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Currently available pharmacotherapies for allergic
diseases and asthma, which are serious public health
problems, are aimed primarily at neutralizing effector
molecules and inflammatory mediators such as hista-
mine and leukotrienes or at inhibiting the function of
inflammatory cells such as eosinophils and Th2 lym-
phocytes. While this approach is effective in control-
ling symptoms, these therapies have a limited capacity
to alter the natural course of allergic diseases and
asthma, and discontinuation of medications results in
the redevelopment of symptoms on reexposure to the
offending allergens. In contrast, immune-based aller-
gen immunotherapies modify and correct the under-
lying pathological immune responses in allergy and
asthma in an antigen-specific manner. These immuno-
therapies replicate the regulatory processes that oc-
cur in nonallergic individuals and allow patients to
tolerate exposure to allergens. Current and future
methodologies for immunotherapy involve immuniza-
tion with allergen, modified allergen, peptides of aller-
gen, cDNA of allergen, with adjuvants, including im-
munostimulatory DNA sequences, cytokines, and
bacterial products such as Listeria monocytogenes.
This form of therapy can provide a long-lasting cure
for allergic diseases without the need for continous
therapeutic intervention and without causing gener-
alized immunosuppression or immune augmentation.
© 2000 Academic Press

INTRODUCTION

Allergic diseases and asthma are serious public
health problems, which have doubled in prevalence in
industrialized countries over the last 2 decades. Such
disorders are characterized by pathological immune
responses directed against ubiquitous and generally
innocuous environmental antigens, which sensitize
and cause disease in atopic but not nonatopic individ-
uals. The pathological features of allergic diseases and
asthma include the production of allergen-specific IgE,
which results in immediate phase responses, with
mast cell and basophil degranulation and the release of

mediators, including histamine, proteases, cytokines,
and arachadonic acid products, including leukotrienes.
In addition, immediate phase responses are usually
followed by the development of late phase reactions
and eosinophilic inflammatory processes driven by the
production by Th2 lymphocytes of IL-4, IL-5, IL-9, and
IL-13. Although asthma can occur in the absence of
IgE-mediated allergic responses, the risk of developing
asthma is directly associated with elevated serum IgE
levels and with the development of sensitization to
environmental allergens (1, 2).

Currently available therapies for allergic disease
and asthma are aimed primarily at neutralizing effec-
tor molecules and inflammatory mediators, such as
histamine and leukotrienes, or inhibiting the function
of inflammatory cells, such as eosinophils and Th2
lymphocytes, by treatments with anti-histamines, leu-
kotriene antagonists, and corticosteroids. In addition,
potential future therapies, with anti-Igg mAb (3), cy-
closporin/FK506 (4), soluble IL-4 receptors (5), anti-
IL-5 mAb (6), soluble IL-13 receptors (7), focus on neu-
tralization of the cytokines, chemokines, or adhesion
molecules important in amplifying the allergic inflam-
matory cascade. These therapies, particularly cortico-
steroids, are effective in reducing allergic inflamma-
tory processes and reducing the clinical symptoms of
allergic disease and asthma. However, while this ap-
proach with medications is effective in controlling
symptoms, in all instances, discontinuation of these
medications results in the redevelopment of symptoms
on reexposure to the offending allergens. Thus these
therapies have a limited capacity to alter the natural
course of allergic diseases and asthma, and patients
must rely on maintenance anti-inflammatory medica-
tions because these therapies do not correct the under-
lying immunological processes and because the envi-
ronmental factors that cause and precipitate these
diseases are not eliminated. Moreover, the most effec-
tive current therapy, i.e., inhaled corticosteroids, has
significant side effects (e.g., growth suppression in chil-
dren and glaucoma and cataracts after prolonged use)
and may, with use over extended periods of time, indi-
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rectly increase the severity of allergic disease, by in-
hibiting protective immunity by reducing IL-12 pro-
duction in antigen presenting cells, and enhancing Th2
cytokine synthesis in T cells (8-10).

In contrast to pharmacologic therapies that focus on
symptom reduction, the goals of immune-based thera-
pies for allergic disease are to modify and correct the
underlying pathological immune responses in allergy
and asthma. A major feature of this approach is the
modification of immune responses in an antigen-spe-
cific manner, made possible by the fact that the specific
antigens that cause allergic diseases (e.g., environmen-
tal allergens, such as plant pollens and dust mite al-
lergens) have been identified. Antigen-specific immu-
notherapies have the potential to induce protective
immune responses in allergic diseases, and these pro-
tective responses may be reinforced by natural expo-
sure to the allergen, thereby providing long-lasting
cures for these problems without the need for continu-
ous therapeutic intervention and without causing gen-
eralized immunosuppression or immune augmenta-
tion. In this review we discuss the specific goals,
immunological principles, and novel methodologies of
immunotherapy for the treatment of allergic diseases
and asthma.

PROTECTIVE IMMUNITY IN ALLERGIC DISEASE
AND ASTHMA

While it is clear that Th2-driven allergen-specific
immune responses are responsible for the development
of the pathology in allergic disease and asthma, the
specific features of immune responses that protect
nonatopic individuals from the development of allergic
diseases are poorly understood (Table 1). Historically,
investigators attributed the lack of symptoms in non-
allergic individuals to the lack of allergen-specific im-
mune responses, due either to lack of sufficient previ-
ous exposure to allergen or to favorable immune
response genes that prevented recognition of allergens.
However, the clinical experience is that nonatopic in-
dividuals are indeed exposed to a very broad number of
allergens in quantities sufficient to induce immune
responses. Indeed, T cell proliferative responses to
common allergens occur in both atopic and nonatopic
populations, and proliferative responses to allergens
are present in neonates at high or low risk for the
development of atopy (11). Moreover, MHC markers
have not been linked in any significant way to the
development of allergic disorders. Immunological con-
trol of allergy is thus considered related to broader
regulatory mechanisms, where nonallergic individuals
develop immune responses that actively protect
against allergy or asthma.

There has been much recent interest in the role of
allergen-specific Thl cells, which produce high levels of
IFN-vy, as regulators of allergic disease and asthma.
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Thl cells cross-regulate Th2 cells by inhibiting the
development and proliferation of Th2 cells (12), and
IgE production is reciprocally regulated by IL-4 and
IFN-y. Thus, many investigators conclude that Thl
cells protect against allergy and asthma. In this model,
protection from allergy is due to the development of a
nonallergic form of immunity, involving inhibitory al-
lergen-specific Thl cells, rather than the lack of im-
mune responsiveness to allergens. A significant num-
ber of data support the idea that Thl cells protect
against allergy and asthma, but much of it is indirect.
Allergen-specific T cell clones derived from the periph-
eral blood of nonallergic individuals have been shown
to produce Thl cytokines (13, 14). In addition, we and
others have shown that individuals predisposed to-
ward the production of Thl cytokines had a reduced
likelihood of developing allergic disease. Thus, individ-
uals with strong delayed type hypersensitivity to My-
cobacteria tuberculosis after immunization with BCG
had a reduced likelihood of developing allergy or
asthma (15). Furthermore, neonates who subsequently
developed allergic disease had cord mononuclear cells
with a reduced capacity to produce IFN-y (16). In ad-
dition, patients with multiple sclerosis, an autoim-
mune disease characterized by the overproduction of
Thl cytokines in myelin-specific T cells and by an in-
creased capacity of monocytes to produce IL-12, were
also protected from the development of allergy (17, 18).
Similarly, patients with other autoimmune diseases,
such as rheumatoid arthritis or type 1 diabetes melli-
tus, appeared to be protected from the development of
allergy (19, 20).

Other studies that support the role of Thl-biased
responses in protection against allergy and asthma
include the demonstration that administration of I1L-12
intratracheally, or of 1L-12 plus IL-18, inhibited aller-
gen-induced airway inflammation and hyperreactivity
(21, 22). Both IL-12 and IL-18 are potent inducers of
IFN-vy production and together appear capable of pre-
venting the development of Th2-biased inflammatory
responses in the lung. IL-18 has the additional capac-
ity to stimulate the development of CD8 cells, suggest-
ing that IFN-vy producing CD8 cells may be important
in regulating Th2-mediated diseases, as has been pre-
viously suggested (23). Although IL-18 in the absence
of IFN-y can promote eosinophilia and Th2 cytokine
production (24-26) and IgE production (27), in the
presence of IL-12, which enhances the expression of
IL-18 receptors, 1L-18 greatly increases IFN-y produc-
tion in T cells (28, 29).

While these studies indicate that Thl cells may be
involved in negatively regulating allergic disease,
other observations suggest that IFN-y may contribute
to the development of airway inflammation. Allergen-
specific T cells in the peripheral blood and the lungs of
patients with asthma also produce IFN-vy, and classical
Th1l cells, when adoptively transferred into mice, do
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TABLE 1
Clinical Manifestations of Thl vs Th2 Responses Associated with Asthma and Allergy

Characteristic

Atopic individual

Nonatopic individual

Serum markers

Allergen-induced cytokine production
(13, 14)

T cell proliferative response to allergen Increased

Cord blood IFN-vy (16)

Immunization/infections (15)

Associated disorders (16, 17, 19, 20)

1 1gE, 1 PGE2, | cAMP
1 IL-4, 1IL-5, 1 1L-13, | IFN-v;
possible | IL-10, | TGF-B8

! In neonates with subsequent atopy
| DHT to M. tuberculosis
| Incidence autoimmune disease

| IgE; normal PGE, and cAMP
Possible 7T IFN-y, IL-2

Present but low; regulatory cells may proliferate
poorly to allergen

Normal in neonates with no subsequent atopy

| DHT to M. tuberculosis

not counterbalance effector Th2 cells, but rather
codominantly generate inflammatory responses in the
lungs (30-33). Thus, it is unlikely that large numbers
of Thl cells function normally in the lung mucosa it-
self, since Th1l cells exacerbate inflammation and cause
tissue damage (30). Th1l cells, however, may inhibit the
development of Th2-dominated immune responses and
might do so in peripheral lymphoid organs, such as
lymph node and spleen, when present early during the
development of an immune response, by inhibiting the
development of Th2 effector cells from naive memory
cells.

The allergen-specific immune responses in nonaller-
gic individuals that inhibit the development of allergic
symptoms may involve Thl-like cells as well as other
immunoregulatory cells that greatly limit inflamma-
tory responses. In contrast to the significant inflamma-
tion found in the lungs of patients with asthma, the
airways of nonallergic subjects are characterized by
the absence of inflammatory changes, including the
absence of Th1l cells, suggesting that immunoregula-
tory cells, distinct from Th1 cells, for example, produc-
ing regulatory cytokines such as IL-10 (32, 34, 35) and
TGF-B (Th3 cytokines) (31, 36), or CD8 T cells (37, 38)
and yé T cells (39), suppress allergic inflammation.
Thus administration into the lungs of IL-10, a cytokine
with potent anti-inflammatory and immunoregulatory
activity (34, 40), using replication-deficient adenovirus
vectors in a murine model of airway hyperreactivity
during the time of mucosal sensitization, abrogated
both the cellular and physiological recall responses in
vivo. These studies suggest that regulatory cytokines,
such as IL-10, may critically regulate the development
of asthma, although some studies suggest that IL-10
may exacerbate allergen-induced airway responses
(41).

TGF-B has been shown previously to be a key immu-
noregulatory factor in the development of unrespon-
siveness to antigens in the gastrointestinal tract, an
anatomic site that is closely related developmentally to
the respiratory tract. Several investigators demon-
strated that TGF-8 producing Th3 cells and Trl cells
inhibited experimental colitis (42, 43) and TGF-8 in-
duced by oral tolerance inhibited subsequent tracheal

eosinophilia (44). Furthermore, TGF-B production con-
trolled Th2-driven inflammation in chemical-induced
autoimmunity (42). Moreover, we have demonstrated
that ovalbumin (OVA)-specific Th cells engineered to
express latent transforming growth factor g1 (TGF-B)
abolished airway hyperreactivity induced by OVA-spe-
cific Th2 effector cells in SCID and BALB/c mice (31).
The inhibitory effect of TGF-B secreting T cells was
antigen-specific and was reversed by neutralization of
TGF-B. Moreover, airway inflammation, as measured
by eosinophils in bronchoalveolar lavage fluid or by
examination of lung histology, was greatly reduced by
the transfer of TGF-B1 secreting T cells, and no in-
crease in respiratory fibrosis was observed. Finally,
blockade of TGF-B signaling enhanced antigen-induced
airway inflammation (45). These studies, as well as
those showing that TGF-B regulates Thil-driven auto-
immune diseases, such as EAE, uveoretinitis, and col-
lagen-induced arthritis (46-51), indicate that TGF-3
inhibits both Th2- and Thl-driven inflammation. Thus,
T cells activated to produce TGF-B may be critical in
regulating allergen-induced airway hyperreactivity,
asthma, and allergic diseases.

CONVENTIONAL ALLERGEN IMMUNOTHERAPY,
MECHANISMS OF ACTION

Conventional allergen immunotherapy, or allergy
shots, appears to induce protective immunity in pa-
tients with allergic disease. It is performed by the
subcutaneous injection of increasing quantities of al-
lergen protein, has been in use for the treatment of
allergic disease for over 80 years, and is effective in
greatly reducing clinical symptoms of allergy and
asthma. During conventional immunotherapy for aller-
gic rhinitis or allergic asthma, the injections are in-
creased to a maximally tolerated level, generally 10°
times the initial dose, and equivalent to 2 to 100 ug of
the major allergen. Clinical benefit occurs after several
months of injections for inhalant allergy, and progres-
sive reduction of symptoms occurs over the first 3 to 4
years of injection therapy. In patients with Hymenop-
tera venom (bee sting) anaphylaxis, allergen immuno-
therapy has the potential for curing this disease, since
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TABLE 2

Immunological Effects of Conventional
Allergen Immunotherapy

Pre-immunotherapy Post-immunotherapy

Positive immediate skin test
1 Allergen-specific IgE
| Allergen-specific 1gG

| Immediate skin test reactivity
| Allergen-specific IgE
1 Allergen-specific 1gG

| 1gG4 1 1gG4
1 Allergen-specific IL-4, | Allergen-specific 1L-4,
ML-5, | IFN-y JIL-5, 7 IFN-y

| Allergen-specific I1L-10
1 Allergen-specific T cell
proliferation to allergen

1 Allergen-specific IL-10
| Allergen-specific T cell
proliferation

patients who have completed a course of therapy can
tolerate bee stings received years after the cessation of
therapy. In patients with allergic rhinitis and asthma,
completion of a course of conventional allergen immu-
notherapy allows patients to tolerate exposure to sig-
nificant quantities of allergen with minimal symptoms
(52, 53), and clinical improvement is sustained follow-
ing discontinuation of immunotherapy after 3 to 4
years of injections in most patients (54). Moreover,
treatment of children with pollen sensitization pre-
vents the usual progression from allergic rhinitis to
asthma (55). Thus conventional allergen immunother-
apy, in contrast to other pharmacologic therapies, ap-
pears to modify the natural course of atopic disorders
and induce at least partial cure, presumably by alter-
ing the underlying immune responses. However, the
specific immunological mechanisms that are altered by
allergen immunotherapy are incompletely understood
(Table 2).

It is known that conventional allergen immunother-
apy substantially reduces IgE-mediated allergic re-
sponses and allergic sensitivity in an antigen-specific
fashion and is associated with an increase in antigen-
specific 1IgG and 1gG4 antibody, a long-term reduction
in IgE antibody, and a diminution of immediate skin
test reactivity. Initially, investigators focused on the
importance of induction of “blocking” 1gG antibodies,
which were thought to bind to exogenous allergen,
impeding exposure of allergen to allergen-specific IgE
on the surface of mast cells or basophils. With im-
proved understanding of the importance of CD4 T cells
in the pathogenesis of allergic disease and asthma, it
has become clear that allergen immunotherapy is as-
sociated with immune deviation, with a reduction in
the function of allergen-specific Th2 cells (anergy?) and
with the development of allergen-specific IFN-y pro-
ducing cells (56-58). Moreover, failure of conventional
allergen immunotherapy is associated with the failure
to reduce allergen-specific 1L-4 production (59).

The induction of IL-10 production has also been as-
sociated in some instances with successful immuno-
therapy, and it is likely that IL-10 can contribute to
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tolerance to antigen by its immunoregulatory effects on
Th1 and Th2 cells. IL-10 production has been observed
during bee venom immunotherapy in activated aller-
gen-specific CD4" CD25" T cells, and neutralization of
IL-10 resulted in restoration of in vitro proliferation
and cytokine production (60). Whether other immuno-
logic mechanisms also occur following successful im-
munotherapy, e.g., induction of CD8 regulatory cells
(37), is not yet clear. Although now considered an epi-
phenomenon, induction of 1IgG may still play a role in
immunotherapy, as it has been recently shown that
I9gG induced by immunotherapy inhibits serum-facili-
tated antigen presentation to T cells, resulting in a
requirement for a significantly higher antigen concen-
tration to activate antigen-specific T cells (61).

NOVEL METHODOLOGIES FOR ALLERGEN
IMMUNOTHERAPY

Although conventional allergen immunotherapy ef-
fectively controls symptoms in most patients even after
the discontinuation of therapy, the process requires
nearly 100 injections, over 3-5 years, and in addition,
is associated with frequent unpredicted allergic reac-
tions, including anaphylaxis. Administration of multi-
ple subcutaneous injections is difficult and traumatic
in the young pediatric population, arguably the popu-
lation most likely to benefit from immune modulation.
Moreover, immunotherapy is not universally success-
ful in the treatment of allergic rhinitis and asthma and
is particularly problematic in patients with multiple
allergen sensitization. Standardization of allergen ex-
tracts has also been a problem, as the allergens used in
conventional immunotherapy have been generally ex-
tracted from animals, plants, and insects and as such
are crude or only partially purified. Thus, safer, more
effective, methodologies for delivering immunotherapy
are required, and major efforts have been made in this
regard over the past 5 years. These efforts include the
study of vaccines containing modified protein aller-
gens, peptide allergens, cDNA of allergens, use of im-
munostimulatory sequences (ISS) of DNA as adjuvant,
the fusion of Thl promoting cytokines such as IL-12
and IL-18 to allergen, and coadministration of aller-
gen and adjuvants such as Listeria monocytogenes
(Table 3).

Modified Allergens

Approaches to reduce allergenicity and retain immu-
nogenicity of antigens have been undertaken to im-
prove the efficiency and reduce the risk of serious side
effects of immunotherapy. Theoretically, such proteins
of high immunogenicity with reduced allergenicity can
be given in high doses without risk of IgE-mediated
immediate reactions, because they have a reduced ca-
pacity to trigger degranulation in mast cells, yet are
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197

Potential
Type of Observed Possible mechanism Potential disadvantages/ Human
immunotherapy effects of action advantages problems use
Sublingual Clinical Antigen-specific T cell No injections Large allergen Yes
immunotherapy improvement deletion/apoptosis | Anaphalaxis and doses required
(SLIT) (65, 66) | IgE IL-10/TGF-B brochospasm
Th2 — Thl induction (67)
responses ? Oral tolerance
Modified allergen | IgE Reduced allergenicity Safer Difficulty with Human
(59, 60) Th2 — Thl | Mast cell Larger allergen doses stability and trials
responses degranulation possible manufacture
Peptide (61, 63) Clinical Functional CD4 T cell | Allergenicity (?) Unexpected late Human
improvement inactivation/anergy phase side effects trials
Reversal of airway (63, 64)
hyperactivity Anti-peptide IgE
(murine) develops
ISS + allergen Clinical Induction of Thl 1 Immunogenicity (86) Antigen-nonspecific Human
ISS—allergen improvement responses responses trials
(83, 84) Reversal of airway Antigen-specific CD8 Toxic Th1l side
hyperactivity cells effects
(murine)
Cytokine + allergen, Reversal of airway Induction of Thl-type | “Bystander” May produce too No
fusion protein (e.g., hyperactivity responses cytokine side effects vigorous Thl
OVA/IL-12) (79) (murine) Allergen specific response
Th2 — Thil
responses
Adjuvants + Prevention/reversal Induction of Very potent effects No
allergen, e.g., of airway regulatory cells Regulatory cells limit
heat-killed hyperactivity (TGF-B/1L-10) Th1 effects
Liseria (37, 87), (murine) CD8 T cells
M. tuberculosis (88) Th2 — Thl IL-12/1L-18
responses
| IgE
DNA vaccination Reversal of airway Induction of Thl ? Route of No
(74, 76, 78) hyperactivity responses administration
(murine) Antigen-specific CD8

cells

capable of inducing IFN-y production in T cells (62).
Initially, investigators focused on generating polymers
by treatment of allergen with urea, formaldehyde, glu-
taraldehyde, or polyethylene glycol. Studies in both
humans and in mice demonstrated that polymerized
allergens induced immune deviation/modulation, con-
verted allergen-specific 1L-4 producing Th2 lympho-
cytes into allergen-specific Thl cells, and reduced al-
lergen-specific IgE (63). However, significant difficulty
in producing uniform lots of these modified proteins
reduced commercial interest in this idea.
Recombinant allergens with cysteine residues re-
moved by site-directed mutagenesis have been exam-
ined as possible candidates for immunotherapy. These
modified allergens do not possess disulfide bonds and
therefore lack normal secondary/tertiary structure and
have 100-fold reduced IgE binding activity (64). These
modified allergens, however, retain their T cell
epitopes and immunogenicity, are capable of stimulat-
ing T cells and inducing immune deviation, and are

currently being studied for their effectiveness as ther-
apy in allergic individuals.

Peptide Immunotherapy

Another approach to immunotherapy involves the
use of peptide fragments of allergens. Since T cells
recognize peptide fragments of antigens or allergens,
generally 10-15 amino acid residues in length, such
peptides, which lack tertiary structure and the capac-
ity to bind to allergen-specific IgE and trigger mast cell
degranulation, can be administered to patients without
risk of immediate reactions. As a result, peptide frag-
ments of allergens can be administered in much larger
doses than is possible with conventional allergen and
may still affect antigen-specific T cells (65-67). These
peptides, when administered in vivo, activate allergen-
specific CD4 T cells in the absence of costimulation and
appear to induce functional inactivation or anergy. It
appears that peptide immunotherapy differs from con-



198

ventional immunotherapy in this respect, where an-
ergy rather than immune deviation is primarily in-
duced by peptide therapy. Initial trials in humans with
cat allergy utilized only two antigen peptides contain-
ing immunodominant epitopes of the major cat aller-
gen Fel d1 and demonstrated the efficacy of these pep-
tides in reducing allergic symptoms on allergen
challenge in patients with cat and ragweed allergy.
However, late-occurring reactions (1-6 h after injec-
tion) have been observed in some subjects, presumably
due to activation of allergen-specific T cells (67, 68). In
some subjects, IgE against the injected peptides devel-
oped, occasionally associated with increased immedi-
ate reactions. Additional studies are required to deter-
mine whether the suppressive effects are persistent
over several years times, whether a broader number of
smaller but overlapping peptides covering the whole
antigen may be more effective in a greater number of
patients, and if reduction of allergen-specific IgE oc-
curs following peptide immunotherapy.

Oral Immunotherapy

Sublingual swallow immunotherapy, performed by
oral administration of allergen, has been intensively
studied recently in patients as a form of immunother-
apy. Such therapy has been shown to be effective in
reducing symptoms of allergic rhinitis and asthma and
may have less risk of serious immediate reactions, such
as anaphylaxis and brochospasm (69, 70). It also offers
the benefit of not involving injections, which require
administration under supervision by medical person-
nel. The underlying mechanisms of action of sublingual
swallow immunotherapy, which requires relatively
high dosages of allergen to overcome potential diges-
tion in the gastrointestinal tract, are poorly under-
stood. These mechanisms may be quite distinct from
that of conventional immunotherapy; for example, high
doses of oral antigen induce deletion or apoptosis in
antigen-specific T cells, whereas low doses of oral an-
tigen induce the development of regulatory cells, often
associated with the production of IL-10 and TGF-B81
(71). Therefore, oral administration of allergen may be
very effective in diminishing allergic immune re-
sponses and asthma symptoms in a very safe and ef-
fective manner.

DNA Vaccination

A large number of recent studies have demonstrated
the effectiveness of genetic vaccination approaches in
models of infectious disease (72—74), cancer (75), and
autoimmune disease (76, 77). Because Thl-biased re-
sponses are thought to be effective in protecting
against allergic disease and asthma, DNA vaccination
has been applied to allergic disease and asthma to
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downmodulate the Th2-biased immune responses. In
murine models of allergic disease and asthma, the re-
cipient is vaccinated with allergen in the form of naked
plasmid cDNA, which stimulates allergen-specific im-
mune responses with a Thl bias. CpG motifs present
on the vector backbone enhance immunogenicity (78)
and effectively induce IL-12, IL-18, IFN-y production,
and antigen-specific CD8 cells (79). Studies in murine
models have demonstrated that DNA immunization
strategies prevent the development of antigen-specific
IgE synthesis, airway hyperresponsiveness, or food-
induced anaphylaxis and induce inhibitory CD8 cells
(80—-82). Preliminary studies in our laboratory suggest
that fusing 1L-18 cDNA with allergen cDNA in a single
vector may enhance the effectiveness of the DNA vac-
cination and results in a potent vaccine construct that
is much more capable of reversing established airway
hyperreactivity than a simple allergen cDNA plasmid.

Fusion Proteins with Enhanced Immunogenicity

The fusion of cytokine and antigen has been shown
to be an effective vaccine strategy in several other
systems, for example, with idiotypic antigens of B cell
lymphoma conjugated to GM-CSF, which enhanced the
induction of protective immunity against a subsequent
lethal tumor challenge (75). The fusion construct fo-
cuses the effects of the cytokine on antigen-specific
cells, which reduces the absolute amount of cytokine
required, thereby reducing potential adverse effects of
the cytokine.

This approach was used with the cytokine IL-12,
which was fused to the prototypic allergen OVA (83).
IL-12, like IL-18, potently induces IFN-y production
and enhances Thl-biased immune responses. This ap-
proach reduces the significant antigen-nonspecific ef-
fects of 1L-12 when it is administered in vivo. For
example, in vivo administration of IL-12 has been as-
sociated in clinical trials with substantial morbidity
and mortality (75), has been ineffective in suppressing
Th2 recall responses (84, 85), and when administered
in high doses to mice, paradoxically enhances IgE syn-
thesis (86). In contrast, administration of the IL-12,
when fused to OVA protein, reduced antigen-nonspe-
cific IL-12 effects and maximized induction of IFN-y
production in an antigen-specific fashion. Moreover,
the OVA-IL-12 fusion protein increased the immuno-
genicity of the OVA and greatly improved the capacity
of the allergen to induce Thl-biased responses and
reverse established allergic responses (83). The anti-
gen specificity of this response was dependent upon
covalent linkage of antigen and IL-12, since immuni-
zation of mice with allergen and free recombinant
IL-12 enhanced T cell production of IFN-vy, but the
IFN-vy production was not allergen-specific. Thus mod-
ification of allergen by covalent linkage to cytokines,
such as IL-12, may be an effective methodology for
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enhancing the immunogenicity of proteins in inducing
Thl-biased responses and for treating patients with
allergic disease.

ISS as Adjuvant for Allergen Immunotherapy

Because immunostimulatory sequences (also known
as unmethylated CpG motifs) in DNA have been found
to greatly enhance Th1l responses (80), there has been
great interest in using ISS as an adjuvant in allergen
immunotherapy. ISS, when administered prior to or
with allergen, has been shown to prevent airway hy-
persensitivity in murine models of asthma (87, 88). ISS
motifs activate pattern recognition receptors and
MyD88 pathways involved in innate immunity, ex-
pressed on antigen presenting cells (dendritic cells,
macrophages, and B cells) and NK cells (89) and ap-
pear to be effective in reducing Th2 responses even in
IFN-y and IL-12 knockout mice. Moreover, conjugates
composed of ISS covalently linked to allergen have
been shown to be 100-fold more efficient in reducing
airway eosinophilia and airway hyperreactivity than
unconjugated mixtures (90). Thus, allergen—ISS con-
structs or the coadministration of ISS and allergen
may be effective in immunotherapy for asthma and
atopic disorders, and clinical trials with these agents
are currently under way.

Other Adjuvants for Allergen Immunotherapy

While many modified approaches to allergen immu-
notherapy induce immune deviation toward a Thil
form of immunity, as discussed above, immune modu-
lation with the induction of other regulatory cell types
may be important for the elimination of allergen-in-
duced inflammation. For example, the adjuvant heat-
killed Listeria monocytogenes (HKL), which is potent in
inducing IFN-v, IL-12, IL-18, as well as IL-10 produc-
tion, appeared to be extremely effective in converting
Th2-dominated immune responses into protective re-
sponses. Moreover, the effect of HKL occurred in an
allergen-specific manner and was effective in reversing
established airway hyperreactivity (38, 91). HKL as
adjuvant was much more effective than Mycobacteria
as adjuvant (38), even though respiratory infection
with Mycobacteria has been shown to suppress aller-
gen-induced airway eosinophilia (92). The inhibitory
effect of HKL on airway hyperreactivity depended on
the presence of IL-12, IL-10, TGF-g, and CD8" T cells,
was associated with an increase in 1L-18 mRNA ex-
pression, and required close physical association be-
tween HKL and the antigen. Thus, these studies dem-
onstrate that HKL as an adjuvant very effectively
promotes complex regulatory protective immune re-
sponses in the respiratory tract, which downmodulates
ongoing Th2-dominated responses and indicates that
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HKL as an adjuvant for immunotherapy may be clini-
cally effective in the treatment of allergic asthma. Fur-
ther study of such regulatory responses induced with
HKL or with other adjuvants, such as cholera toxin,
subunit B, which appears to induce tolerance (93, 94),
are likely to lead to very effective therapies for allergic
diseases and asthma.

SUMMARY

The most effective immunotherapies for allergic dis-
eases will be those that replicate the regulatory pro-
cesses that occur in nonallergic individuals and which
allow individuals to tolerate exposure to allergens
without symptoms. At the present time the mecha-
nisms which underlie this process in nonallergic people
are still poorly understood, but are likely to involve
regulatory/suppressor cells, including Thl CD4, CD8
cells, and regulatory T cells secreting IL-10 or TGF-8
(Th3 or Trl cells). In addition, mechanisms such as
anergy or deletion may also be involved, as is thought
to occur during gastrointestinal exposure to antigens.
Although antigen-specific IFN-y producing cells may
play an important role in mediating the beneficial ef-
fects of conventional immunotherapy, the simple con-
version of Th2-dominated allergic inflammatory re-
sponses into classical Thl responses may result in
enhanced rather than decreased inflammation and ex-
acerbation of allergic disease. Conventional allergen
immunotherapy is currently available for treating al-
lergic disease, and it appears to attenuate the under-
lying detrimental allergic inflammatory responses and
has the potential for altering the natural course of the
disease. Future therapies will be much more efficacious
and will be based on our developing knowledge of the
mechanism of action of tolerance and immune devia-
tion. Such allergen-specific therapies, however, will be
long lasting and not require chronic administration,
since exposure to allergen should reinforce the protec-
tive immune response. Moreover, these therapies will
convert allergic individuals into nonallergic individu-
als and produce a cure for these problems.

ACKNOWLEDGMENTS

This work was supported by a fellowship from the Australian MRC
and grants from the NHS NIH Al24571, Al45900, and HL62348,
from the Clarisa Sosin Foundation, and from the Aaronstam family.

REFERENCES

1. Burrows, B., Martinez, F. D., Halonen, M., Barbee, R. A., and
Cline, M. G., Association of asthma with serum IgE levels and
skin-test reactivity to allergens. N. Engl. J. Med. 320, 271, 1989.

2. Martinez, F. D., Wright, A. L., Taussig, L. M., Holberg, C. J.,
Halonen, M., Morgan, W. J., and G. H. Associates., Asthma and
wheezing in the first six years of life. N. Engl. J. Med. 332,
133-138, 1995.



200

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Milgrom, H., Fick, R. B. J., Su, J. Q., Reimann, J. D., Bush, R. K.,

Watrous, M. L., and Metzger, W. J., Treatment of allergic
asthma with monoclonal anti-IgE antibody. rhuMAb-E25 Study
Group. N. Engl. J. Med. 341, 1966-1973, 1999.

. Boguniewicz, M., Raimer, S., Lawrence, I. D., Leung, D. Y., and

Hanifin, J. M., A randomized, vehicle-controlled trial of tacroli-
mus ointment for treatment of atopic dermatitis in children.
Pediatric Tacrolimus Study Group. J. Allergy Clin. Immunol.
102, 637-644, 1998.

. Borish, L. C., Lanz, M. J., Claussen, L., Whitmore, J. B., Agosti,

J. M., and Garrison, L., Interleukin-4 receptor in moderate
atopic asthma. A phase I/ll randomized, placebo-controlled trial.
Am. J. Respir. Crit. Care Med. 160, 1816-1823, 1999.

. Egan, R. W., Athwah, I. D., Chou, C. C., Emtage, S., Jehn, C. H.,

Kung, T. T., Mauser, P. J., Murgolo, N. J., and Bodmer, M. W.,
Inhibition of pulmonary eosinophilia and hyperreactivity by an-
tibodies to interleukin-5. Int. Arch. Allergy Immunol. 107, 321-
322, 1995.

. Wills-Karp, M., Luyimbazi, J., Xu, X., Schofield, B., Neben, T. Y.,

Karp, C. L., and Donaldson, D. D., Interleukin-13: Central me-
diator of allergic asthma. Science 282, 2258-2261, 1998.

. Blotta, M. H., DeKruyff, R. H., and Umetsu, D. T., Corticoste-

roids inhibit IL-12 production in human monocytes and enhance
their capacity to induce IL-4 synthesis in CD4 lymphocytes.
J. Immunol. 158, 5589-5595, 1997.

. DeKruyff, R. H., Fang, Y., and Umetsu, D. T., Corticosteroids

enhance the capacity of macrophages to induce Th2 cytokine
synthesis in CD4+ lymphocytes by inhibiting interleukin-12 pro-
duction. J. Immunol. 160, 2231-2237, 1998.

Vieira, P. L., Kalinski, P., Wierenga, E. A., Kapsenberg, M. L.,
and de Jong, E. C., Glucocorticoids inhibit bioactive IL-12p70
production by in vitro-generated human dendritic cells without
affecting their T cell stimulatory potential. J. Immunol. 161,
5245-5251, 1998.

Prescott, S. L., Macaubes, C., Yabuhara, A., Venaille, T. J., Holt,
B. J., Habre, W., Loh, R., Sly, P. D., and Holt, P. G., Developing
patterns of T cell memory to environmental allergens in the first
two years of life. Int. Arch. Allergy Immunol. 113, 75-79, 1997.

Mosmann, T. R., and Coffman, R. L. Thl and Th2 cells: Different
patterns of lymphokine secretion lead to different functional
properties. Annu. Rev. Immunol. 7, 145-173, 1989.

Wierenga, E. A., Snoek, M., Jansen, H. M., Bos, J. D., van Lier,
R. A. W., and Kapsenberg, M. L., Human atopen-specific types 1
and 2 T helper cell clones. J. Immunol. 147, 2942-2949, 1991.

Marshall, J., Wen, Y., Abrams, J. S., and Umetsu, D. T., In vitro
synthesis of IL-4 by human CD4+ T cells requires repeated
antigenic stimulation. Cell. Immunol. 152, 18—-34, 1993.
Shirakawa, T., Enomoto, T., Shimazu, S., and Hopkin, J. M., The
inverse association between tuberculin responses and atopic dis-
order. Science 275, 77-79, 1997.

Tang, M. L., Kemp, A. S., Thorburn, J., and Hill, D. J., Reduced
interferon-gamma secretion in neonates and subsequent atopy.
Lancet 344, 983-985, 1994.

Oro, A. S., Guarino, T. J., Driver, R., Steinman, L., and Umetsu,
D. T., Regulation of disease susceptibility: Decreased prevalence
of IgE-mediated allergic disease in patients with multiple scle-
rosis. J. Allergy Clin. Immunol. 97, 1402-1408, 1996.

Tang, L., Benjaponpitak, S., DeKruyff, R. H., and Umetsu, D. T.,
Reduced prevalence of allergic disease in patients with multiple
sclerosis is associated with enhanced IL-12 production. J. Al-
lergy Clin. Immunol. 102, 428—-435, 1998.

Verhoef, C. M., van Roon, J. A., Vianen, M. E., Bruijnzeel-
Koomen, C. A., Lafcber, F. P., and Biulsma, J. W., Mutual
antagonism of rheumatoid arthritis and hay fever; a role for type
1/type 2 T cell balance. Ann. Rheum. Dis. 57, 275-280, 1998.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

CAMPBELL, DEKRUYFF, AND UMETSU

Douek, I. F., Leech, N. J., Gillmor, H. A, Bingley, P. J., and Gale,
E. A, Children with type-1 diabetes and their unaffected siblings
have fewer symptoms of asthma. Lancet 353, 1850, 1999.

Gavett, S. H., O'Hearn, D. J., Li, X., Huang, S.-K., Finkelman,
F. D., and Wills-Karp, M., Interleukin 12 inhibits antigen-in-
duced airway hyperresponsiveness, inflammation, and Th2 cy-
tokine expression in mice. J. Exp. Med. 182, 1527-1536, 1995.
Hofstra, C., Van Ark, I., Hofman, G., Kool, M., Nijkamp, F. P.,
and Van Oosterhout, A. J. Prevention of Th2-like cell responses
by coadministration of IL-12 and IL-18 is associated with inhi-
bition of antigen-induced airway hyperresponsiveness, eosino-
philia, and serum IgE levels. J. Immunol. 161, 5054 -5060, 1998.

McMenamin, C., and Holt, P. G., The natural immune response
to inhaled soluble protein antigens involves major histocompat-
ibility complex (MHC) class I-restricted CD8+ T cell-mediated
but MHC class ll-restricted CD4+ T cell-dependent immune
deviation resulting in selective suppression of immunoglobulin E
production. J. Exp. Med. 178, 889—-899, 1993.

Wild, J. S., Sigounas, A., Sur, N., Siddiqui, M. S., Alam, R.,
Kurimoto, M., and Sur, S., IFN-g inducing factor (IL-18) in-
creases allergic sensitization, serum IgE, Th2 cytokines, and
airway eosinophilia in a mouse model of allergic asthma. J. Im-
munol. 164, 2701-2710, 2000.

Hoshino, T., Wiltrout, R. H., and Young, H. A,, IL-18 is a potent
coinducer of IL-13 in NK and T cells: a new potential role for
IL-18 in modulating the immune response. J. Immunol. 162,
5070-5077, 1999.

Yoshimoto, T., Tsutsui, H., Tominaga, K., Hoshino, K., Oka-
mura, H., Akira, S., Paul, W. E., and Nakanishi, K., IL-18,
although antiallergic when administered with IL-12, stimulates
IL-4 and histamine release by basophils. Proc. Natl. Acad. Sci.
USA 96, 13962-13966, 1999.

Yoshimoto, T., Mizutani, H., Tsutsui, H., Noben-Trauth, N.,
Yamanaka, K., Tanaka, M., Izumi, S., Okamura, H., Paul, W. E.,
and Nakanishi, K., IL-18 induction of IgE: dependence on CD4+
T cells, IL-4 and STAT6. Nature Immunol. 2, 132-137, 2000.

Garcia, V. E., Uyemura, K., Sieling, P. A., Ochoa, M. T., Morita,
C. T., Okamura, H., Kurimoto, M., Rea, T. H., and Modlin, R. L.,
IL-18 promotes type 1 cytokine production from NK cells and T
cells in human intracellular infection. J. Immunol. 162, 6114—
6121, 1999.

Kodama, T., Matsuyama, T., Kuribayashi, K., Nishioka, Y., Su-
gita, M., Akira, S., Nakanishi, K., and Okamura, H., IL-18 defi-
ciency selectively enhances allergen-induced eosinophilia in
mice. J. Allergy Clin. Immunol. 105, 45-53, 2000.

Hansen, G., Berry, G., DeKruyff, R. H., and Umetsu, D. T.
Allergen-specific Thl cells fail to counterbalance Th2 cell-in-
duced airway hyperreactivity but cause severe airway inflam-
mation. J. Clin. Invest. 103, 175-183, 1999.

Hansen, G., Mcintire, J. J., Yeung, V. P., Berry, G., Thorbecke,
G. J.,, Chen, L., DeKruyff, R. H., and Umetsu, D. T., CD4+ Th
Cells Engineered To Produce Latent TGF-b1l Reverse Allergen-
Induced Airway Hyperreactivity and Inflammation. J. Clin. In-
vest. 11, 89-96, 2000.

Umetsu, D. T., and DeKruyff, R. H., Interleukin-10. The missing
link in asthma regulation? Am. J. Respir. Cell Mol. Biol. 21,
562-563, 1999.

Randolph, D. A., Carruthers, C. J., Szabo, S. J., Murphy, K. M.,
and Chaplin, D. D., Modulation of airway inflammation by pas-
sive transfer of allergen-specific Thl and Th2 cells in a mouse
model of asthma. J. Immunol. 162, 2375-2383, 1999.

Stampfli, M. R., Cwiartka, M., Gajewska, B. U., Alverez, D., Ritz,
S. A, Inman, M. D., Xing, Z., and Jordana, M., Interleukin-10
gene transfer to the airway regulates allergic mucosal sensitiza-
tion in mice. Am. J. Respir. Cell Mol. Biol. 21, 21, 1999.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

ALLERGEN

Borish, L., IL-10: evolving concepts. J. Allergy Clin. Immunol.
101, 293-297, 1998.

Chen, Y., Kuchroo, V. K., Inobe, J., Hafler, D. A., and Weiner,
H. L., Regulatory T cell clones induced by oral tolerance: sup-
pression of autoimmune encephalomyelitis. Science 265, 1237—
1240, 1994.

Rocklin, R. E., Sheffer, A., Greineder, D. K., and Melmon, K. L.,
Generation of antigen-specific suppressor cells during allergy
desensitization. N. Engl. J. Med. 302, 1213-1219, 1980.

Yeung, V. P., Gieni, R. S., Umetsu, D. T., and DeKruyff, R. H.,
Heat killed Listeria monocytogenes as an adjuvant converts
established Th2-dominated immune responses into Thl-domi-
nated responses. J. Immunol. 161, 4146-4152, 1998.

Lahn, M., Kanehiro, A., Takeda, K., Joetham, A., Schwarze, J.,
Kohler, G., O'Brien, R., Gelfand, E. W., Born, W., and Kanehio,
A., Negative regulation of airway responsiveness that is depen-
dent on gammadelta T cells and independent of alphabeta T
cells. Nature Med. 5, 1150-1156, 1999.

Grunig, G., Corry, D. B., Leach, M. W., Seymour, B. W., Kurup,
V. P., and Rennick, D. M., Interleukin-10 is a natural suppressor
of cytokine production and inflammation in a murine model of
allergic bronchopulmonary aspergillosis. J. Exp. Med. 185,
1089-1099, 1997.

Makela, M. J., Kanehiro, A., Borish, L., Dakhama, A., Loader, J.,
Joetham, A., Xing, Z., Jordana, M., Larsen, G. L., and Gelfand,
E. W., IL-10 is necessary for the expression of airway hyperre-
sponsiveness but not pulmonary inflammation after allergic sen-
sitization. Proc. Natl. Acad. Sci. USA 97, 6007-6012, 2000.
Bridoux, F., Badou, A., Saoudi, A., Bernard, 1., Druet, E., Pas-
quier, R., Druet, P., and Pelletier, L., Transforming Growth
Factor B (TGF-B)-dependent inhibition of T helper cell 2 (Th2)-
induced autoimmunity by self-major Histocompatibility Com-
plex (MHC) class ll-specific, regulatory CD4+ T cell lines. J.
Exp. Med. 185, 1769-1775, 1997.

Groux, H., O'Garra, A., Bigler, M., Rouleau, M., Antonenko, S.,
de Vries, J. E., and Roncarolo, M. G., A CD4+ T-cell subset
inhibits antigen-specific T-cell responses and prevents colitis.
Nature 389, 737-742, 1997.

Haneda, K., Sano, K., Tamura, G., Sato, T., Habu, S., and
Shirato, K., TGF-beta induced by oral tolerance ameliorates
experimental tracheal eosinophilia. J. Immunol. 159,
44844490, 1997.

Nakao, A., Miike, S., Hatano, M., Okumura, K., Tokuhisa, T., Ra,
C., and Iwamoto, I., Blockade of Transforming Growth Factor
b/Smad signaling in T cells by overexpression of Smad7 en-
hances antigen-induced airway inflammation and airway reac-
tivity. J. Exp. Med. 192, 151-158, 2000.

Kuruvilla, A. P., Shah, R., Hochwald, G. M., Liggitt, H. D.,
Palladino, M. A., and Thorbecke, G. J., Protective effect of trans-
forming growth factor beta 1 on experimental autoimmune dis-
eases in mice. Proc. Natl. Acad. Sci. USA 88, 2918-2921, 1991.

Thorbecke, G. J., Shah, R., Leu, C. H., Kuruvilla, A. P., Hardi-
son, A. M., and Palladino, M. A., Involvement of endogenous
tumor necrosis factor alpha and transforming growth factor beta
during induction of collagen type Il arthritis in mice. Proc. Natl.
Acad. Sci. USA 89, 7375-7379, 1992.

Johns, L. D., Flanders, K. C., Ranges, G. E., and Sriram, S.,
Successful treatment of experimental allergic encephalomyelitis
with transforming growth factor-beta 1. J. Immunol. 147, 1792—
1796, 1991.

Racke, M. K., Cannella, B., Albert, P., Sporn, M., Raine, C. S.,
and McFarlin, D. E., Evidence of endogenous regulatory function
of transforming growth factor-beta 1 in experimental allergic
encephalomyelitis. Int. Immunol. 4, 615-620, 1992.

IMMUNOTHERAPY

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

201

Neurath, M. F., Fuss, I., Kelsall, B. L., Presky, D. H., Waegell,
W., and Strober, W., Experimental granulomatous colitis in mice
is abrogated by induction of TGF-B-mediated oral tolerance. J.
Exp. Med. 183, 2605-2616, 1996.

Rizzo, L. V., Miller-Rivero, N. E., Chan, C. C., Wiggert, B.,
Nussenblatt, R. B., and Caspi, R. R., Interleukin-2 treatment
potentiates induction of oral tolerance in a murine model of
autoimmunity. J. Clin. Invest. 94, 1668-1672, 1994.

Creticos, P. S., Immunotherapy with allergens. J. Am. Med.
Assoc. 268, 2834-2839, 1992.

Bousquet, J., Lockey, R., Malling, H. J., Alvarez-Cuesta, E.,
Canonica, G. W., Chapman, M. D., Creticos, P. J., Dayer, J. M.,
Durham, S. R., Demoly, P., Goldstein, R. J., Ishikawa, T., Ito, K.,
Kraft, D., Lambert, P. H., Lowenstein, H., Muller, U., Norman,
P. S., Reisman, R. E., Valenta, R., Valovirta, E., and Yssel, H.,
Allergen immunotherapy: therapeutic vaccines for allergic dis-
eases. Ann. Allergy Asthma Immunol. 81, 401-405, 1998.

Durham, S. R., Walker, S. M., Varga, E.-M., Jacobson, M. R.,
O'Brien, F., Noble, W., Till, S. J., Hamid, Q. A., and Nouri-Aria,
K. T., Long-term clinical efficacy of grass-pollen immunotherapy.
N. Engl. J. Med. 341, 468—475, 1999.

Valovirta, E., PAT—the Preventive Allergy Treatment Study
design and preliminary results. Wien Med. Wochenschr. 149,
442—-443, 1999.

Secrist, H., Chelen, C. J., Wen, Y., Marshall, J. D., and Umetsu,
D. T., Allergen immunotherapy decreases interleukin 4 produc-
tion in CD4+ T cells from allergic individuals. J. Exp. Med. 178,
2123-2130, 1993.

Varney, V. A., Hamid, Q. A., Gaga, M., Ying, S., Jacobson, M.,
Frew, A. J., Kay, A. B., and Durham, S. R., Influence of grass
pollen immunotherapy on cellular infiltration and cytokine
mRNA expression during allergen-induced late-phase cutaneous
responses. J. Clin. Invest. 92, 644—-651, 1993.

Jutel, M., Pichler, W. J., Skrbic, D., Urwyler, A., Dahinden, C.,
and Muller, U. R., Bee venom immunotherapy results in de-
crease of IL-4 and IL-5 and increase of IFN-gamma secretion in
specific allergen-stimulated T cell cultures. J. Immunol. 154,
4187-4194, 1995.

Benjaponpitak, S., Oro, A. S., Maguire, P., DeKruyff, R. H., and
Umetsu, D. T., The kinetics of changes in cytokine production by
CD4+ T cells during conventional allergen immunotherapy. J.
Allergy Clin. Immunol. 103, 468—-475, 1999.

Akdis, C. A., Blasken, T., Akdis, M., Wuthrich, B., and Blaser,
K., Role of interleukin 10 in specific immunotherapy. J. Clin.
Invest. 102, 98-106, 1998.

van Neerven, R. J., Wikborg, T., Lund, G., Jacobsen, B., Brinch-
Nielsen, A., Arnved, J., and Ipsen, H., Blocking antibodies in-
duced by specific allergy vaccination prevent the activation of
CD4+ T cells by inhibiting serum-lgE-facilitated allergen pre-
sentation. J. Immunol. 163, 2944-2952, 1999.

Secrist, H., DeKruyff, R. H., and Umetsu, D. T., Interleukin 4
production by CD4+ cells from allergic individuals is modulated
by allergen concentration and antigen-presenting cell type. J.
Exp. Med. 181, 1081-1090, 1995.

HayGlass, K. T., and Stefura, B. P., Anti-interferon vy treatment
blocks the ability of glutaraldehyde-polymerized allergens to
inhibit specific IgE responses. J. Exp. Med. 173, 279-285, 1991.
Smith, A. M., and Chapman, M. D., Reduction in IgE binding to
allergen variants generated by site-directed mutagenesis: con-
tribution of disulfide bonds to the antigenic structure of the
major house dust mite allergen Der p 2. Mol. Immunol. 33,
399-405, 1996.

Norman, P. S., Ohman, J. L., Jr., Long, A. A., Creticos, P. S.,
Gefter, M. A,, Shaked, Z., Wood, R. A., Eggleston, P. A., Hafner,



202

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

K. B., and Rao, P., Treatment of cat allergy with T-cell reactive
peptides. Am. J. Respir. Crit. Care Med. 154, 1623-1628, 1996.

Pene, J., Desroches, A., Paradis, L., Lebel, B., Farce, M., Nicode-
mus, C. F., Yssel, H., and Bousquet, J., Immunotherapy with
Feld 1 peptides decreases IL-4 release by peripheral blood T cells
of patients allergic to cats. J. Allergy Clin. Immunol. 101, 571—
578, 1998.

Maguire, P., Nicodemus, C., Aaronson, D., Robinson, D., and
Umetsu, D. T., The safety and efficacy of ALLERVAX CAT in cat
allergic patients. Clinical Immunol. 93, 222-231, 1999.

Haselden, B. M., Kay, B. A., and Larche, M., Immunoglobulin
E-independent major histocompatibility complex-restricted T
cell peptide epitope-induced late asthmatic reactions. J. Exp.
Med. 189, 1885-1894, 1999.

La Rosa, M., Ranno, C., Andre, C., Carat, F., Tosca, M. A.,
Canonica, G. W., Double-blind placebo-controlled evaluation of
sublingual-swallow immunotherapy with standardized Pari-
etaria judaica extract in children with allergic rhinoconjunctivi-
tis. J. Allergy Clin. Immunol. 104, 425-432, 1999.

Passalacqua, G., Albano, M., Riccio, A., Fregonese, L., Puccinelli,
P., Parmiani, S., and Canonica, G. W., Clinical and immunologic
effects of a rush sublingual immunotherapy to Parietaria spe-
cies: A double-blind, placebo-controlled trial. J. Allergy Clin.
Immunol. 104, 964-968, 1999.

Faria, A. M., and Weiner, H. L., Oral tolerance: Mechanisms and
therapeutic applications. Advan. Immunol. 73, 153-264, 1999.

Ulmer, J. B., Donnelly, J. J., Parker, S. E., Rhodes, G. H.,
Felgner, P. L., Dwarki, V. J., Gromkowski, S. H., Deck, R. R,
Dewitt, C. M., Friedman, A., et al., Heterologous protection
against influenza by injection of DNA encoding a viral protein.
Science 259, 1745-1749, 1993.

Condon, C., Watkins, S. C., Celluzzi, C. M., Thompson, K., and
Falo, L. D., Jr., DNA-based immunization by in vivo transfection
of dendritic cells. Nature Med. 2, 1122-1128, 1996.

Tascon, R. E., Colston, M. J., Ragno, S., Stavropoulos, E., Greg-
ory, D., and Lowrie, D. B., Vaccination against tuberculosis by
DNA injection. Nature Med. 2, 888—-892, 1996.

Syrengelas, A. D., Chen, T. T., and Levy, R., DNA immunization
induces protective immunity against B-cell lymphoma. Nature
Med. 2, 1038-1041, 1996.

Waisman, A., Ruiz, P. J., Hirschberg, D. L., Gelman, A., Oksen-
berg, J. R., Brocke, S., Mor, F., Cohen, I. R., and Steinman, L.,
Suppressive vaccination with DNA encoding a variable region
gene of the T-cell receptor prevents autoimmune encephalomy-
elitis and activates Th2 immunity. Nature Med. 2, 899-905,
1996.

Seder, R. A., and Gurunathan, S., DNA vaccines—Designer vac-
cines for the 21st century. N. Engl. J. Med. 341, 277-278, 1999.
Sato, Y., Roman, M., Tighe, H., Lee, D., Corr, M., Nguyen, M.-D.,
Silverman, G. J., Lotz, M., Carson, D. A., and Raz, E., Immuno-
stimulatory DNA sequences necessary for effective intradermal
gene immunization. Science 273, 352-354, 1996.

Bohle, B., Jahn-Schmid, B., Maurer, D., Kraft, D., and Ebner, C.,
Oligodeoxynucleotides containing CpG motifs induce IL-12,
IL-18 and IFN-gamma production in cells from allergic individ-
uals and inhibit IgE synthesis in vitro. Eur. J. Immunol. 29,
2344-2353, 1999.

Raz, E., Tighe, H., Sato, Y., Corr, M., Dudler, J. A, Roman, R.,
Swain, S. L., Spiegelberg, H. L., and Carson, D. A., Preferential
induction of a Thl immune response and inhibition of specific
IgE antibody formation by plasmid DNA immunization. Proc.
Natl. Acad. Sci. USA 93, 5141-5145, 1996.

Received June 5, 2000; accepted August 1, 2000

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

CAMPBELL, DEKRUYFF, AND UMETSU

Hsu, C. H., Chua, K. Y., Tao, M. H,, Lali, Y. L., Wu, H. D., Huang,
S. K., and Hsieh, K. H., Immunoprophylaxis of allergen-induced
immunoglobulin E synthesis and airway hyperresponsiveness in
vivo by genetic immunization. Nature Med. 2, 540-544, 1996.

Roy, K., Mao, H. Q., Huang, S. K., and Leong, K. W., Oral gene
delivery with chitosan—DNA nanoparticles generates immuno-
logic protection in a murine model of peanut allergy. Nature
Med. 5, 387-391, 1999.

Kim, T. S., DeKruyff, R. H., Rupper, R., Maecker, H. T., Levy, S.,
and Umetsu, D. T., An OVA-IL-12 fusion protein is more effec-
tive than OVA plus rlL-12 in inducing a Th1l-dominated immune
response and inhibiting antigen-specific IgE production. J. Im-
munol. 158, 4137-4144, 1997.

Bliss, J., Van, C. V., Murray, K., Wiencis, A., Ketchum, M.,
Maylor, R., Haire, T., Resmini, C., Abbas, A. K., and Wolf, S. F.,
IL-12, as an adjuvant, promotes a T helper 1 cell, but does not
suppress a T helper 2 cell recall response. J. Immunol. 156,
887-894, 1996.

Wynn, T. A., Jankovic, D., Hieny, S., Cheever, A. W., and Sher,
A., IL-12 enhances vaccine-induced immunity to Schistosoma
mansoni in mice and decreases T helper 2 cytokine expression,
IgE production, and tissue eosinophilia. J. Immunol. 154, 4701
4709, 1995.

Germann, T., Guckes, S., Bongartz, M., Dlugonska, H., Schmitt,
E., Kolbe, L., Kolsch, E., Podlaski, F. J., Gately, M. K., and Rude,
E., Administration of IL-12 during ongoing immune responses
fails to permanently suppress and can even enhance the synthe-
sis of antigen-specific IgE. Int. Immunol. 7, 1649-1657, 1995.
Kline, J. N., Waldschmidt, T. J., Businga, T. R., Lemish, J. E.,
Weinstock, J. V., Thorne, P. S., and Krieg, A. M., Modulation of
airway inflammation by CpG oligodeoxynucleotides in a murine
model of asthma. J. Immunol. 160, 2555-2559, 1998.

Broide, D., Schwarze, J., Tighe, H., Gifford, T., Nguyen, M.-D.,
Malek, S., Van Uden, J., Martin-Orozco, E., Gelfand, E. W., and
Raz, E., Immunostimulatory DNA sequences inhibit IL-5, eosin-
ophilic inflammation, and airway hyperresponsiveness in mice.
J. Immunol. 161, 7054-7062, 1998.

Krieg, A. M., The role of CpG motifs in innate immunity. Current
Opin. Immunol. 12, 35—-43, 2000.

Shirota, H., Sano, K., Kikuchi, T., Tamura, G., and Shirato, K.,
Regulation of murine airway eosinophilia and Th2 cells by anti-
gen-conjugated CpG oligodeoxynucleotides as a novel antigen-
specific immunomodulator. J. Immunol. 164, 5575-5582, 2000.

Hansen, G., Yeung, V. P., Berry, G., Umetsu, D. T., and De-
Kruyff, R. H., Vaccination with heat killed listeria as adjuvant
reverses established allergen-induced airway hyperreactivity
and inflammation: Role of CD8+ T cells and IL-18. J. Immunol.
164, 223-230, 2000.

Erb, K. J., Holloway, J. W., Sobeck, A., Moll, H., and Le Gros, G.,
Infection of mice with Mycobacterium bovis-bacillus Calmette-
Guérin (BCG) suppresses allergen-induced airway eosinophilia.
J. Exp. Med. 187, 561-569, 1998.

Wiedermann, U., Jahn-Schmid, B., Lindblad, M., Rask, C.,
Holmgren, J., Kraft, D., and Ebner, C., Suppressive versus stim-
ulatory effects of allergen/cholera toxoid (CTB) conjugates de-
pending on the nature of the allergen in a murine model of type
I allergy. Int. Immunol. 11, 1717-1724, 1999.

Bergerto, 1., Ploix, C., Petersen, J., Moulin, V., Rask, C., Fabien,
N., Lindblad, M., Mayer, A., Czerkinsky, C., Holmgren, J., and
Thivolet, C., A cholera toxoid-insulin conjugate as an oral vac-
cine against spontaneous autoimmune diabetes. Proc. Natl.
Acad. Sci. USA 97, 4610-4614, 1997.



	INTRODUCTION
	PROTECTIVE IMMUNITY IN ALLERGIC DISEASE AND ASTHMA
	TABLE 1

	CONVENTIONAL ALLERGEN IMMUNOTHERAPY, MECHANISMS OF ACTION
	TABLE 2

	NOVEL METHODOLOGIES FOR ALLERGEN IMMUNOTHERAPY
	TABLE 3

	SUMMARY
	ACKNOWLEDGMENTS
	REFERENCES

