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Immunostimulatory DNA for Asthma
Better than Eating Dirt
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Innate Immunity and the Hygiene Hypothesis

The innate immune system provides an early line of defense
against infection by recognizing and processing evolution-
arily conserved structural motifs, so-called “pathogen-asso-
ciated molecular patterns (PAMP),” on bacteria, viruses,
and other invading pathogens and responding to these “dan-
ger signals” by priming the adaptive immune system for
appropriate action. Macrophages, dendritic cells, and other
cells of the innate immune system lack the highly-specific
antigen receptors of T cells and B cells of the adaptive im-
mune system, but can recognize these foreign motifs by a
limited number of germline-encoded “pattern recognition
receptors (PRRs).” The binding of PAMP to PRR can en-
hance phagocytosis, cell proliferation, and cytokine expres-
sion, and may have profound and long-lasting immunostim-
ulatory effects. These effects are essential for the elimination
of infectious organisms, but may also be important for im-
mune system development and homeostasis (1).

In the absence of early life PAMP stimulation, immune
balance may be upset and individuals may be susceptible to
the development of disease reflecting a skewing of the im-
mune system toward the T-helper type 2 (Ty2) phenotype.
This concept, known as the “hygiene hypothesis,” is thought
to be a major reason for the dramatic increase in asthma
prevalence in Western countries over the past 40 years (2-4).
The developing immune system of humans has a Tyx2 bias
in utero and in early life that gradually diminishes over time
in individuals without asthma. Exposure to PAMP during
childhood infections may provide a Ty1 stimulus that dimin-
ishes Ty2 responses and the likelihood of developing asthma.
Furthermore, exposure to PAMP may dampen both Tyl
and Ty2 immune responses by increasing the expression of
anti-inflammatory cytokines such as interleukin-10 and trans-
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forming growth factor-p1 (TGF-B1) from T regulatory (Tr)
cells and antigen-presenting cells (4). The “hygiene hypoth-
esis” predicts that asthma is increasing in highly developed
regions of the world because of decreased exposure to PAMP
in affluent settings and disturbing the homeostasis of a hu-
man immune system that has evolved to fight infection. Is
there a way, other than exposure to childhood disease, to
keep the immune system in balance?

One way of modifying immune responses is to use immu-
nostimulatory DNA; these are specific DNA sequences that
have been shown by several groups to be effective in the pre-
vention and treatment of allergen-induced airway inflamma-
tion in animals, and may have a role in the prevention and
treatment of asthma. In this issue of the AJRCMB, Ikeda
and colleagues compared the ability of immunostimulatory
DNA and glucocorticosteroids to treat allergen-induced air-
way inflammation in mice (5). Does the use of immunostim-
ulatory DNA make sense for asthma treatment?

Immunostimulatory Effects of CpG DNA

For more than a century it has been known that bacterial
extracts have immunostimulatory effects that can be used
to fight disease. Important work over the past 10 years by
a number of investigators has proven that many of these
effects are mediated by unmethylated CpG dinucleotides
in the DNA of bacteria (6-9). CpG dinucleotides are com-
mon in bacterial genomes, occurring at the expected fre-
quency of ~ 1 in 16 dinucleotides, and less than 5% of the
cytosines in these dinucleotides are methylated. In contrast,
CpG dinucleotides are greatly underrepresented in verte-
brate genomes, occurring at a frequency of ~ 1 in 125
dinucleotides, and 70-90% of the cytosines in these dinucle-
otides are methylated, which greatly diminishes their immu-
nostimulatory effects (7, 10). Moreover, the sequences
flanking CpG dinucleotides are not random in vertebrates
or bacteria, and can dramatically impact the immunostimu-
latory activity of the DNA sequence. In general, strong im-
munostimulatory effects are elicited by unmethylated CpG
sequences within a palindromic hexamer that follows the
formula 5'-R;R,CGY,Y,-3’, where R, is a purine (prefer-
ence for G), R, is a purine or T, and Y, and Y, are pyrimi-
dines (e.g., 5'-GACGTC-3', 5'-AGCGCT-3’, and 5'-AAC
GTT-3') (8, 11). In vertebrates, the most common 5’ flank-
ing base is C and the most common 3’ flanking base is a
G, which produces a sequence that does not evoke a strong
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Figure 1. Immunomodulatory ef-
fects of CpG DNA. Allergen is
presented by dendritic cells to
CD4* Ty0 lymphocytes and may
result in their differentiation into
Ty2 cytokine-producing cells. In-
terleukin (IL)-4, IL-13, and IL-5
regulate the asthmatic response.
IL-4 directs the growth and dif-
ferentiation of T cells toward a
Tyx2 cytokine profile. 1L-4 and
IL-13 regulate the synthesis of
IgE by B cells. IL-5 regulates the
differentiation and egress of eo-
sinophils from the bone marrow
into the blood. Tissue eosino-
phils and activated mast cells re-
lease a variety of inflammatory
mediators that increase mucus
production, airway edema, and
smooth muscle contraction. In
general, CpG DNA elicits Tyl-
biased immune responses that
prevent or reverse Ty2-mediated
inflammation. CpG DNA acti-
vated pathways and critical me-
diator are shown in bold. CpG
DNA-inhibited pathways are
shown with dashed lines. 1SS-

Eicosanoids ~
Granule proteins
» Oqradicals
Others

ODN increase production of Tyl

cytokines interleukin (IL)-12, IL-18, interferon-y, and IL-6, and decreased production of T2 cytokines IL-4 and IL-5. T cells are
inactivated by increased production of anti-inflammatory cytokines IL-10 and TGF-B1 by dendritic and T regulatory (Tr) cells. B-cells
proliferate and produce IgG2 antibody. Natural killer (NK) cells are activated by IL-12 and IL-18. Modified from Ref. 4 with permission.

immunostimulatory effect and may actually antagonize the
effects of more potent immunostimulatory sequences (7, 12).
It has been hypothesized that evolutionary forces have sup-
pressed immunostimulatory motifs in the genomic DNA of
vertebrates so that PRR can more effectively distinguish
endogenous DNA from the DNA of foreign invaders. It is
also likely that evolutionary forces have suppressed immu-
nostimulatory motifs in certain pathogens to avoid their
detection and elimination (13).

The immunostimulatory effects of bacterial DNA can be
reproduced in vivo by synthetic oligodeoxynucleotides (ODN)
containing unmethylated CpG dinucleotides, so-called im-
munostimulatory sequence-ODN (ISS-ODN). The effects
of ISS-ODN on the immune system depend on the specific
sequence, animal species, dose, time course, and route of de-
livery, so generalizations must be made with care. For exam-
ple, the sequence GACGTT activates innate immune cells of
the mouse much more efficiently than similar cells from hu-
mans (9). The sequence, GTCGTT confers optimal immu-
nostimulatory effects in human cells (14). Some of the dif-
ferences in response to ISS-ODN variants between species
appear to be caused by genetically determined toll-like re-
ceptor 9 (TLRY) sequence-binding selectivity (15). Chemi-
cal modifications are being systematically incorporated into
ISS-ODN to design second generation reagents with more
potent anti-inflammatory effects and less potential for ad-
verse reactions (16).

In general, ISS-ODN elicit Ty;1-biased immune responses

in mammals that may prevent and reverse Ty2-mediated in-
flammation associated with asthma and other allergic dis-
ease. CpG DNA directly activates dendritic cells and B-cells
that express TLRY, a transmembrane receptor that binds
CpG DNA and transduces its immunostimulatory effects
(17-19), and indirectly activates other cells of the immune
system such as T cells, NK cells, and neutrophils, by altering
the expression of specific cytokines, receptors, costimula-
tory molecules, and adhesion molecules. Figure 1 is a simpli-
fied scheme of how these immunostimulatory events may
block or reverse the Ty;2-mediated inflammation associated
with asthma and other allergic disease. A detailed discussion
of these complex immunomodulatory effects is beyond the
scope of this Perspective. Comprehensive reviews of the ef-
fects of CpG DNA on the immune system are available
(7, 19).

ISS-ODN Therapy for Airway Inflammation:
Animal Models

Ikeda and colleagues, as well as others, have shown that
ISS-ODN treatment decreases eosinophilic airway inflam-
mation, blood and bone marrow eosinophilia, IgE levels, T2
cytokine expression (interleukin [IL]-5), and airway hyper-
responsiveness, and increases the expression of Tyl cyto-
kines (interferon-vy, IL-12) and anti-inflammatory cytokines
(TGF-B1) (5, 20-25). It has also been shown that ISS-ODN
attenuate allergen-induced airway remodeling in mice as
manifested by decreased subepithelial collagen deposition
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and goblet cell metaplasia (26). ISS-ODN may be effective
in the context of airway inflammation caused by infectious
agents. Administration of ISS-ODN before respiratory syn-
cytial virus infection inhibited viral replication, airway in-
flammation, and mucus secretion, but not airway hyper-
responsiveness (27). The minor inconsistencies in some of
the many studies examining the role of ISS-ODN in airway
inflammation may be due to differences in the mouse strain
and allergen studied, specific ISS-ODN sequence, and tim-
ing, frequency, and route of administration.

ISS-ODN have an effect in animal models similar to those
observed with asthma treatments in current use (28, 29).
For example, one treatment of ISS-ODN was as effective
as seven daily injections of dexamethasone in protecting
sensitized mice from inflammation with nebulized allergen
challenge (23). Ikeda and colleagues have now shown that
the combination of ISS-ODN and corticosteroid is more
effective at treating established inflammation than either
agent alone and discuss some of the distinct and shared
anti-inflammatory pathways by which these agents mediate
their effects (5). On the downside, the effects of ISS-ODN
therapy appear to be transient, suggesting that optimal ISS-
ODN therapy may require repeat administrations (20). The
combination of ISS-ODN with allergen in the form of aller-
gen-ISS conjugates may offer longer-lasting and allergen-
specific protection (30).

ISS-ODN Therapy for Asthma: Will It Work?

ISS-ODN are just beginning to be tested in human asthma.
If the murine models are a true beacon, we may find that
this form of immunotherapy can decrease many of the in-
flammatory effects characteristic of human asthma. Al-
though ISS-ODN treatment may be better than eating dirt
as a way to keep our immune system in balance (2), it
makes sense to be concerned about the effects of too much
immune suppression or too marked a skew toward the Tyl
phenotype. Phase 1 clinical trials suggest that ISS-ODN are
well tolerated in humans, but long-term effects are unknown
(7,31). In a choice between autoimmune hepatitis or diabe-
tes and asthma, most people would choose asthma.
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