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Immunostimulatory DNA-Conjugated to Allergens for
Treatment of Allergic Respiratory Conditions

Peter S. Creticos' and Lawrence M. Lichtenstein!

Abstract

Allergen immunotherapy was first introduced in the early part of the twentieth cen-
tury. It is widely practiced despite having specific limitations. Considerable effort has
been devoted to developing new modified allergens that, compared with conventional
allergen immunotherapy, improve efficacy, decrease the time required to achieve
effect, reduce inconvenience, and enhance safety. Increased understanding of allergic
respiratory inflammation has led to the development of therapeutic modalities that
potentially arrest the disease process in asthma or allergic rhinitis. This paper addresses
an adjuvant approach in which highly active immunostimulatory phosphorothioate
oligodeoxyribonucleotide sequences (i.e., immunostimulatory DNA) are conjugated to
the principal allergenic moiety of a relevant aeroallergen. We have recently completed
the first human safety studies in patients with allergic rhinitis with Amb a l-immuno-
stimulatory oligonucleotide conjugate (AIC) —a novel therapeutic vaccine comprised of
Amb a 1, the principal allergenic protein of ragweed, conjugated to specific immuno-
stimulatory oligonucleotides (ISS). The results demonstrate that AIC was several hun-
dred-fold less reactive than a standardized ragweed extract when evaluated by quanti-
tative intradermal skin titration methodology. Furthermore, AIC reduced histamine
release from basophils to a similar degree. The DNA vaccine induced IgG antibody
production in treated patients. AIC compared with standardized aqueous ragweed

"'Dr. Creticos is a paid consultant to Dyvnavax Technologies Corporation. In addition, Dr. Lichtenstein
serves on Dynavax's Scientific Advisory Board, and owns Dynavax stock, which is subject to certain restric-
tions under University policy. The terms of this arrangement are being managed by the Johns Hopkins
University in accordance with its conflict of interest policies.
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exhibited fewer local reactions on skin testing, a finding that suggests that AIC offers
the potential for an improved safety profile for immunotherapy. Additional trials to
further evaluate the safety, immunologic effect, and therapeutic efficacy of AIC for rag-
weed-induced allergic rhinitis and asthma are ongoing.

Introduction

Increased understanding of inflammation in patients suffering from allergic rhinitis
and/or asthma has led to the development of specific therapeutic modalities that afford
the potential to suppress, if not altogether arrest, the disease process. These new molec-
ular approaches include: a) specific therapy with antibodies against immunoglobulin
(IgE); b) anticytokine agents — soluble interleukin-4 (IL-4)-receptor antagonists, anti-
interleukin-5 (IL-5) antibody; ¢) DNA vaccination with allergen incorporated into a
plasmid; and d) specific T cell-directed therapies such as (i) peptide immunotherapy
with T-cell active epitopes; and (ii) adjuvant immunotherapy with immunostimulatory
oligonucleotides (¢.g., CpG) linked to purified allergen. This paper will deal with the
latter of these modalities.

IgE antibody is a critical determinant in the initiation of the allergic reaction. It is
found circulating freely and bound to tissue-resident mast cells and circulating
basophils (1,2). In the context of the IgE-mediated allergic reaction, the mast cell is
regarded as the pivotal cell in initiating the allergic response; while the basophil is
involved in development of the persistent (chronic) allergic inflammatory response.
These cells elaborate a variety of inflammatory mediators (e.g., histamine, prostaglan-
din D2, leukotrienes) and specific cytokines (IL-4, IL-13, TNFa) capable of inducing
the subsequent allergic inflammatory cascade (3,4).

Within this context, it is recognized that the T cell is the principal orchestrator of the
chronic inflammatory cascade, as this cell elaborates specific cytokines and chemokines
responsible for recruitment and/or activation of a variety of secondary inflammatory
cells including basophils, eosinophils, neutrophils, epithelial cells, and endothelial cells
(5-7). Hence, therapies directed at manipulating the T cell, especially within the frame-
work of the Th2:Th1 paradigm, may more effectively abrogate, or even arrest, the aller-
gic diathesis (8-10).

Conventional immunotherapy is a well-recognized modality that aims to modulate
an allergic patient’s immune response through administration of increasing doses of an
extract, comprised of the aeroallergens to which the patient has been demonstrated to
be allergic, and thereby to attenuate or eliminate the patient’s symptoms. Allergen
immunotherapy was first introduced in the early part of the 20th century and has been
widely practiced. Controlled clinical trials have demonstrated the therapeutic efficacy
and detailed the favorable immunologic changes associated with allergen immunother-
apy for the treatment of allergic rhinitis, asthma, and venom sensitivity (11-15).

This approach has a number of encumbrances including the need for frequent dos-
ing over years — which impacts upon patient compliance; the need to administer a rel-
atively large dose of the immunizing agent to achieve control of symptoms; and the
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potential for clinically significant allergic reactions to the treatment. Therefore, con-
siderable effort has been devoted to developing improved immunotherapy for treat-
ment of allergic discases to a) improve efficacy; b) decrease the time required to
achieve effect; c) reduce the inconvenience and hence improve compliance with immu-
nization regimens; and d) enhance safety.

Allergen dose is limited by systemic reactions to the respective immunizing aller-
gens. Thus, efforts have largely been directed at decreasing the “allergenicity” of the
antigens (i.e., their potential for inducing an allergic reaction) while maintaining or
heightening their immunogenicity (i.e., their ability to generate IgG anti-allergic anti-
bodies which usually parallel the clinical response). Although various chemical modifi-
cations of allergens have been attempted, the end-result has been that allergenicity and
immunogenicity have either decreased or increased in tandem. A therapeutic material
with reduced allergenicity, but maintained immunogenicity, that could be given in a few
doses would have important therapeutic implications. Millions of patients with poorly
controlled allergic rhinitis and asthma would be candidates for such a form of
immunomodulation.

This paper addresses a specific adjuvant approach in which highly active immuno-
stimulatory phosphorothioate oligodeoxyribonucleotide sequences (immunostimula-
tory DNA) are conjugated to the principal allergenic moiety of a relevant aeroallergen
(c.g., ragweed Amb a 1) (16,17) (Figure 1). This adjuvant approach may prove to be
highly effective at directing the immune response towards upregulation of a more
favorable Th1 phenotypic expression to counterbalance the untoward Th2-driven pro-
inflammatory allergic diathesis.

Fig. 1.

The opportunity to present our work on immunostimulatory DNA conjugated to
allergen to the Paul-Ehrlich-Symposium is particularly apropos as it provides a forum
to highlight the close interaction and positive interplay between/amongst the US FDA
regulatory agency, the pharmaceutical company responsible for developing a potential
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commercial product, and the academic institution that was integrally involved in the
design, and conduct of the appropriate clinical trials to test the experimental vaccine.

Mechanisms of immunotherapy

To improve materials for immunotherapy, it is critical to understand the underlying
pathophysiology of the allergic disease process. Upon allergen exposure in a suscepti-
ble individual, there is an acute allergic response — reflective of IgE-dependent mast
cell activation with the resultant release of histamine, leukotrienes, and other chemical
mediators. In initiating the allergic reaction, allergen is processed by antigen-present-
ing cells that display the allergen in association with class II human leukocyte antigen
molecules. If appropriate co-stimulatory signals are present, the result is the induction
of Th2 cells that produce “pro-inflammatory” cytokines (e.g., IL-4, IL-5, IL-6, IL-10).
This in turn results in the recruitment of various inflammatory cells — such as
cosinophils and basophils — with the subsequent development of persistent airway
inflammation (18-20).

Our allergy group at Johns Hopkins has examined the mechanisms by which aller-
gen immunotherapy effects clinical improvement. As increasing doses of extract are
injected, both 1gG- and IgE-specific antibodies increase. With continuing therapy, IgG
levels further increase and plateau whereas antigen-specific IgE titers gradually decline
and fail to be boosted by subsequent environmental exposure to the allergen. The level
of IgG antibody is usually but not always a predictor of clinical success (21-24).

Nasal allergen challenge has proven to be a useful tool to evaluate the effect of
immunotherapy. Provocation of the nose with allergen causes the release of a variety
of chemical mediators (e.g.: histamine, prostaglandins, and leukotrienes) which paral-
lel the acute clinical manifestations — including sneezing, rhinorrhea, and mucosal
swelling. Furthermore, in many allergic patients, a late phase of airway inflammation is
observed (25,26). Patients successfully immunized demonstrate less immediate inflam-
matory mediator release in their nasal secretions and a reduction in late-phase
eosinophil migration (27-30).

Nasal biopsies of grass-immunized rhinitic patients, that have undergone allergen
challenge, show a significant increase in message for specific Th1 cytokines (interferon
gamma, IFN-y) and 1L-12. This finding is paralleled by a reduction in allergen-induced
accumulation of total numbers of CD4" T cells and eosinophils. Of note, these tech-
niques did not show evidence of down-regulation of the expression of cytokines elabo-
rated from Th2 cells (31,32). However, Secrist et al. (33) cultured peripheral blood
mononuclear cells from allergic patients receiving maintenance grass immunotherapy
and was able to demonstrate a significant decrease in allergen-induced 1L-4 synthesis
when these cells were exposed to allergen (in vitro). However, in his studies no demon-
strable effect on IL-2 or IFN-y synthesis was observed.

The problem with current immunotherapy lies in the need to administer a dose large
enough to induce the desired changes without causing serious allergic side effects.
Towards this goal, Dynavax Technologies Corporation has developed a novel product
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consisting of ragweed allergen (Amb a 1) linked to immunostimulatory phosphoro-
thioate oligodeoxyribonucleotide. The Amb a l-immunostimulatory oligonucleotide
conjugate (AIC) induces an enhanced, ragweed-specific Thl-type response in mice,
dogs, and primates, in comparison to either Amb a 1 alone or Amb a 1 + alum (16.34).

Background for adjuvant approaches

A variety of molecules including lipopolysaccharides, aluminum hydroxide salts, and
Freunds adjuvant have been recognized to possess immunostimulatory properties.
Tokunaga and his colleagues made the initial discovery of the adjuvant effect of bacte-
rial DNA (35,36). Subsequent confirmation of the sequence specificity of the immuno-
stimulatory DNA was made by Pisetsky et al. (37) and Klinman et al. (38,39), Krieg et
al. (40) recognized that specific oligonucleotides derived from bacterial DNA could
induce B-cell activation. Subsequently, Raz, Carson, and colleagues (41.42) made the
observation of enhanced immunostimulatory properties if these specific immunostim-
ulatory sequences were incorporated into a plasmid.

The basis for enhancement of Th1 response by immunostimulatory DNA sequences
is the recognition that bacteria induce an immune response that is characterized by a
potent IL-12 activation of Th1 cells to secrete IFN-y and a lower level activation of Th2
cells. These properties are related to the higher frequency of CpG motifs and to the
absence of cytosine methylation in bacterial as opposed to vertebrate DNA (methyla-
tion abolishes the immunostimulatory activity) (45). The effects of bacterial DNAs can
be mimicked using synthetic oligonucleotides — allowing a more accurate definition of
the specific bacterial immunostimulatory DNA sequences.

Early research efforts identified optimal ISS sequences containing palindromic
hexamers based on the general formula of: 5 -purine-purine-CG-pyrimidine-pyrimi-
dine-3’ (e.g., 5"-GACGTC-3", 5-AGCGCT-3" and 5'-AACGTT-3"). Subsequent work
has extended these observations to include CpG-enriched non-palindromic oligonu-
cleotides with ISS activity (8.46).

Both bacterial DNA and specific synthetic oligonucleotides (ISS) have multiple
effects on the immune system including induction of B cell proliferation and immuno-
globulin production; secretion of IFN-a., -B, IL-12, and I1L-18 (interferon gamma in-
ducing factor (IGIF)). by macrophages: and IFN-y secretion from natural Killer cells.
Such cytokines are involved in the differentiation of ThO to Thl-type cells upon
engagement with specific antigen. Therefore, bacterial DNAs appear to stimulate the
innate immune system to produce IFN-y and specific inducers of IFN-y (IFN-c., IFN-f.
IL-12, TL-18), and foster a cytokine milicu that drives the adaptive immune responsc
towards a Th1 phenotype (8.10).

Effect of Inmunostimulatory Oligonucleotide
Sequences on Antibody Production

The immunomodulatory effect of conjugation of allergen with ISS is easily demon-
strated in a murine animal model in which immunization with a conjugate of Amb a |
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and ISS (AIC) promotes IgGG2a antibody production that is significantly greater than
that observed with either allergen mixed with ISS, allergen + alum, or allergen alone.
An inhibition of IgE production also occurs. It is also recognized that in the murine
model IgG2a is a marker of induction of a Thl response; whereas IgE production is
induced through Th2 mechanisms. These changes in IgG and IgE antibody responses
also occur in previously sensitized and not only naive animals (16,47). This affords the
opportunity not only to use this approach as a prophylactic intervention, but also to
employ this therapeutic modality in sensitized individuals (48).

Effect of ISS on cellular pathways

AIC results in the preferential induction of naive CD4" T cells with differentiation
towards a Th1 profile. The corollary to this observation, down-regulation in Th2-medi-
ated responses to allergen (e.g., IL-4, IL-5), is thought to be the result of
macrophage/monocytic activation (IL-12, 1L-18, IFN-o/f§) with constituent effects on
Thl activation (1 IFN-y) (16,17,47).

Figure 2 demonstrates (49) the up-regulation of IFN-y (Thl profile) in a murine
model as a result of AIC immunization, in contrast to the Th2 cytokine dysregulation
that would otherwise be observed with allergen alone, allergen + alum or allergen
mixed with ISS (but not linked to this specific adjuvant). Marshall et al. (17) have made
similar observations with in vitro studies in peripheral blood mononuclear cells
obtained from ragweed-allergic human subjects.
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Clinical applications with DNA vaccine

This paper reviews in a cursory fashion our recently completed initial human safety

study with the use of immunostimulatory DNA in ragweed-allergic rhinitic patients. In
this U.S. FDA-defined clinical safety study, the technique of quantitative intradermal
endpoint skin test titration was used to assess the relative potency of AIC as compared
to a standardized ragweed extract. The results of this study demonstrated that AIC was
several hundred-fold less reactive than licensed ragweed when evaluated by this paral-
lel line bioassay methodology (50). Histamine release from basophils was similarly
reduced in these ragweed-allergic subjects (50). Our observations that AIC exhibited
fewer local reactions on skin testing, in comparison to licensed ragweed, suggests that

this novel product may offer the potential for an improved safety profile for
immunotherapy.

Our initial clinical trial, with subcutaneous administration of the AIC product in a

conventional weekly (24-injection) regimen, showed that the vaccine induced IgG anti-
body production in ragweed allergic patients (51). We have also recently completed a
clinical trial with a more favorable 6-injection AIC regimen and will report the prom-
ising results of this trial in the near future (52).
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Discussion

Drachenberg: What is the difference between the ISS approach and the CpG approach?

Creticos: That is a good question. As you know, on the one hand Art Creagan and his
colleagues have now formed a company and make just the ISS by itself using it as an
adjuvant to add to an allergen mix as an example. It is a simple adjuvant. In this ap-
proach these oligonucleotides are covalently linked to the allergen of interest. The
question therefore becomes: Is one approach superior or not? In terms of the animal
studies that were done by Eyal Raz, they looked at the ISS by itself and then looked at
the ISS conjugated to the purified Amb a 1 from ragweed. They were able to show in
animal studies a markedly better response in terms of Thl activity with production of
interferon-y and suppression or non-induction of IL- 4 and IL-5. So. in their hands they
felt that conjugating the product provided a superior method of immunization. But it
may be possible as we have seen to tinker with and adjust the ISS in a way that you
might be able to show comparable responses without having to use the vehicle of attach-
Ing it to an allergen. But right now, the state-of-the-art would say that in the animal

models we see & -
supplied Jason M
studies of periph:
strated exactly w-
of interferon-. =

Schneider: My
separate compor,
simply the recom
ment you wou'd -
and the conjug:::

Creticos: Mavoc
this (what?) to <
planned subsec s
immunized las:
which would r:+ .
followed them ::
antibody and T <
induction of toer

post during the <
dose. Because -
this weekend s
1S ug that I have
a markedlv betie
That might then .
then, allows us o
whether that be -
timate questior: -
shown, for examr
cific allergen to
gone up to 36 ar.
think it is possit.
have got a produ:
to be safer. If so. -
say that we have





