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DNA-based immunotherapy to treat
atopic disease
Ephraim L. Tsalik, MD, PhD

Objective: To review the current literature regarding DNA-based immunotherapy with respect to signaling mechanisms,
cytokine profiles, and the applicability and success of this strategy to treat allergic disease.

Data Sources: English-language articles were identified from the PubMed database using both standard and clinical queries.
Search terms included CpG, allergy, atopic disease, immunotherapy, DNA vaccination, immunomodulation, and immunostimu-
latory DNA. Other sources included bibliographies from relevant articles.

Study Selection: Recent studies that provide information about the mechanisms or applications of DNA-based immunotherapy
with respect to atopic disease are included in this review.

Results: DNA-based immunotherapy composed of unmethylated CpG repeats is capable of inducing a shift in the cytokine
profile and immune response that favors the TH1 arm. This observation makes DNA-based immunotherapy a promising candidate
for the treatment of atopic diseases, which are known to be mediated by TH2-based responses. Early animal and human trials of
DNA-based immunotherapy have shown the strategy to be both safe and effective.

Conclusions: DNA-based immunotherapy, although still in the early stages of development, has thus far been shown to be
both safe and effective for a variety of atopic diseases and offers the potential for significant improvements over current
immunotherapy protocols.
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INTRODUCTION
DNA vaccination is an emerging technology with tremendous
potential applications not restricted to those of classic vac-
cines. Since it is still in its infancy, much is unknown about
DNA vaccination, including the mechanisms of protection,
ideal delivery methods, and possible adverse effects. How-
ever, numerous laboratories have made substantial progress
in elucidating not only these facets but more importantly how
the technology can be used to treat a multitude of diseases.
Two components are necessary for any vaccine to stimulate
the desired immune response. The first is a nonspecific com-

ponent that acts as an adjuvant, which stimulates the immune
system to react to the vaccine. The second is the specific
component, which directs the immune system to create an
antigen-specific response. In the case of DNA vaccination,
the nonspecific component is provided by unmethylated CpG
repeats in the DNA, acting as a powerful adjuvant. The part
of the vaccine that generates antigen specificity can come
from a number of sources. Some proven methods include
antigen covalently complexed to the DNA, antigen given in
parallel to the DNA adjuvant, and, perhaps most intriguing,
the DNA vaccine itself, which contains a gene whose protein
product serves as the antigen.

This review highlights the mechanisms by which unmeth-
ylated CpG repeats induce a TH1-biased immune response.
Specifically, signal transduction mechanisms and cytokine
elaboration are discussed. Different approaches to delivering
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the antigenic component of DNA-based immunotherapy are
also addressed. Finally, the evidence that supports the effi-
cacy and safety of DNA-based immunotherapy in the treat-
ment of atopic disease is discussed.

English-language articles were identified from the PubMed
database using both standard and clinical queries. Search
terms included CpG, allergy, atopic disease, immunotherapy,
DNA vaccination, immunomodulation, and immunostimula-
tory DNA. Other sources included bibliographies from rele-
vant articles. Recent studies that provide information about
the mechanisms or applications of DNA-based immunother-
apy with respect to atopic disease are included in this review.

CpG-INDUCED SIGNAL TRANSDUCTION
The immunogenicity of bacterial DNA was first discovered in
an attempt to isolate the active component within Mycobac-
terium bovis bacillus Calmette-Guérin, an agent used for its
antitumor activity.1 Although vertebrate DNA could not elicit
an immune response, bacterial DNA was shown to activate
natural killer cells, induce interferon-� (IFN-�), and activate
B-cell proliferation and immunoglobulin secretion.1–4 Krieg
et al5 later showed that unmethylated CpG dinucleotide re-
peats present in bacterial but not vertebrate DNA were the
minimal components necessary to account for the observa-
tions. Many studies have now shown that stretches of un-
methylated CpG dinucleotide repeats, typically found in bac-
terial DNA, function as efficient stimulators of innate
immunity by signaling the presence of pathogens. For this to
occur, our immune systems must have mechanisms for dis-
tinguishing self DNA from foreign DNA, as well as the
appropriate signal transduction machinery. On the matter of
distinction, human CpG motifs are generally highly methyl-
ated at the cytosine nucleotide and statistically underrepre-
sented in the genome.6 Consistent with this hypothesis, if
bacterial DNA is methylated it loses its immunogenicity.5

Although no receptors have been identified that recognize
DNA in a sequence-specific manner, there is a family of
pattern recognition receptors that includes the toll-like recep-
tors (TLRs).7,8 The ligands for the 10 known TLRs include a
variety of microbial molecules, such as lipoproteins and pep-
tidoglycan recognized by TLR-2, lipopolysaccharide by
TLR-4, and CpG DNA by TLR-9.9–12

During the past few years, a substantial amount of data
have been gathered regarding CpG-induced signal transduc-
tion pathways. DNA uptake into the cell by endocytosis is
required.13–16 On endosomal maturation, CpG DNA interacts
with its intracellular receptor, TLR-9, which then interacts
with the adaptor protein, MyD88 (Fig 1).12,17,18 Within several
minutes multiple intracellular signaling cascades are acti-
vated, including the MAP kinases, p38, and JNK1/2, leading
to AP-1–mediated transcription of target genes.15,16 MyD88
also interacts with IRAK and TRAF6 to activate IKK, which
in turn activates NF-�B.19,20 NF-�B then translocates to the
nucleus, where it mediates transcriptional activation of target
proinflammatory genes, such as tumor necrosis factor �
(TNF-�), interleukin (IL) 12, and CD40.16

The effects of CpG on mediators of the immune response
vary, depending on the target cell. CpG acts as a potent
T-cell–independent, B-cell mitogen.5 These activated B cells
are induced to secrete IL-6, IL-10, and immunoglobulin and
to express a number of antiapoptotic proteins, costimulatory
molecules, and proinflammatory chemokines.21–25 Of note is
that the immune response is not generated against the adju-
vant DNA but to the antigen delivered with it. CpG DNA also
has direct stimulatory effects on monocytes, macrophages,
and dendritic cells, which are induced to secrete IL-12,
TNF-�, and IL-6 and up-regulate the expression of the co-
stimulatory molecule B7.2 (Fig 2).26–28 Macrophage-secreted

Figure 1. Toll-like receptor (TLR) signaling pathway. CpG DNA under-
goes endocytosis and on vesicle maturation/acidification interacts with
TLR-9, whose cytoplasmic portion associates with the adaptor protein,
MyD88. IRAK is then recruited to the receptor-adaptor complex, where it in
turn activates TRAF6. Through some additional downstream proteins such as
TAK-1 (not shown), the complex then activates a number of downstream
effectors, including the p38 and JNK1/2 MAP kinases and the I�B kinase
complex (IKK�, IKK�, and IKK�). Subsequently, AP-1 and NF-�B are
activated and translocate to the nucleus to promote the transcriptional acti-
vation of proinflammatory genes.

404 ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY



IL-12 is capable of activating natural killer cells to have
increased lytic ability and to secrete IFN-�.27,29,30 Similarly, T
cells are indirectly activated by the cytokine environment.31,32

The cytokines produced by dendritic cells on CpG activation
act as potent inducers of a TH1 cell fate.26,28,33,34 Consequently,
DNA vaccines do not generally induce TH0 cells to adopt a
TH2 fate. Interestingly, as the concentration of delivered CpG
immunostimulatory DNA is increased, there appears to be an
alteration in the generated immune response. On the admin-
istration of moderate concentrations of CpG DNA, the induc-
tion of TH1 cytokines is heavily favored.35 However, at high
concentrations of administered CpG DNA, the primary effect
is to suppress TH2 cytokines. Since IL-10 has the ability to
suppress the differentiation of both TH1 and TH2 cells, it is
believed that this differential effect of CpG DNA based on
the concentration administered is a result of the dose-depen-
dent induction of IL-10.36,37 The importance of IL-10–medi-
ated suppression as opposed to TH1 cytokine elaboration on
the protective effects of DNA-based immunotherapy in the
treatment of atopic disease has yet to be determined.

ANTIGEN SPECIFICITY
These properties of bacterial DNA vaccination, as already
mentioned, are not antigen specific. The adjuvant properties
of CpG oligonucleotide DNA will enhance the immune re-
sponse to whatever antigen is delivered with it. Traditionally,
the antigenic component of vaccines has not been supplied by

DNA. Instead, the antigen itself, whether peptide or polysac-
charide, has imparted specificity to the immune response.
Some other ways of providing specificity to DNA-based
immunotherapy include providing the allergen in parallel to
the CpG DNA, in which case the 2 components are not
covalently linked. Alternatively, the CpG DNA can be co-
valently conjugated to the allergen, which has been shown to
increase efficacy perhaps by delivering the adjuvant and
antigen to the same antigen-presenting cell population.38–42

These allergen-DNA conjugates have also been shown to be
less allergenic, decreasing the risk of anaphylaxis. Perhaps
the most intriguing and efficient way to provide specificity to
the DNA vaccine is to have the gene that encodes the antigen
itself serve as both the adjuvant and the antigen. Compared
with what is known about CpG biology, far less is certain
regarding how genes present in a vaccine can be transcribed
and translated and have the protein product function as a
specific immunogen. Briefly, what is suspected is that DNA
injected into muscle is taken up by muscle cells.43–45 It is then
expressed and the product secreted. Antigen-presenting cells
in the draining lymph nodes take up the antigen and present
it in association with major histocompatibility complex II to
T cells. B cells also interact with the antigen, stimulating the
humoral arm of the immune response.46,47 This process would
be enhanced and directed by the immune stimulating effects
of the CpG adjuvant inherent to the DNA vaccine. With
respect to allergy immunotherapy, this option offers great
utility, because plasmids that express the antigen of interest
can be easily generated with recombinant techniques, can be
stored indefinitely, and provide all necessary components of
the treatment in one molecule. A more comprehensive dis-
cussion of the mechanisms underlying plasmid DNA uptake,
expression, and immunogenicity is beyond the scope of this
review. For additional information, several recent reviews are
available on these topics.48–50

PRINCIPLES OF DNA-BASED IMMUNOTHERAPY
IN ATOPIC DISEASE
One of the primary reasons why DNA-based immunotherapy
is so appealing is its ability to direct the immune reaction
toward a TH1 response as traditional immunotherapy does.
The reason this is so advantageous is based on numerous lines
of evidence that indicate that atopic diseases, such as atopic
asthma, allergic rhinitis, and allergic conjunctivitis, are me-
diated by TH2 cells and TH2-elaborated cytokines.51,52 Fur-
thermore, insect allergy and food allergy are also amenable to
DNA-based immunotherapy for similar reasons. The cyto-
kines that have been shown to play important roles in the
development and persistence of an allergic state include IL-4,
IL-5, and IL-13, which are elaborated in a TH2-biased re-
sponse.51,52 In addition, there appears to be a relative decrease
in IL-10 action, which normally acts to down-regulate both
TH1 and TH2 responses. Numerous lines of evidence in mouse
models suggest that altering the biology of these cytokines
can affect the allergic process. In light of the roles TH2-
elaborated cytokines play in atopic disease, many efforts have

Figure 2. CpG oligostimulatory DNA induces shifts in the immune
response. A, In atopic disease, the immune response is set up to favor the
development of TH2 cells. On allergen presentation, components of the innate
immune system, such as dendritic cells (DCs), take up the antigen (Ag) and
present it to naı̈ve T cells (TH0 cells), which are biased to develop into TH2
cells in allergic individuals. On allergen reexposure (dotted line), these TH2
cells trigger a cascade of events that lead to allergic symptoms. Mediators
such as interleukin (IL) 4, IL-5, and IL-13 stimulate B-cell maturation with
IgE production, mast cell activation, and eosinophil migration. B, In the
presence of CpG oligostimulatory DNA sequences, cytokines such as IL-12,
IL-6, and tumor necrosis factor � (TNF-�) are released by the DCs, which
favor the maturation of naı̈ve T cells into TH1 cells. Consequently, there is a
decrease in allergic symptoms. MHCII indicates major histocompatibility
complex II.
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been made at altering their biology, although with limited
results. Inhibiting IL-4 action in a mouse model of asthma
failed to improve atopic inflammation and airway hyperre-
sponsiveness.53,54 This lack of efficacy was also noted in a
double-blind, placebo-controlled trial of nebulized IL-4.55 In
similar asthma models, IL-5 neutralization reversed airway
eosinophilia but did not affect airway hyperresponsiveness.56

Furthermore, a clinical trial of anti–IL-5 antibodies similarly
reduced airway eosinophilia but had no effect on airway
hyperresponsiveness.57 Better results have been observed
with IL-13 inhibition using a soluble IL-13R�2-IgG fusion
protein.58 Specifically, airway hyperresponsiveness, eosino-
philia, and mucous secretion were improved, although the
early asthmatic response was unchanged. Rather than inhib-
iting TH2-elaborated cytokines, increasing the levels of TH1-
elaborated cytokines has also been attempted and resulted in
limited success. For example, a clinical trial of subcutaneous
IL-12 administration in mild asthmatic patients demonstrated
a decrease in eosinophilia but no significant improvement in
the early or late asthmatic responses.59 Of note, flu-like symp-
toms were experienced by most of the 19 participants who
received IL-12 therapy. Four of these individuals withdrew
from the study for reasons such as cardiac arrhythmias,
abnormal liver function test results, and severe flu-like symp-
toms.

Based on such evidence, it appears that altering any single
cytokine is unlikely to effectively treat atopic disease. This is
logical, since the development, persistence, and manifesta-
tions of atopic disease are mediated by a multitude of cells,
cytokines, chemokines, and other effectors. Given this fact,
perhaps the most successful approach to treating the immu-
nologic basis of atopic diseases is to alter the entire immune
response. This is the mechanism by which both conventional
and DNA-based immunotherapy have been proven to work.
Therefore, CpG oligonucleotide administration, which can
alter this TH2-biased response in addition to up-regulating
IL-10, is a prime candidate to treat the immunologic imbal-
ance observed in allergy. As a demonstration of its efficacy,
a number of studies have been performed in both mice and
humans, indicating that DNA-based immunotherapy is not
only safe but highly effective in converting the TH2 allergic
response to a nonpathologic TH1 response. Specifically, CpG
DNA has been shown to inhibit IL-4, IL-5,42,60–64 and IL-13.65

Not only is CpG DNA capable of biasing toward a TH1
response, but depending on the dose of administered DNA, it
can also favor an increase in IL-10 with a subsequent reduc-
tion in both TH1 and TH2 responses, with a parallel improve-
ment in allergic symptoms.35–37,62

ANIMAL STUDIES OF DNA-BASED
IMMUNOTHERAPY
Suggesting DNA-based immunotherapy can be used to pre-
vent the onset of symptoms in high-risk individuals, several
groups have demonstrated that CpG DNA administered be-
fore or concurrently with allergen sensitization can attenuate
the allergic response in mice.60,64,66,67 Specifically, Kline et

al60 sensitized mice in a model of atopic asthma and observed
airway hyperreactivity, elevated serum IgE levels, and airway
eosinophilia. If CpG immunostimulatory DNA was adminis-
tered at the time of sensitization, all of these typical asthma
characteristics were reduced in severity. Furthermore, TH2-
related cytokines, such as IL-4, were also reduced, whereas
TH1-related cytokines, such as IFN-� and IL-12, were up-
regulated. Similar results were obtained by other groups,
including Broide et al,63 who found that mucosal or systemic
administration of CpG DNA before antigen challenge re-
duced airway eosinophilia in a murine model of asthma
induced by ovalbumin. Sur et al64 and Shirota et al66 provided
additional support for the efficacy of mucosal administration
of CpG DNA in the prevention of asthma-related phenotypes
such as airway eosinophilia and airway hyperresponsiveness.
However, these studies primarily focused on the prevention
of asthma. In the clinical setting, clinicians are instead re-
sponsible for treating established asthma. To this end, DNA-
based immunotherapy has also demonstrated benefit in
mouse models of established asthma. Serebrisky et al65 ad-
ministered CpG DNA 24 hours after each of 2 antigen chal-
lenges with conalbumin. The treated mice were found to have
reduced antigen-specific IgE levels, airway eosinophilia, mu-
cous production, and airway hyperreactivity. These clinical
improvements correlated with increases in IFN-� levels and
decreases in IL-4, IL-5, and IL-13 levels. Santeliz et al68

produced similar improvements in a model of established
asthma in which CpG covalently conjugated to Amb a 1 was
administered intradermally twice at 1-week intervals to mice
previously sensitized and challenged with ragweed pollen
extract. A more extensive immunotherapy protocol was stud-
ied by Kline et al69 in which mice were sensitized to ovalbu-
min and 2 weeks later were treated with 4 biweekly intrader-
mal injections of CpG oligostimulatory DNA and/or
ovalbumin. Their findings were consistent with previous
work that showed that airway eosinophilia, IgE levels, airway
hyperreactivity, and levels of IL-5 were all reduced in con-
junction with an increase in IFN-� but only in those mice
treated with CpG and ovalbumin. Administration of either
CpG or ovalbumin alone did not result in clinical improve-
ment.

A significant benefit of DNA-based immunotherapy is
decreased allergenicity compared with allergen administra-
tion alone. Horner et al70 synthesized ovalbumin-DNA con-
jugates and compared them to ovalbumin mixed with CpG
DNA and ovalbumin alone. Compared with the ovalbumin-
DNA mixture and ovalbumin alone, the conjugate bound
significantly less to IgE- or to IgG-sensitized cells. Further-
more, induction of mast cell degranulation was significantly
lower with the conjugates than with ovalbumin, again sug-
gesting the conjugate is less allergenic. In particular, 100 ng
of one such ovalbumin-DNA conjugate induced the same
amount of mast cell degranulation as 1 ng of ovalbumin
alone. The authors demonstrated that death due to anaphy-
laxis in ovalbumin-immunized mice was significantly lower
when using the ovalbumin-DNA conjugate (17% and 0%
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mortality with 2 different constructs) compared with ovalbu-
min alone (100% mortality) or to an ovalbumin-DNA mixture
(100% mortality).

HUMAN STUDIES OF DNA-BASED
IMMUNOTHERAPY
As with many promising therapeutics developed in animal
models, translating these findings to humans is often wrought
with difficulty. However, several human studies have already
been performed that assess safety, tolerability, immunogenic-
ity, and efficacy of CpG DNA coupled to allergen, all of
which thus far suggest there is the potential for DNA-based
immunotherapy to become an alternative to current immuno-
therapy protocols. Using Amb a 1 conjugated to CpG DNA,
work by Creticos et al71,72 has demonstrated that the conjugate
is 185-fold less reactive than a standard ragweed extract and
therefore potentially safer and more tolerable to the patient.
Interestingly, a subsequent blinded study in which patients
were given a 6-dose regimen of the Amb a 1–DNA conjugate
or placebo demonstrated lasting clinical benefit even into the
following ragweed season with DNA-based immunothera-
py.73 After the 6-dose regimen, titers of anti–Amb a 1 IgG
were comparable to those from patients who received stan-
dard immunotherapy for more than 1 year.

Similar clinical and biochemical improvements were ob-
served in other clinical trials. Simons et al42 sought to deter-
mine whether DNA-based immunotherapy could redirect a
ragweed-specific TH2-biased response to a TH1-biased re-
sponse in human subjects with ragweed allergy. They admin-
istered 6 subcutaneous injections of placebo or Amb a 1
covalently conjugated to a 22-base-long CpG containing mo-
tif and quantified the immune responses to ragweed and other
unrelated antigens at 2 and 16 weeks after treatment. On
recall challenge, they found significant increases in IFN-�,
CXCL9, and CXCL10 and significant decreases in IL-5,
CCL17, and CCL22, indicating a shift had occurred toward a
TH1-biased response. Cytokine profiles in response to chal-
lenge with unrelated antigens were unchanged from pretreat-
ment levels, demonstrating the specificity of the immune
redirection. Also of note, there were no identifiable adverse
local or systemic reactions in those treated with the Amb a
1–DNA conjugate.

Despite these biochemical indicators of efficacy, it is the
clinical effects that are among the most important factors in
determining the success of a new therapy. Tulic et al74 used a
similar Amb a 1–immunostimulatory DNA conjugate to eval-
uate eosinophilia and cytokine messenger RNA (mRNA)
expression in the nasal mucosa of patients allergic to rag-
weed. However, they also measured clinical outcomes as a
result of the treatment. Twenty-eight patients received
weekly escalating doses of the Amb a 1–DNA conjugate,
whereas 29 control patients received placebo before the 2001
ragweed season. Although no difference was observed be-
tween the treatment and placebo groups in allergic symptoms
or medication use during the first ragweed season, the sub-
sequent ragweed season revealed a significant decrease in

chest symptoms and a trend toward reduced nasal symptoms
in the treatment group. This clinical improvement was mir-
rored by a significant reduction in eosinophils and IL-4
mRNA–positive cells and increased number of IFN-�
mRNA–positive cells compared with the placebo group. The
clinical and biochemical improvements observed in the
treated group during the 2002 ragweed season were the result
of only 6 injections given before the 2001 ragweed season.
Although these early studies are highly promising, more
investigative work must be performed into the optimal prep-
aration, dosing, delivery, and duration of DNA-based immu-
notherapy. Furthermore, the potential long-term adverse ef-
fects of this type of therapy have yet to be determined.

CONCLUSION
Still in the early stages of development, DNA vaccination has
proven itself in numerous animal studies. Models for prostate
cancer, breast cancer, melanoma, parasitic infections, tuber-
culosis, and viruses such as human immunodeficiency virus
and West Nile virus have all found protection from disease
following DNA vaccination.75–80 Disease states that result
from an insufficient immune response are clearly suitable to
therapy with DNA vaccination. However, it is less clear how
diseases of inappropriate immune responses such as allergy
could benefit. Nevertheless, early animal and human studies
of DNA vaccination as immunotherapy for atopic diseases
have shown promise and, in some cases, superiority to current
treatment standards.42,62,71–74 Undoubtedly, ongoing clinical
trials will either validate or refute the potential for DNA
vaccination as the new era in immunotherapy. Furthermore,
with so many permutations on how exactly to induce the best
clinical response, DNA-based immunotherapy will continue
to undergo refinements based on findings in the laboratory
and at the bedside.
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CME Examination
1–5, Tsalik EL. 2005;95:403-410.

CME Test Questions
1. What are the features that distinguish bacterial DNA

from vertebrate DNA with respect to its immuno-
genic potential?
a. bacterial DNA lacks histones
b. CpG repeats are statistically underrepresented in

human DNA
c. CpG islands in human DNA are more likely to be

found in inaccessible heterochromatin
d. CpG repeats in human DMA are methylated,

whereas bacterial repeats are not
e. a, b, and c
f. a and d
g. b and d

2. Which of the following was NOT discussed in this
review as a mechanism by which antigen specificity
can be imparted to DNA-based immunotherapy?
a. Covalent conjugation of the antigen to the CpG

immunostimulatory DNA
b. Administration of the antigen in parallel to the

CpG immunostimulatory DNA
c. Oral administration of the antigen
d. The CpG immunostimulatory DNA encodes itself
e. All of the above were discussed in this review

article
3. A dose dependence of CpG-mediated inhibition of

the allergic response has been demonstrated based on
differential induction of which of the following cy-
tokines?
a. Interleukin (IL) 1
b. IL-4

c. IL-5
d. IL-10
e. Tumor necrosis factor �
f. Interferon-� (IFN-�)

4. A number of animal studies have demonstrated the
effectiveness of CpG immunostimulatory DNA in
inhibiting the allergic response. Which of the follow-
ing cytokine changes was NOT associated with an
improvement in allergic symptoms after DNA-based
immunotherapy?
a. Decreases in levels of IL-4
b. Increases in levels of IL-5
c. Increases in levels of IL-12
d. Decreases in levels of IL-13
e. Increases in levels of IFN-�

5. Which of the following were observed in human
trials of CpG-allergen conjugates as noted in this
review?
a. Decreased eosinophilia in the nasal mucosa of

treated patients
b. Local or systemic side effects were the same as in

the placebo group
c. Significant improvements in allergic symptoms

within 1 month of therapy
d. Clinical improvements in symptoms observed in

the subsequent allergy season
e. a and b only
f. a and c only
g. a, b, and c only
h. All of the above

Answers found on page 451.
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