergy [43, 44]. Human Th2 populations were shown to
lack the expression of the signaling IL-12 receptor 2 sub-
unit and consequently IL-12 responsiveness [45]. IFN-o,
on the other hand, acted directly on Th2 cells and drove
Th1 development by activating STAT-4, a transcription
factor necessary for IFN-y induction [46]. Although sever-
al studies suggested that established Th2 populations
remained susceptible to IL-12-dependent reversal to
IFN-y producing phenotypes [47, 48] additional support
to accomplish this immunomodulation could result from
the induction of CpG-ODN-induced IFN-o0 in APC.

Very encouraging data on Thl-inducing capabilities of
CpG ODN as adjuvants were obtained from murine mod-
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els of pollen allergy. In a mouse model for birch pollen
allergy we could demonstrate that co-administration of
CpG ODN with Bet v 1 in AI(OH); resulted in markedly
increased Thl activities (high IgG2a levels) and subse-
quently in reduced airway inflammation [49]. The Thl-
like immune response was also reflected by the cytokine
patterns synthesized in cell cultures in response to the
allergen, i.e. by decreased IL-5 and increased IFN-vy levels
[49]. In a murine model of ragweed allergy, systemic or
mucosal administration of ODN containing ISS after sen-
sitization inhibited both the immediate hypersensitivity
response and the late-phase cellular infiltration [50]. The
administration of CpG ODN skewed the ragweed-specific
response to Thl and suppressed the rise of specific IgE
titers after repeated allergen challenge. When mice were
treated with anti-IL-12 neutralizing antibodies, the CpG-
ODN-induced immunomodulatory effects were abol-
ished, again indicating the pivotal role of IL-12 in this
scenario [50]. Direct conjugation of an ODN containing
CpG motifs to Amb a 1, the major ragweed allergen,
represented an attempt which enhanced the immunother-
apeutic potential of CpG ODN [51]. This allergen-ODN
conjugate displayed stronger therapeutic activity than the
mixture of Amb a 1 and CpG ODN and reversed estab-
lished Th2-driven allergic airway responses in a murine
model of asthma [52]. Taken together, these data show
that CpG ODN are capable of modulating established
allergen-specific Th2 immune responses in vivo. Results
obtained from ragweed-allergic patients in vitro revealed
that this modulation also applied for humans [53]. Initial
phase I clinical trials of ragweed-allergic patients with the
Amb a 1-CpG ODN conjugate confirmed that CpG ODN
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are potent agents for inducing Th1-type anti-allergen im-
mune responses [54]. The immunological mechanisms of
successful SIT comprise the induction of peripheral toler-
ance and a Thl immune response. Nevertheless, it re-
mains to be clarified whether upregulating the production
of Th1-type cytokines is the right way to redirect the pre-
dominant Th2 response in atopic individuals. Stimula-
tion of strong Th1 cytokine production includes the risk
to promote Thl-cell-mediated inflammation, which can
cause serious tissue damage. Deduced from the compel-
ling evidence that CD4+ T lymphocytes specialised in the
suppression of immune responses play a critical role in
immune regulation, strategies to downregulate ongoing
Th2 responses should also include the potential promo-
tion of regulatory T lymphocytes (Treg). In general, T, are
characterized by CD25 expression, low proliferative ca-
pacity in response to T cell receptor activation, produc-
tion of high levels of IL-10, but low levels of IL-2 and no
IL-4 [55-57]. Furthermore, these cells actively suppress
naive as well as memory Thl immune responses to for-
eign antigens and self-antigens in vitro and in vivo [58-
60]. Successful SIT against insect venom allergy was
associated with the induction of IL-10 producing
CD4+CD25+ T cells [61, 62]. However, the involvement
of IL-10-producing CD4+ T cells for SIT of atopic allergy
in humans is not so clear. In asthmatic patients, a dimin-
ished synthesis of IL-10 was observed [63]. Despite being
the product of Ty cells, IL-10 represents a crucial cyto-
kine for the generation of T cells since repetitive activa-
tion of CD4+ T cells in the presence of IL-10 promoted
the differentiation of Ty, cells [58, 64]. This maturation
was additionally supported by the presence of IFN-a [64].
Certain CpG ODN are shown to induce IL-10 as well as
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IFN-a in cells from atopic patients [65]. These results
raise the hope that a repeated stimulation of the immune
system with such CpG sequences might — in addition to
immunostimulatory activities — support the induction of
immune suppressive effects.

Concluding Remarks

CpG ODN represent promising adjuvants for type I
allergy treatment because they induce ‘first line’ Th1 cyto-
kines such as IL-12 and IFN-a. Via these cytokines the
differentiation of naive T lymphocytes towards Th1 or the
redirection of Th2 memory cells towards Th0/Thl was
accomplished, both in murine models and in allergic
patients. However, the detailed characterization of differ-
ent CpG ODN sequences in the recent past revealed that
immunostimulatory effects depend on the DNA se-
quence. Therefore, optimal sequences for certain types of
immune stimulation — modulation or suppression — can
be defined. It remains an open question whether one CpG
ODN of defined sequence will fulfill all the requirements
for a potential adjuvant of allergy vaccines (fig. 1). Thus,
there might still be a long way until the optimal CpG
ODN and/or mixtures of CpG ODN sequences for use as
adjuvants for type I allergy treatment are found.
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