
Background: Immunotherapy has gradually fallen out of favor
for the treatment of many allergic diseases because of the over-
all convenience, safety, and efficacy of medications. However,
investigations suggest that allergen/immunostimulatory
sequence oligodeoxynucleotide (ISS-ODN) conjugates (AICs)
might have improved safety and efficacy compared with aller-
gen extracts.
Objective: We determined whether changes in the ISS-ODN
conjugation ratio would effect the immunogenicity and aller-
genicity of AIC.
Methods: Immunogenicity was determined by means of AIC
vaccination of mice, followed by analysis of antigen-specific
antibody and cytokine responses. The allergenicity of AIC was
determined in mast cell release studies and in murine models
of anaphylaxis and the Arthus reaction.
Results: AIC induced a stronger immune response than aller-
gen alone or allergen mixed with ISS-ODN, but higher-level
ISS-ODN conjugation reduced its immunogenicity modestly. In
mast cell degranulation studies AIC was approximately 100-
fold less allergenic than native allergen, with stepwise increases
in the ODN conjugation ratio leading to stepwise decreases in
allergenicity. In anaphylaxis studies death rates were reduced
from 100% with native allergen challenge to as low as 0% with
high-ratio ISS-ODN AIC challenge. Similar results were
obtained in an Arthus reaction model.
Conclusion: These investigations establish that AIC is both sig-
nificantly more immunogenic and less allergenic than native
allergens and the techniques used might have further utility
for the standardization and optimization of AIC formulations

for use in allergic patients. (J Allergy Clin Immunol
2002;110:413-20.)
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Allergen immunotherapy was initially reported to be
effective by Noon1 in 1911, and for many years, it was the
first-line treatment for allergic diseases.2 However, med-
ications have gradually become the major source of therapy
for allergic patients, in part because of the slow response
rate, patient inconvenience, and risk of allergic and some-
times life-threatening allergic reactions associated with
immunotherapy.2-4 Furthermore, although immunotherapy
is highly effective for more than 90% of patients with ana-
phylactic hypersensitivities to stinging insects, immuno-
therapy appears to be somewhat less effective for respira-
tory allergies, and because of the risk of anaphylaxis,
immunotherapy is presently contraindicated for the treat-
ment of food allergies.2,5-9 There have been many efforts
to improve the safety and effectiveness of immunotherapy
over the years. Increasing allergen doses improve
immunogenicity and effectiveness, but allergic symptoms
with high-dose immunotherapy are generally more severe
than symptoms in untreated individuals during natural
exposure.2,10 Alternatively, formalin-denatured, polyethyl-
ene glycol–conjugated, and other modified allergens with
reduced allergenicity have been developed.2,11,12 Unfortu-
nately, despite their lower allergenicity, these modified
allergens have been consistently shown to be less immuno-
genic and less clinically effective than allergen extracts for
the treatment of allergic diseases.

Immunostimulatory sequence oligodeoxynucleotides
(ISS-ODNs), also termed CpG motifs because of this
shared dinucleotide, are potent inducers of innate, TH1,
and mucosa immune responses.13-17 Further investiga-
tions have established that ISS-ODN–based therapies can
prevent TH2-biased immune responses, divert TH2-biased
immune responses, or both and attenuate allergic hyper-
sensitivity responses in several animal models.18 Park et
al19 recently demonstrated that ISS-ODN sequences mod-
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ified by the attachment of 3′ guanine hexamers have
improved antiallergic activities relative to unmodified
ISS-ODN sequences. We and others have developed
another ISS-ODN–based reagent in which antigen (aller-
gen) is physically conjugated to ISS-ODN (ie, aller-
gen/ISS-ODN conjugate [AIC]). Several laboratories
have demonstrated that ISS-ODN conjugation leads to
ODN-facilitated uptake of antigen, resulting in improved
immunogenicity of AIC relative to antigen mixed with
ISS-ODN, and ODN conjugation has been further shown
to mask Ig-binding epitopes on the allergen.14,20-22

In this series of investigations, we considered how the
ISS-ODN conjugation ratio and sequence affect the
immunogenic and allergenic properties of AIC. We spec-
ulated that although ISS-ODNs conjugated to allergen
would provide adjuvant activity and hence improve
immunogenicity, the bound and negatively charged
ODNs might also mask epitopes important for B- and T-
cell responses. These antithetical considerations would
suggest that an optimal ISS-ODN/allergen ratio exists for
maximal AIC immunogenicity. We further hypothesized
that the ODN/allergen conjugation ratio of AIC formula-
tions would be inversely correlated with their allergenic-
ity because of more efficient masking of Ig-binding epi-
topes at higher ODN conjugation ratios but that
allergenicity would not be linked to the sequence of the
ODN used for conjugation. The present studies support
these hypotheses and highlight the improved immuno-
genicity and reduced allergenicity of AIC compared with
allergen, either alone or mixed with ISS-ODNs.

METHODS

Mice

Six- to 8-week-old female BALB/c mice were used in all exper-
iments. They were purchased from Jackson Laboratories (Bar Har-
bor, Me) and maintained in the University of California, San Diego,
Animal Facility, which is certified by the American Association for
the Accreditation of Laboratory Animal Care. All experiments were
approved by the animal care committee at our institution.

Reagents

Ovalbumin (OVA) was purchased from Calbiochem (San Diego,
Calif), and FITC-labeled OVA was obtained from Molecular Probes
(Eugene, Ore). Phosphorothioate ISS-ODN (5′-TGACTGT-
GAACGTTCGAGATGA-3′) and mutated ODN (M-ODN; 5′-
TGACTGTGAAGGTTAGAGAT- GA-3′) were synthesized by

Trilink Biotechnologies (San Diego, Calif). The ISS-ODNs and M-
ODNs selected for study have previously been shown to have high and
low immunostimulatory activity, respectively.20,21 To produce OVA
conjugated to ISS-ODN (OVA/ISS-ODN) and M-ODN (OVA/M-
ODN), maleimido groups were introduced onto exposed lysines of the
OVA molecule by means of incubation with a 20 molar excess of sul-
fosuccinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate
(Pierce Chemicals, Rockford, Ill) for 2 hours, followed by purification
on a NAP-25 Column (Amersham-Pharmacia, Uppsala, Sweden). A 5′
thiol group was added to the ODNs by means of incubation with 20
µmol/L tricarboxyethylphosphine (Pierce Chemicals), and activated
ODNs were subsequently purified on a NAP-10 column. Maleimido-
modified OVA and thiol-activated ODNs were then incubated togeth-
er overnight at room temperature. Crude OVA/ISS-ODN and OVA/M-
ODN conjugate mixtures were then loaded on a Superdex 200 (10:30)
gel filtration column attached to fast protein liquid chromatography to
obtain a range of OVA/ODN conjugation ratio formulations (low ratio
[L], 1:2.5; medium ratio [M], 1:3.5; and high ratio [H], 1:5.5). For all
experiments described in this article, OVA, OVA/ISS-ODN, and
OVA/M-ODN doses were standardized on the basis of OVA content.
Free ISS-ODN was used with native OVA in doses corresponding to
the amount in OVA/ISS-ODN (H) at the same OVA dose.

A pool of high-titer anti-OVA hyperimmune serum was made by
means of repeated intraperitoneal sensitization of mice with OVA
(25 µg) and alum (1 mg). Anti-OVA IgE–enriched serum was made
by means of IgG removal with protein G–conjugated beads, as pre-
viously described.23 Anti-OVA IgG–enriched serum was made by
means of heat inactivation of IgE at 56°C for 3 hours.

Immunization, sensitization, anaphylaxis,

and passive Arthus protocols

Mice were intradermally immunized with 10 µg of OVA,
OVA/ISS-ODN (L or H), OVA/M-ODN (M), or OVA mixed with 10
µg of ISS-ODN. For the anaphylactic challenge studies, mice were
sensitized with 2 weekly intraperitoneal injections of OVA (100
µg), alum (1 mg), and pertussis toxin (100 ng; Sigma, St Louis,
Mo). Three weeks after the last sensitization, mice were intra-
venously challenged with 50 µg of OVA alone, OVA mixed with 50
µg of ISS-ODN or with 50 µg of OVA/ISS-ODN (L or H), or
OVA/M-ODN (M). A subset of mice was bled 2 minutes after chal-
lenge for plasma histamine determinations, as previously
described.23 For passive Arthus studies, OVA hyperimmune serum
(10 µL) was mixed with 2 µg of OVA alone or OVA plus ISS-ODN
(2 µg) or with 2 µg of OVA/ISS-ODN (L or H) or OVA/M-ODN
(M) in a final volume of 50 µL. These mixtures were intradermally
injected into the tail base of naive mice; tails were harvested at 6
hours, fixed, cut into 1-mm disks sampling the length of the inject-
ed area, mounted in paraffin, and finally stained with hematoxylin
and eosin or stained immunohistochemically to detect complement
(C3) deposition. For each mouse, the tail section with maximal
inflammatory cell infiltrate and complement deposition was scored
on a 4-point scale by a blinded observer, and mean scores for each
injection group were calculated.

Antibody and cytokine analysis

Sera were obtained 6 weeks after immunization for ELISA
analysis. The mice were killed, and OVA-specific IgG2a and IgG1
levels and splenocyte cytokine responses were measured by means
of standard methods.23

Ig-binding inhibition assays

IgE- and IgG-binding inhibition assays were performed with
OVA hyperimmune IgE-enriched (1:100 dilution) or IgG-enriched
(1:1000 dilution) serum mixed 1:2 with 2-fold serial dilutions of
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ISS-ODN: Immunostimulatory oligodeoxynucleotide
(L): Low ratio

(M): Medium ratio
M-ODN: Mutated oligodeoxynucleotide
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OVA, OVA plus ISS-ODN, OVA/ISS-ODN (M), or OVA/M-ODN
(M). The mixtures were incubated for 1 hour at 37°C and added to
6-well plates previously coated with OVA (5 µg/mL). After an
overnight incubation at 4°C, the plates were washed, and antibodies
to either mouse IgE (biotinylated; Pharmingen, San Diego, Calif) or
IgG (AP conjugated; Southern Biotechnology Associates, Birming-
ham, Ala) were added to the plates and were subsequently incubat-
ed with reagents to detect plate-bound Ig, according to the manu-
facturer’s recommendations.

Flow cytometric assays

Rat basophilic leukemia (RBL) cells and J774 cells (ATTC,
Rockville, Md) were incubated for 1 hour with IgE- or IgG-
enriched OVA hyperimmune serum (1:20 dilution). The cells were
then incubated for 30 minutes with FITC-labeled OVA or FITC-
labeled OVA/ISS-ODN (M) or OVA/M-ODN (M) synthesized from
FITC-labeled OVA (all reagents at 100 ng/mL). For the last incuba-
tion, an irrelevant ODN was added at 5 µg/mL to saturate Ig-inde-
pendent, DNA-dependent binding of the FITC-labeled OVA/ODN
conjugates. Analysis of cells was conducted with a FACSCalibur
flow cytometry unit. Twenty thousand cell events were recorded per
sample, and results were quantitated by means of mean fluores-
cence intensity ratio:

Mean fluorescence intensity in the presence of cellular
preincubation with OVA hyperimmune sera/Mean fluores-
cence intensity in the absence of cellular preincubation
with OVA hyperimmune sera.

In vitro mast cell release assay

Bone marrow–derived mast cells (BMMCs) were prepared, and
degranulation was assessed as previously described.24 Briefly,
BMMCs (2 × 106/mL) were sensitized overnight with a 1:100 dilution
of high-titer anti-OVA IgE serum. The next day, BMMCs were washed
and stimulated with OVA, OVA plus ISS-ODN, OVA/ISS-ODN (L or
H), or OVA/M-ODN (M). β-Hexosaminidase activity in the super-
natant and the pellet were then determined by standard means.24

Statistical considerations

Statistical analyses was conducted with Statview software. Two-
tailed unpaired Student t tests were conducted on all data except dose-
release curves for binding inhibition and β-hexosaminadase release
(ANOVA) and anaphylaxis challenge survival (Fisher exact test).

RESULTS

Relative molar ratio of ISS-ODN to OVA

modestly reduces the immunogenicity of

OVA/ISS-ODN

We synthesized low-ratio (1:2.5), medium-ratio
(1:3.5), and high-ratio (1:5.5) OVA/ISS-ODN and medi-
um-ratio OVA/M-ODN (1:3.5; Fig 1). Initially, we deter-
mined the relative immunogenic capacity of OVA/ISS-
ODN (L) and OVA/ISS-ODN (H). Mice receiving a
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FIG 1. Coommasie blue staining and UV shadowing of OVA/ODN conjugates. Equivalent amounts of OVA,
OVA plus ISS-ODN, and the various ODN conjugates (on the basis of OVA content) were examined on a
nonreduced SDS-PAGE gel. Coommasie blue was used to stain protein, and UV shadowing was used to
detect ODN. As reflected in lane 2, ODNs did not physically associate with OVA without chemical linkage.
The increases in molecular weight associated with OVA/ISS-ODN (L), OVA/ISS-ODN (M), OVA/ISS-ODN (H),
and OVA/M-ODN (M) correspond to mean OVA/ODN molar binding ratios of 1:2.5, 1:3.5, 1:5.5, and 1:3.5,
respectively.

TABLE I. OVA/ISS-ODN (L) and OVA/ISS-ODN (H) are more immunogenic than OVA plus ISS-ODN

Immunization IgG2a (U/mL) IgG1a (U/mL) IFN-γ (pg/mL) IL-10 (pg/mL)

OVA 193 ± 79 1020 ± 608 194 ± 75 <20
OVA + ISS-ODN 596 ± 113 2330 ± 743 409 ± 98 <20
OVA/ISS-ODN (L) 8124 ± 1408* 2013 ± 1238 1385 ± 220* 748 ± 543*
OVA/ISS-ODN (H) 4840 ± 2075* 1157 ± 379 989 ± 151* 378 ± 143*
OVA/M-ODN (M) 194 ± 80 1264 ± 428 89 ± 47 <20

Mice (n = 4/group) received a single intradermal immunization with OVA, OVA plus ISS-ODN, or ODN-conjugated OVA. Free ISS-ODN was delivered at a
dose corresponding to the ISS-ODN content of OVA/ISS-ODN (H). Antigen-specific serum antibody and splenocyte cytokine responses were determined 6
weeks later by means of ELISA. Results are presented as means ± SE and are representative of 3 separate experiments. *P < .001 relative to OVA vaccination.
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single intradermal immunization with OVA/ISS-ODN (L
or H) had a significantly stronger IgG2a response com-
pared with that of mice immunized with OVA plus ISS-
ODN, OVA/M-ODN (M), or OVA alone. In fact, the
IgG2a response was 42- and 13-fold higher with
OVA/ISS-ODN (L) versus OVA or OVA/ISS-ODN coim-
munization, respectively (Table I). However, in 3 sepa-
rate experiments OVA/ISS-ODN (L) induced around a 2-
fold higher IgG2a response than OVA/ISS-ODN (H).
The same trend was seen in separate experiments with 2
immunizations (data not shown), but differences with
either 1 or 2 immunizations did not reach statistical sig-
nificance. In contrast to IgG2a levels, IgG1 levels were
similar for all vaccination groups.

We also evaluated the splenocyte cytokine response of
immunized mice. Although antigen-specific IL-4, IL-5,
and IL-13 were not detected in culture supernatants (data
not shown), IFN-γ and IL-10 production was significant-
ly greater for splenoyctes derived from AIC-immunized
than from control-immunized mice (Table I). However,
consistent with the IgG2a response, OVA/ISS-ODN (L)
tended to induce a stronger cytokine response than

OVA/ISS-ODN (H) with either 1 (Fig 2, B) or 2 immu-
nizations (data not shown), but differences were not sta-
tistically significant.

ODN conjugation masks allergen Ig–binding

epitopes

Previous work from this laboratory suggested that
ISS-ODN conjugation to allergens masked IgE bind-
ing.21 Consistent with these studies, Coommasie blue,
which intercalates into protein hydrophobic regions,
stained the OVA/ODN conjugates less effectively than
native OVA (Fig 1). To confirm that ODN conjugation
masked allergen-binding epitopes, we first conducted
ELISA inhibition studies. As demonstrated in Fig 2, A,
OVA/ISS-ODN (M) demonstrated significantly reduced
binding to OVA-specific IgE and IgG relative to native
OVA and OVA mixed with ISS-ODN. Furthermore,
OVA/ISS-ODN (M) and OVA/M-ODN (M) demonstrat-
ed similar reductions in antibody binding relative to
native OVA. Interestingly, we could not detect significant
differences between low-, medium-, and high-ratio
OVA/ISS-ODN conjugate binding to OVA hyperimmune
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FIG 2. ODN conjugation masks OVA-specific Ig-binding epitopes. A, OVA, OVA plus ODN, and OVA/ODN
conjugates were tested for Ig-binding inhibition, as described in the “Methods” section, and results are rep-
resentative of 3 separate experiments (*P < .001 for dose inhibition curves relative to OVA). B, RBL and J774
cells were sensitized with OVA-specific IgE and IgG, respectively. Then sensitized and unsensitized cells
were incubated with FITC-conjugated OVA, OVA/ISS-ODN (M), or OVA/M-ODN (M) and analyzed by means
of flow cytometry. Histograms for sensitized cells are shaded, and histograms for unsensitized cells are not.
The mean fluorescence intensity ratio (MFIR) was used to evaluate Ig-dependent binding of the FITC-con-
jugated reagents. Experiments were repeated 3 times with similar results.
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IgE or IgG in this assay system (data not shown).
Allergen engagement of IgE on the surface of mast

cells plays a central role in the initial phase of many
allergic reactions.24 Therefore we next used flow cyto-
metric techniques to compare the binding of FITC-
labeled OVA, OVA/ISS-ODN (M), and OVA/M-ODN
(M) to anti-OVA IgE–sensitized RBL cells. Sensitized
RBL cells stained more brightly with OVA-FITC than
unsensitized cells (Fig 2, B), indicating IgE-dependent
binding. In contrast, anti-OVA IgE–dependent binding of
FITC-labeled OVA/ISS-ODN (M) and OVA/M-ODN
(M) could not be detected on RBL cells. By analogy,
J774 cells incubated with anti-OVA sera enriched for IgG
also stained brightly with OVA-FITC but only weakly
with FITC-labeled OVA/ISS-ODN (M) or OVA/M-ODN
(M; Fig 3, B).

OVA/ISS-ODN and OVA/M-ODN conjugates

induce significantly less allergen-specific

mast cell degranulation than native OVA

To determine whether ISS-ODN conjugation would
effect OVA-dependent mast cell degranulation, BMMCs
were sensitized with anti-OVA IgE incubated with OVA,
OVA plus ISS-ODN, OVA/ISS-ODN(L or H), or
OVA/M-ODN (M) over a range of concentrations, and β-
hexosaminidase release was measured. AIC and OVA/M-
ODN (M) induced significantly less β-hexosaminidase
release than OVA (Fig 3). Furthermore, when OVA/ISS-
ODN (L)–, OVA/M-ODN (M)–, and OVA/ISS-ODN
(H)–induced BMMC degranulation were compared, a
stepwise decrease in β-hexosaminidase release was seen

with each stepwise increase in ODN conjugation. Most
impressively, nearly the same level of BMMC degranula-
tion was seen with 100 ng of OVA/ISS-ODN (H) as with
1 ng of native OVA, whereas maximum β-hexosa-
minidase release by OVA/ISS-ODN (H) was reduced 3-
fold compared with that by OVA. Finally, when com-
pared with OVA alone, a mixture of OVA and ISS-ODN
led to similar levels of BMMC degranulation.

OVA/ISS-ODN and OVA/M-ODN conjugates

are less anaphylactogenic than native OVA

Because anaphylactic reactions are a life-threatening
risk for allergic patients receiving immunotherapy, we
determined whether AIC had less anaphylactogenic
potential than native allergen. In this model challenges
with native OVA and OVA plus ISS-ODN of OVA-sensi-
tized mice led to 100% death (14/14 OVA-challenged
and 10/10 OVA plus ISS-ODN–challenged mice; Table
II). In contrast, an equivalent challenge with OVA/ISS-
ODN (L), OVA/M-ODN (M), or OVA/ISS-ODN (H) led
to 17%, 10%, or 0% death, respectively. Furthermore,
postchallenge plasma histamine levels mirrored survival
data, and OVA/ISS-ODN (H) challenge was shown to
induce significantly less histamine release than
OVA/ISS-ODN (L) or OVA/M-ODN (M) challenge.

OVA/ISS-ODN and OVA/M-ODN induce an

attenuated Arthus reaction compared with

native OVA

Although anaphylactic reactions are rare, other anti-
body-mediated reactions, such as large local reactions,
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FIG 3. OVA/ODN conjugates are less allergenic than native OVA. BMMCs were sensitized with IgE-enriched
OVA hyperimmune sera and then incubated with OVA, OVA plus ISS-ODN, or with one of the OVA/ODN con-
jugates over a range of concentrations (on the basis of OVA content), and BMMC degranulation was quan-
titated. Free ISS-ODN concentrations were based on content in OVA/ISS-ODN (H). Results represent mean
β-hexosaminidase release for triplicate samples of each condition and are representative of 3 separate
experiments (P < .05 for OVA vs OVA/ISS-ODN [L], OVA/ISS-M-ODN [M] vs OVA/ISS-ODN [L], and OVA/ISS-
ODN [H] vs OVA/M-ODN [M]).
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are common in patients receiving immunotherapy.2,4,6

Therefore we determined the potential of AIC, OVA/M-
ODN (M), and OVA to induce a passive Arthus reac-
tion. Equivalent amounts of OVA, OVA plus ISS-ODN,
OVA/ISS-ODN (L or H), or OVA/M-ODN (M) were
mixed with a constant amount of heat-inactivated anti-
OVA hyperimmune sera, and the mixture was then
intradermally injected into the base of the tails of naive
mice. Tissue pathology from samples harvested 6 hours
later was graded by a blinded observer. As with the ana-
phylaxis model, OVA/ISS-ODN (H) induced the weak-
est Arthus reaction relative to native OVA, whereas
OVA/ISS-ODN (L) and OVA/M-ODN (M) induced
intermediate reactions (Fig 4). As in the other aller-
genicity studies, free ISS-ODN did not inhibit the

development of the passive Arthus reaction when code-
livered with OVA.

DISCUSSION

Previous attempts to improve the immunogenicity and
reduce the allergenicity of immunotherapy reagents have
failed.2,11,12 In these investigations we considered the
immunogenic and allergenic consequences of chemically
linking the immunostimulatory reagent ISS-ODN to
OVA at different molar ratios. The results of these stud-
ies demonstrate that vaccination with OVA/ISS-ODN (L
or H) leads to significantly stronger immune responses
(Table I) than vaccination with OVA alone, OVA mixed
with ISS-ODN, or OVA/M-ODN (Table II). Further-
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FIG 4. OVA/ODN conjugates induce weaker Arthus reactions than native OVA. Heat-inactivated OVA hyper-
immune serum was mixed with OVA, OVA plus ISS-ODN, or one of the OVA/ODN conjugates. Free ISS-ODN
was used at a dose corresponding to the content in OVA/ISS-ODN (H). These mixtures were intradermally
injected into the tail base of naive mice. Six hours later, mice were killed, and tissue was harvested, fixed,
sectioned, and stained with hematoxylin and eosin (A) or immunohistochemically stained for complement
(C3) deposition (B). Sections were then scored for tissue inflammation and complement deposition (C).
Results are presented as mean pathology scores ± SE (n = 4 mice/group; *P < .05 relative to OVA).
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more, OVA/ISS-ODN (L and H) and OVA/M-ODN (M)
all demonstrated reduced allergenicity compared with
native OVA and OVA mixed with ISS-ODN (Figs 3 and
4 and Table II). Taken together, the observations suggest
that the principle of immunomodulatory reagent conju-
gation to allergens is a viable means to increase their
immunogenicity and to reduce their allergenicity in gen-
eral and anaphylactic potential in particular.

The observation that OVA/ISS-ODN vaccination stim-
ulated significantly stronger IgG2a and cytokine respons-
es than vaccination with OVA, OVA mixed with ISS-
ODN, or OVA/M-ODN (M) strongly suggests that both
the CpG motif and its conjugation to the target allergen
contribute to the improved immunogenicity of AIC.
However, although differences did not reach statistical
significance, OVA/ISS-ODN (L) consistently induced a
modestly higher immune response than OVA/ISS-ODN
(H), with either 1 (Table I) or 2 immunizations (data not
shown). Additional investigations are required to deter-
mine whether AIC formulations with ISS-ODN conjuga-
tion ratios of greater than 1:5.5 (OVA/ISS-ODN [H])
demonstrate further reductions in immunogenicity. It
should be further noted that AIC vaccination induced a
cytokine response dominated by IFN-γ and IL-10
because allergen-specific IFN-γ and IL-10 production
have both been associated with successful allergen
desensitization in clinical trials of immunotherapy.25,26

The capacity of OVA/ISS-ODN to bind antibody from
high-titer anti-OVA sera was also evaluated. OVA-specif-
ic IgE and IgG bound OVA/ISS-ODN (M) and OVA/M-
ODN (M) significantly less efficiently than native OVA,
both in terms of binding inhibition assays and by means
of flow cytometry (Fig 2). Consistent with these binding
assays, OVA/ISS-ODN (H and L) and OVA/M-ODN (M)
induced significantly less degranulation from OVA IgE-
sensitized BMMCs than native OVA, whereas OVA alone
and OVA mixed with ISS-ODN induced similar levels of
degranulation (Fig 3). Furthermore, a significant
decrease in allergenicity was observed with each serial
increase in the ODN/OVA conjugation ratio, and com-
pared with OVA, 100-fold higher concentrations of
OVA/ISS-ODN (H) were required to produce similar lev-
els of degranulation from BMMCs. These results further
demonstrated that although ODN conjugation was
required for AIC’s reduced in vitro allergenicity, the CpG
motif that was critical for AIC’s robust immunogenicity
did not contribute to its reduced capacity for Ig binding
or mast cell degranulation.

Although rare, anaphylaxis is a life-threatening risk
for allergic patients receiving immunotherapy, whereas
less severe antibody-mediated reactions, such as large
local reactions at the injection site, are common.2,4,6

Therefore we determined the allergenicity of AIC in
murine models of anaphylaxis and the Arthus reaction. In
the anaphylaxis model challenge with OVA or OVA plus
ISS-ODN led to 100% mortality, whereas OVA/ISS-
ODN (L), OVA/M-ODN (M), and OVA/ISS-ODN (H)
challenge led to only 17%, 10%, and 0% mortality,
respectively. Furthermore, plasma histamine levels were

significantly lower in OVA/ISS-ODN (H)–challenged
mice compared with those seen in all other challenge
groups (Table II). OVA and OVA mixed with ISS-ODN
also induced more infiltration and complement deposi-
tion than OVA/ISS-ODN (L and H) and OVA/M-ODN
(M) in a model of the Arthus reaction, and as with the
anaphylaxis model, OVA/ISS (H) proved to be less aller-
genic than the other OVA/ODN conjugates (Fig 4). These
in vivo studies of Ig-mediated hypersensitivity were con-
sistent with the in vitro results in demonstrating that the
allergenic potential of AIC is ODN conjugation depen-
dent but not CpG motif dependent. The present results
are also consistent with a recent phase I clinical trial,
which demonstrated that AIC was less allergenic than
allergen extract in end point titration skin testing studies
of allergic patients.27,28

Since Noon1 described allergen immunotherapy in
1911, there have been few technologic or methodological
advances in its use in clinical practice. However, the
improved immunogenicity and decreased allergenicity of
AIC relative to allergen alone, as described in these and
other preclinical studies,14,20-22 suggests that it might well
prove to be more effective and safe than traditional aller-
gen extracts for the treatment of allergic diseases. Consis-
tent with this premise, studies by Santeliz et al29 and Shi-
rota et al30 have demonstrated the improved efficacy of
AIC over allergen or allergen mixed with ISS-ODN alone
in protecting allergic mice from asthma. In addition, sev-
eral phase I clinical trials of AIC in patients with rag-
weed-induced allergic rhinitis have been completed with
demonstrated safety and immunologic activity in small
numbers of patients.28 Our observations suggest that
although higher levels of ISS-ODN conjugation might
reduce the immunogenicity of AIC slightly, allergenicity
and, in particular, anaphylactic potential are reduced sig-
nificantly. Considered in the context of clinical applica-
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TABLE II. OVA/ODN conjugates are less anaphylacto-
genic than native OVA

Challenge Histamine (µM) Survival (%)

Saline ND 6/6 (100%)*
OVA 28 ± 2 0/14 (0%)
OVA + ISS-ODN 27 ± 1 0/10 (0%)
OVA/ISS-ODN (L) 15 ± 6† 10/12 (83%)*
OVA/ISS-ODN (H) 2 ± 1‡ 10/10 (100%)*
OVA/M-ODN (M) 12 ± 1‡ 9/10 (90%)*

Mice were sensitized to OVA and then intravenously challenged with OVA,
OVA plus ISS-ODN, OVA/ISS-ODN (L or H), or OVA/M-ODN (M). All
challenge doses were calculated on the basis of equivalence in OVA content,
and free ISS-ODN was delivered at a dose corresponding to the ISS-ODN
content of OVA/ISS-ODN (H). Histamine determinations (n = 7
mice/group) were conducted with plasma obtained 2 minutes after chal-
lenge, and results are presented as means ± SE. When lethal anaphylaxis
occurred, it occurred within the first hour after challenge, and surviving
mice looked well 24 hours later
ND, None detected.
*P < .001 relative to OVA challenge.
†P < .05 relative to OVA challenge.
‡P < .05 compared with OVA/ISS-ODN (L) challenge.
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tions, these findings indicate that for patients at highest
risk for severe hypersensitivity reactions (ie, patients with
anaphylactic hypersensitivity), high ISS-ODN conjuga-
tion ratio AIC would be safest for immunotherapy. How-
ever, if the ISS-ODN conjugation ratio is too high, there
remains a theoretic concern that the immunogenicity of
AIC might be compromised. The present investigations
also suggest a rational approach for the standardization
and optimization of AIC reagents for clinical use.

We thank Dr Robert Coffman for his critical review of this man-
uscript and Ms Nancy Noon and Ms Jane Uhle for their consistent-
ly excellent secretarial assistance.
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