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Innate Immunity and the Hygiene Hypothesis forming growth factor-�1 (TGF-�1) from T regulatory (Tr)
cells and antigen-presenting cells (4). The “hygiene hypoth-The innate immune system provides an early line of defense
esis” predicts that asthma is increasing in highly developedagainst infection by recognizing and processing evolution-
regions of the world because of decreased exposure to PAMParily conserved structural motifs, so-called “pathogen-asso-
in affluent settings and disturbing the homeostasis of a hu-ciated molecular patterns (PAMP),” on bacteria, viruses,
man immune system that has evolved to fight infection. Isand other invading pathogens and responding to these “dan-
there a way, other than exposure to childhood disease, toger signals” by priming the adaptive immune system for
keep the immune system in balance?appropriate action. Macrophages, dendritic cells, and other

One way of modifying immune responses is to use immu-cells of the innate immune system lack the highly-specific
nostimulatory DNA; these are specific DNA sequences thatantigen receptors of T cells and B cells of the adaptive im-

mune system, but can recognize these foreign motifs by a have been shown by several groups to be effective in the pre-
limited number of germline-encoded “pattern recognition vention and treatment of allergen-induced airway inflamma-
receptors (PRRs).” The binding of PAMP to PRR can en- tion in animals, and may have a role in the prevention and
hance phagocytosis, cell proliferation, and cytokine expres- treatment of asthma. In this issue of the AJRCMB, Ikeda
sion, and may have profound and long-lasting immunostim- and colleagues compared the ability of immunostimulatory
ulatory effects. These effects are essential for the elimination DNA and glucocorticosteroids to treat allergen-induced air-
of infectious organisms, but may also be important for im- way inflammation in mice (5). Does the use of immunostim-
mune system development and homeostasis (1). ulatory DNA make sense for asthma treatment?

In the absence of early life PAMP stimulation, immune
balance may be upset and individuals may be susceptible to Immunostimulatory Effects of CpG DNA
the development of disease reflecting a skewing of the im-

For more than a century it has been known that bacterialmune system toward the T-helper type 2 (TH2) phenotype.
extracts have immunostimulatory effects that can be usedThis concept, known as the “hygiene hypothesis,” is thought
to fight disease. Important work over the past 10 years byto be a major reason for the dramatic increase in asthma
a number of investigators has proven that many of theseprevalence in Western countries over the past 40 years (2–4).
effects are mediated by unmethylated CpG dinucleotidesThe developing immune system of humans has a TH2 bias
in the DNA of bacteria (6–9). CpG dinucleotides are com-in utero and in early life that gradually diminishes over time
mon in bacterial genomes, occurring at the expected fre-in individuals without asthma. Exposure to PAMP during
quency of � 1 in 16 dinucleotides, and less than 5% of thechildhood infections may provide a TH1 stimulus that dimin-
cytosines in these dinucleotides are methylated. In contrast,ishes TH2 responses and the likelihood of developing asthma.
CpG dinucleotides are greatly underrepresented in verte-Furthermore, exposure to PAMP may dampen both TH1

and TH2 immune responses by increasing the expression of brate genomes, occurring at a frequency of � 1 in 125
anti-inflammatory cytokines such as interleukin-10 and trans- 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

(Received in original form April 2, 2003) flanking CpG dinucleotides are not random in vertebrates
Address correspondence to: Eric S. Silverman, M.D., Physiology Program, or bacteria, and can dramatically impact the immunostimu-
Department of Environmental Health, Harvard School of Public Health, latory activity of the DNA sequence. In general, strong im-
665 Huntington Avenue, Boston, MA 02115-6021. E-mail: esilverm@

munostimulatory effects are elicited by unmethylated CpGHSPH.harvard.edu
sequences within a palindromic hexamer that follows theAbbreviations: interleukin, IL; immunostimulatory sequence-ODN, ISS-
formula 5�-R1R2CGY1Y2-3�, where R1 is a purine (prefer-ODN; natural killer, NK; oligodeoxynucleotides, ODN; pathogen-associ-

ated molecular patterns, PAMP; pattern recognition receptors, PRRs; trans- ence for G), R2 is a purine or T, and Y1 and Y2 are pyrimi-
forming-growth factor-�1, TGF-�1; T helper, TH; toll-like receptor 9, TLR9; dines (e.g., 5�-GACGTC-3�, 5�-AGCGCT-3�, and 5�-AAC
T regulatory, Tr. GTT-3�) (8, 11). In vertebrates, the most common 5� flank-
Am. J. Respir. Cell Mol. Biol. Vol. 28, pp. 645–647, 2003 ing base is C and the most common 3� flanking base is aDOI: 10.1165/rcmb.F268
Internet address: www.atsjournals.org G, which produces a sequence that does not evoke a strong



646 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 28 2003

Figure 1. Immunomodulatory ef-
fects of CpG DNA. Allergen is
presented by dendritic cells to
CD4� TH0 lymphocytes and may
result in their differentiation into
TH2 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
TH2 cytokine profile. IL-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 TH1-
biased immune responses that
prevent or reverse TH2-mediated
inflammation. CpG DNA acti-
vated pathways and critical me-
diator are shown in bold. CpG
DNA-inhibited pathways are
shown with dashed lines. ISS-
ODN increase production of TH1

cytokines interleukin (IL)-12, IL-18, interferon-�, and IL-6, and decreased production of TH2 cytokines IL-4 and IL-5. T cells are
inactivated by increased production of anti-inflammatory cytokines IL-10 and TGF-�1 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 in mammals that may prevent and reverse TH2-mediated in-
flammation associated with asthma and other allergic dis-effects of more potent immunostimulatory sequences (7, 12).

It has been hypothesized that evolutionary forces have sup- ease. CpG DNA directly activates dendritic cells and B-cells
that express TLR9, a transmembrane receptor that bindspressed immunostimulatory motifs in the genomic DNA of

vertebrates so that PRR can more effectively distinguish CpG DNA and transduces its immunostimulatory effects
(17–19), and indirectly activates other cells of the immuneendogenous DNA from the DNA of foreign invaders. It is

also likely that evolutionary forces have suppressed immu- system such as T cells, NK cells, and neutrophils, by altering
the expression of specific cytokines, receptors, costimula-nostimulatory motifs in certain pathogens to avoid their
tory molecules, and adhesion molecules. Figure 1 is a simpli-detection and elimination (13).
fied scheme of how these immunostimulatory events mayThe immunostimulatory effects of bacterial DNA can be
block or reverse the TH2-mediated inflammation associatedreproduced in vivo by synthetic oligodeoxynucleotides (ODN)
with asthma and other allergic disease. A detailed discussioncontaining unmethylated CpG dinucleotides, so-called im-
of these complex immunomodulatory effects is beyond themunostimulatory sequence-ODN (ISS-ODN). The effects
scope of this Perspective. Comprehensive reviews of the ef-of ISS-ODN on the immune system depend on the specific
fects of CpG DNA on the immune system are availablesequence, animal species, dose, time course, and route of de-
(7, 19).livery, so generalizations must be made with care. For exam-

ple, the sequence GACGTT activates innate immune cells of
ISS-ODN Therapy for Airway Inflammation:the mouse much more efficiently than similar cells from hu-
Animal Modelsmans (9). The sequence, GTCGTT confers optimal immu-

nostimulatory effects in human cells (14). Some of the dif- Ikeda and colleagues, as well as others, have shown that
ferences in response to ISS-ODN variants between species ISS-ODN treatment decreases eosinophilic airway inflam-
appear to be caused by genetically determined toll-like re- mation, blood and bone marrow eosinophilia, IgE levels, TH2
ceptor 9 (TLR9) sequence-binding selectivity (15). Chemi- cytokine expression (interleukin [IL]-5), and airway hyper-
cal modifications are being systematically incorporated into responsiveness, and increases the expression of TH1 cyto-
ISS-ODN to design second generation reagents with more kines (interferon-�, IL-12) and anti-inflammatory cytokines
potent anti-inflammatory effects and less potential for ad- (TGF-�1) (5, 20–25). It has also been shown that ISS-ODN
verse reactions (16). attenuate allergen-induced airway remodeling in mice as

manifested by decreased subepithelial collagen depositionIn general, ISS-ODN elicit TH1-biased immune responses
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DNA-based immunotherapeutics for the treatment of allergic disease.and goblet cell metaplasia (26). ISS-ODN may be effective
Immunol. Rev. 179:102–118.

in the context of airway inflammation caused by infectious 9. 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 motifs inagents. Administration of ISS-ODN before respiratory syn-
bacterial DNA trigger direct B-cell activation. Nature 374:546–549.cytial virus infection inhibited viral replication, airway in- 10. Lander, E. S., L. M. Linton, B. Birren, C. Nusbaum, M. C. Zody, J. Baldwin,

flammation, and mucus secretion, but not airway hyper- K. Devon, K. Dewar, M. Doyle, W. FitzHugh, R. Funke, D. Gage, K.
Harris, A. Heaford, J. Howland, et al. 2001. Initial sequencing and analysisresponsiveness (27). The minor inconsistencies in some of
of the human genome. Nature 409:860–921.the many studies examining the role of ISS-ODN in airway 11. Yamamoto, S., T. Yamamoto, T. Kataoka, E. Kuramoto, O. Yano, and
T. Tokunaga. 1992. Unique palindromic sequences in synthetic oligonu-inflammation may be due to differences in the mouse strain
cleotides are required to induce IFN and augment IFN-mediated naturaland allergen studied, specific ISS-ODN sequence, and tim-
killer activity. J. Immunol. 148:4072–4076.

ing, frequency, and route of administration. 12. Krieg, A. M., T. Wu, R. Weeratna, S. M. Efler, L. Love-Homan, L. Yang,
A. K. Yi, D. Short, and H. L. Davis. 1998. Sequence motifs in adenoviralISS-ODN have an effect in animal models similar to those
DNA block immune activation by stimulatory CpG motifs. Proc. Natl.observed with asthma treatments in current use (28, 29). Acad. Sci. USA 95:12631–12636.

For example, one treatment of ISS-ODN was as effective 13. Karlin, S., W. Doerfler, and L. R. Cardon. 1994. Why is CpG suppressed in
the genomes of virtually all small eukaryotic viruses but not in those ofas seven daily injections of dexamethasone in protecting
large eukaryotic viruses? J. Virol. 68:2889–2897.sensitized mice from inflammation with nebulized allergen 14. Hartmann, G., and A. M. Krieg. 2000. Mechanism and function of a newly
identified CpG DNA motif in human primary B cells. J. Immunol. 164:challenge (23). Ikeda and colleagues have now shown that
944–953.the combination of ISS-ODN and corticosteroid is more

15. Bauer, S., C. J. Kirschning, H. Hacker, V. Redecke, S. Hausmann, S. Akira,
effective at treating established inflammation than either H. Wagner, and G. B. Lipford. 2001. Human TLR9 confers responsiveness

to bacterial DNA via species-specific CpG motif recognition. Proc. Natl.agent alone and discuss some of the distinct and shared
Acad. Sci. USA 98:9237–9242.anti-inflammatory pathways by which these agents mediate 16. Agrawal, S., and E. R. Kandimalla. 2002. Medicinal chemistry and therapeu-

their effects (5). On the downside, the effects of ISS-ODN tic potential of CpG DNA. Trends Mol. Med. 8:114–121.
17. Hemmi, H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M. Matsu-therapy appear to be transient, suggesting that optimal ISS-

moto, K. Hoshino, H. Wagner, K. Takeda, and S. Akira. 2000. A Toll-ODN therapy may require repeat administrations (20). The like receptor recognizes bacterial DNA. Nature 408:740–745.
18. Wagner, H. 2002. Interactions between bacterial CpG-DNA and TLR9combination of ISS-ODN with allergen in the form of aller-

bridge innate and adaptive immunity. Curr. Opin. Microbiol. 5:62–69.gen-ISS conjugates may offer longer-lasting and allergen-
19. Ashkar, A. A., and K. L. Rosenthal. 2002. Toll-like receptor 9, CpG DNA

specific protection (30). and innate immunity. Curr. Mol. Med. 2:545–556.
20. Broide, D. H., G. Stachnick, D. Castaneda, J. Nayar, M. Miller, J. Y. Cho,

M. Roman, J. Zubeldia, T. Hayashi, E. Raz, and T. Hyashi. 2001. SystemicISS-ODN Therapy for Asthma: Will It Work? administration of immunostimulatory DNA sequences mediates revers-
ible inhibition of Th2 responses in a mouse model of asthma. J. Clin.ISS-ODN are just beginning to be tested in human asthma.
Immunol. 21:175–182.

If the murine models are a true beacon, we may find that 21. Choudhury, B. K., J. S. Wild, R. Alam, D. M. Klinman, I. Boldogh, N.
Dharajiya, W. J. Mileski, and S. Sur. 2002. In vivo role of p38 mitogen-this form of immunotherapy can decrease many of the in-
activated protein kinase in mediating the anti-inflammatory effects offlammatory effects characteristic of human asthma. Al- CpG oligodeoxynucleotide in murine asthma. J. Immunol. 169:5955–5961.

though ISS-ODN treatment may be better than eating dirt 22. 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 modelas a way to keep our immune system in balance (2), it
of asthma by CpG oligodeoxynucleotides. J. Immunol. 162:6284–6293.

makes sense to be concerned about the effects of too much 23. Broide, D., J. Schwarze, H. Tighe, T. Gifford, M. D. Nguyen, S. Malek, J.
Van Uden, E. Martin-Orozco, E. W. Gelfand, and E. Raz. 1998. Immuno-immune suppression or too marked a skew toward the TH1
stimulatory DNA sequences inhibit IL-5, eosinophilic inflammation, andphenotype. Phase 1 clinical trials suggest that ISS-ODN are airway hyperresponsiveness in mice. J. Immunol. 161:7054–7062.

well tolerated in humans, but long-term effects are unknown 24. 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(7, 31). In a choice between autoimmune hepatitis or diabe-
by CpG oligodeoxynucleotides in a murine model of asthma. J. Immunol.

tes and asthma, most people would choose asthma. 160:2555–2559.
25. Santeliz, J. V., G. Van Nest, P. Traquina, E. Larsen, and M. Wills-Karp.
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