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Allergen immunotherapy, first introduced in the early part of the twentieth

century, remains a cornerstone of the practicing allergists’ approach to the

treatment of allergic respiratory diseases. It is comprised of a time-honored

approach that aims to modulate the immune response and attenuate or eliminate

symptoms through administration of increasing doses of an extract that is

comprised of the aeroallergens to which the patient is allergic. Controlled clinical

trials have demonstrated therapeutic efficacy and detailed the favorable im-

munologic changes associated with allergen immunotherapy for allergic rhinitis,

asthma, and venom sensitivity [1–7].

Despite its success, conventional immunotherapy is saddled with a number of

encumbrances. Impediments include the need for frequent dosing over years,

which impacts patient compliance; the need to administer a relatively large dose

of the immunizing agent to achieve control of symptoms; and the potential for

clinically significant allergic reactions to the treatment. Considerable effort has

been devoted to developing improved therapeutic vaccines for allergic diseases

to: (1) improve efficacy, (2) decrease the time required to achieve effect, (3) re-

duce inconvenience and improve compliance with immunization regimens, and

(4) enhance safety.

Recognizing that allergen dose is limited by the potential for systemic re-

actions to the respective allergens, efforts largely have been directed at decreasing
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the allergenicity (ie, the potential for inducing an allergic reaction) of the

immunizing antigens while preserving their immunogenicity (ie, the ability to

induce a beneficial immunologic response). Although various chemical modi-

fications of allergens have been attempted over the past several decades, the end

result has been that allergenicity and immunogenicity decreased or increased in

tandem, resulting in no improved risk–benefit ratio.

An allergenic vaccine that could reduce allergenicity, maintain immunoge-

nicity, and be given in a few doses would have important therapeutic impli-

cations, as millions of patients with poorly controlled allergic rhinitis and asthma

would be candidates for such a form of immunomodulation.

This article addresses a specific adjuvant approach to immunotherapy in which

highly active immunostimulatory phosphorothioate oligodeoxyribonucleotide

(ISS-ODN) moieties are linked to the principal allergenic moiety of a relevant

aeroallergen (eg, ragweed Amb a 1) [8,9]. This adjuvant approach may prove to

be highly effective at directing the immune response toward a more favorable

T helper cell type 1 (Th1) phenotypic expression to counterbalance the untoward

Th2-driven proinflammatory allergic process.
The allergic diathesis

To develop improved materials for immunotherapy, it is important to recognize

the pathophysiology that underpins the allergic diathesis. On allergen exposure,

susceptible individuals develop acute allergic responses that are indicative of IgE-

dependent mast cell activation, which results in the release of preformed chemicals

(histamine, various enzymes), newly generated inflammatory mediators of the

arachidonic acid pathway (leukotrienes, prostaglandins), and cytokine molecules

[10–12]. Tangential to this IgE-mediated allergic reaction, allergen also is pro-

cessed by antigen-presenting cells that are displayed in association with class II

human leukocyte antigen molecules and presented to T-lymphocytes. If appro-

priate, co-stimulatory signals are induced, resulting in T-cell activation, induction

of Th2 cell development, recruitment to the site of allergic inflammation, and

subsequent elaboration of proinflammatory cytokines (eg, interleukin 4 [IL-4],

IL-5, IL-13) [13–16]. These cytokines help to amplify and sustain the overall

response by regulating IgE synthesis, eosinophil survival, eosinophil migration,

and mucus production, resulting in airway inflammation. The identification of

transcription factors controlling Th1 and Th2 development further support this

overall hypothesis, in that GATA3 (Th2-associated) is overexpressed in the

asthmatic airway, whereas T-bet (Th1-associated) is underexpressed [17,18].
Mechanism of conventional immunotherapy

The authors’ allergy group at Johns Hopkins took an early lead in examining

the mechanisms by which allergen immunotherapy affects clinical improvement



P.S. Creticos et al / Immunol Allergy Clin N Am 24 (2004) 569–581 571
in patients with allergic disease. These studies demonstrated that immunization

initially resulted in production of IgG and IgE antibodies by antigen-specific

B cells. With continuing immunotherapy, IgG levels further increased and

plateaued, whereas antigen-specific IgE titers gradually declined toward pretreat-

ment levels and were not boosted by subsequent environmental exposure to the

allergen [19–22]. In conventional immunotherapy, induction of IgG antibodies is

a predictor of clinical success, albeit clinical benefit is not likely to be achieved

until the immunizing doses are large enough to risk anaphylaxis.

Various challenge models have been used as tools with which to evaluate the

effects of immunotherapy. Specific nasal allergen provocation and nasal biopsy

studies of patients with pollen sensitivity have been used to demonstrate that

immunotherapy shifts the Th2–Th1 paradigm. Patients who successfully were

immunized demonstrated attenuation of the acute challenge response (less in-

flammatory mediator release in nasal secretions) and an abrogation of the late-

phase allergic reaction (decreased eosinophil and basophil migration and

mediator release) [23–26]. Nasal biopsies of patients with rhinitis who were im-

munized against grass pollen and subsequently underwent challenge with grass

pollen extract showed a significant increase in mRNA for specific Th1 cytokines

(interferon g [IFN-g], IL-12) and a significant reduction in allergen-induced

accumulation of total numbers of CD4+ T cells and eosinophils in the nasal mu-

cosa. These techniques have resulted in little down-regulation in the expression

of cytokines that are hallmarks of Th2 responses (eg, IL-4, IL-5) [27–30].
Fig. 1. AIC showing four molecules of ISS linked to purified ragweed Amb a 1.
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Tangential to these observations, Secrist et al [31] cultured peripheral blood

mononuclear cells from allergic patients receiving maintenance grass-pollen

immunotherapy and demonstrated a significant decrease in allergen-induced IL-4

synthesis when these cells were exposed to allergen in vitro.

These collective studies demonstrate that immunotherapy has the potential to

down-regulate the immediate-phase allergic reaction and T-cell–mediated late-

phase responses; however, allergen dose is limited by the potential for severe

systemic reactions in sensitized patients. At issue is the ability to administer

a dose that is large enough to induce the desired therapeutic changes without

causing intolerable allergic side effects. Raz et al [8] developed a novel

immunostimulatory DNA construct termed AIC (Dynavax Technologies). This

experimental vaccine is comprised of specific immunostimulatory oligdeoxyr-

ibonucleotide sequences (ISSs) that are conjugated to the principal allergenic

moiety of ragweed (Amb a 1; Fig. 1). AIC has been shown to induce an

enhanced, ragweed-specific, Th1-type response in mice, compared with Amb a 1

alone or Amb a 1 plus alum [32].
Background for adjuvant approaches

Various molecules, including lipopolysaccharides, aluminum hydroxide salts,

and Freund’s adjuvant, have been shown to possess immunostimulatory pro-

perties that can enhance the response to antigen. Various research laboratories

have attempted to capitalize on this observation to improve a vaccine’s immuno-

genicity through an enhanced adjuvant effect. In their study of the active

components of Freund’s adjuvant, Tokunaga et al [33–35] made the initial

discovery of the adjuvant effect of bacterial DNA. Krieg et al [36] identified

unmethylated CG dinucleotides, termed CpG motifs, as the moieties responsible

for the immunostimulatory effect of bacterial DNA. These immunostimulatory

properties are unique to certain bacterial DNAs and are absent in vertebrate DNA.

This uniqueness is caused by the higher frequency of unmethylated CpG motifs

in bacterial DNA as contrasted to vertebrate DNA. Without these differences, the

immunostimulatory activity would be abolished [34,37,38].

The effects of bacterial DNAs can be mimicked using synthetic oligodeoxy-

ribonucleotides (ODN), allowing a more accurate definition of the bacterial DNA

immunostimulatory sequences (Box 1). Early research studies identified optimal

ISSs containing palindromic hexamers based on the general formula of 5V-purine-
purine-CG-pyrimidine-pyrimidine-3V (eg, 5V-GACGTC-3V, 5V-AGCGCT-3V,
5V-AACGTT-3V) [36]. More recent work has extended this finding to the

identification of different classes of CpG ODN based on their ability to

preferentially activate plasmacytoid dendritic cells (PDCs), natural killer (NK)

cells, or B cells. CpG-A ODN contains phosphodiester backbones and is effective

at inducing interferon a production from PDCs and activating NK cells. CpG-B

ODN possesses phosphorothioate backbones that enhance B-cell proliferation

and immunoglobulin production, but is less capable of activating PDCs and NK



Box 1. Synthetic oligodeoxyribonucleotide immunostimulatory
sequences

Believed to be taken up by professional antigen-presenting cells
(macrophages, dendritic cells)

Resulting in secretion of specific co-stimulatory factors (IL-12,
IL-18, TNF-B, IFN-B, IFN-C)

Activating a variety of immune effector cells (T cells, NK cells)
and driving the adaptive immune response toward a Th1
phenotype

Inducing a potent humoral adjuvant effect
Enhanced immunostimulatory activity observed if ISS is coupled

to allergen (AIC)
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cells [39,40]. CpG-C represents a new class of ODN, possesses characteristics of

the A and B classes, and is capable of activating B cells and PDCs [41,42].
Immunostimulatory oligodeoxyribonucleotide sequences induce Th1-type

response and inhibit Th2-type immune response

Research has shown that CpG acts through toll-like receptor (TLR) 9 [43]. The

association of CpG with TLR9 occurs intracellularly within lysomes [44]; this

interaction induces signals through the myeloid differentiation factor 88 pathway,

eventually activating nuclear factor kB (NF-kB), much like what has been de-

scribed for other TLR1 ligand interactions [45]. TLR9 was found to be expressed

predominantly on human PDCs, basophils, and B cells, although some cell types

have yet to be tested [46,47]. CpG-A ODN strongly stimulates PDCs to produce

high amounts of IFN-a and IL-12, which activate IFN-g–producing NK cells

and gd T cells that drive immune cells toward Th1 responses (Fig. 2) [40,48–51].

Low concentrations of CpG ODN lead to an increase in B-cell proliferation,

antigen-specific immunoglobulin secretion, and IL-6 production [36,52]. Ex-

posure of tonsilar B cells to CpG ODN induces a concentration- and time-

dependent up-regulation of the activation markers CD23, CD25, CD40, CD54,

CD80, CD86, and HLA-DR, and counteracts IgE production induced by IL-4

[53]. CpG directly induces T-bet expression and inhibits IgG1 and IgE switching

in B cells, which is induced by IL-4 and CD40 signaling [54]. In murine models,

pre-administration of CpG ODN in vivo prevented allergen-induced Th2

responses, including IL-5 production, eosinophilic airway inflammation, airway

hyper-reactivity, and chronic airway remodeling [55–59].

CpG, or ISS-ODN, seems to stimulate the innate immune system to produce

cytokines that drive the adaptive immune system toward a Th1-type immune
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Fig. 2. The effects of CpG ODN on the human immune system. B, B cell; Bas, basophil; CTL,

cytotoxic T lymphocyte; Eos, eosinophil; MDC, monocyte-derived dendritic cell; MHC, major histo-

compatibility complex; NK, natural killer cell; PDC, plasmacytoid dendritic cell; TCR, T cell receptor.
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response and inhibit Th2-type responses. This finding suggests a potential

clinical use for CpG in the immunotherapy of allergic diseases.

Effects of CpG-based vaccines on immune response

Conjugation of allergen with ISS-ODN (AIC) was developed because it was

believed that AIC may be more immunogenic and less allergenic than a simple

cocktail of allergen mixed with ISS-ODN [8]. The immunomodulatory effect of

direct linkage versus conjugation of allergen with ISS is demonstrated in Fig. 3.

This graph shows that in a murine animal model, immunization with a conjugate

of Amb a 1 and 1018 ISS (AIC) promoted IgG2a antibody production that is

significantly greater than that observed with allergen mixed with ISS, allergen

plus alum, or allergen alone. An inhibition of IgE production has been a corol-

lary finding to this protective IgG antibody response. These observations are

particularly relevant, considering that the murine-model IgG2a is a marker of

induction of a Th1 response, whereas IgE production is induced through Th2

mechanisms. These reciprocal IgG and IgE antibody responses are similarly

reproducible in previously sensitized and not simply naive animals [8,32]. This

factor offers the opportunity to use this approach as prophylactic intervention and

a therapeutic construct in sensitized individuals who are in the midst of an

allergic diathesis.
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AIC use results in the preferential induction of naRve CD4+ T cells, resulting

in the differentiation toward a Th1 phenotypic profile. The corollary to this

observation of a down-regulation in Th2-mediated responses to allergen (eg,

IL-4, IL-5) is believed to be the result of dendritic cell (DC), macrophage or

monocytic activation, and production of cytokines (IL-12, IL-18, IFN-a, IFN-b),
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with constituent effects on priming for Th1 development that results in increased

IFN-g on activation [8,9,32]. In a murine model, AIC immunization resulted in

the specific up-regulation of IFN-g (Th1 profile), which contrasts the Th2

cytokine dysregulation that otherwise would be observed from immunization

with allergen alone, allergen plus alum, or allergen mixed with ISS but not linked

to this specific adjuvant (Fig. 4). Marshall et al [9] observed similar results in in

vitro studies of peripheral blood mononuclear cells that were obtained from

human subjects with ragweed allergy. This research demonstrates that cells

exposed to AIC produced significant levels of IFN-g and had diminished

production of IL-4 and IL-5.
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Horner et al [60] showed that an optimal conjugation ratio of ISS-to-Amb a 1

resulted in an AIC that was approximately 100-fold less allergenic than native

allergen, as measured by mast cell degranulation. Use of AIC also resulted in a

marked reduction in anaphylactic death, and similar results were seen in a murine

model of the Arthus reaction.

Clinical trials with Amb a 1 immunostimulatory oligonucleotide construct

Various clinical trials have been undertaken with the experimental AIC con-

struct in France, Canada, and the United States. Data from the European studies

have confirmed the safety of AIC when patients were immunized to 30 mg of

Amb a 1 equivalent product [61]. The Canadian study by Hamid et al [62]

demonstrated that AIC treatment resulted in a decrease in eosinophil migration

and a shift from a Th2 profile to a Th1 profile (Fig. 5).

The authors’ group at Johns Hopkins completed a Food and Drug Ad-

ministration-defined clinical safety study in which quantitative intradermal end-

point skin titration was employed to assess the relative potency of AIC to a

standardized, commercially available ragweed preparation. The results demon-

strated that the AIC product was more than 100-fold less reactive than the

licensed ragweed extract when assessed with this parallel-line bioassay method-

ology. In a subset of patients, in vitro studies of basophil histamine release

showed a similarly positive effect to that observed with the in vivo skin titra-

tion studies [64].

The authors’ initial injection study demonstrated the tolerability and immu-

nogenicity of AIC. Patients with ragweed allergy safely were dosed to 15 mg of

AIC (based on Amb a 1 content) and demonstrated an immune response that was

consistent with that for conventional ragweed immunotherapy [63].

The authors’ clinical trial through the Immune Tolerance Network of the

National Institutes of Health demonstrated encouraging clinical efficacy in pa-

tients with fall-seasonal allergic rhinitis. Patients experienced improvement in

visual analog scores, seasonal symptom diary scores, quality-of-life scores, and

medication use. These positive clinical observations were observed in the initial

ragweed season, and improvement continued during the second season of ob-

servation, findings that provide evidence of sustained benefit [65].
Summary

The results from these clinical studies of patients with ragweed-induced

allergic rhinitis demonstrated that AIC is less allergenic than conventional

immunotherapeutic products and may offer the potential for an improved safety

profile for immunotherapy. The initial phase I and phase II clinical trials with

AIC demonstrated the improved immunogenicity and therapeutic potential of the

construct and suggested that AIC may be a superior therapeutic agent, when

compared with conventional immunotherapy. Further trials are underway to
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evaluate and confirm the optimal dosing, long-term safety, immunologic effect,

and therapeutic efficacy of AIC as a treatment modality for ragweed-induced

allergic rhinitis and asthma.
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