Effect of sublingual administration with a native
or denatured protein allergen and adjuvant CpG
oligodeoxynucleotides or cholera toxin on
systemic T2 immune responses and mucosal
immunity in mice
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Background: Sublingual immunotherapy has been recently used for allergic diseases, but its mechanisms are still unclear.

Objective: To examine the effect of sublingual administration of a native or denatured allergen alone or plus adjuvant on
systemic Ty2 responses and mucosal immunity in mice.

Methods: Naive or sensitized BALB/c mice were sublingually vaccinated biweekly for 3 weeks with ovalbumin (OVA) or
urea-denatured OVA (CM-OVA) only or plus adjuvant CpG oligodeoxynucleotides (CpG) or cholera toxin (CT). Two weeks
later, their specific serum IgG, IgG1, IgG2a, IgE, and saliva secretory IgA (SIgA) antibody responses and the cytokine profiles
of spleen and cervical lymph node cells were investigated.

Results: Specific SIgA antibody responses were induced by vaccination with CM-OV A plus CpG or CT. Whereas vaccination
with CM-OVA and CpG enhanced Tyl responses but inhibited IgE production, vaccination with CT and CM-OVA or OVA
increased cervical lymph node cell production of interleukin (IL) 4, IL-5, and IL-6 and serum IgG1l antibody responses. In
previously sensitized mice, sublingual vaccination with OVA or CM-OVA plus CT or CpG stimulated mucosal SIgA antibody
responses, but did not enhance ongoing IgE antibody responses.

Conclusions: Sublingual vaccination with OVA or CM-OVA plus adjuvant CT or CpG all can induce systemic and mucosal
immunity, but CM-OVA plus CpG had the best prophylactic and therapeutic effects on IgE antibody production. It is likely that

sublingual vaccines may have a role for the prophylaxis and immunotherapy of allergic reactions.

INTRODUCTION

Oral and intranasal administration of a native protein antigen
to naive adult animals can induce immune tolerance to the
subsequent systemic challenge of the same antigen. This
phenomenon has been documented as “mucosal tolerance.”!-
Although the effect of sublingual administration of protein
antigens to naive animals has not been studied, to our knowl-
edge, sublingual immunotherapy (SLIT) has been recently
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used for the treatment of allergic diseases, such as allergic
rhinitis and asthma.*® The underlying mechanisms of SLIT
are still unclear.®~® Furthermore, there is no animal model for
sublingual vaccination.

Denaturation of ovalbumin (OVA) can markedly minimize
its allergenicity,’ and oral administration of urea-denatured
OVA (CM-OVA) can abrogate the induction of oral tolerance
in mice.!® Because mucosal tolerance may play a crucial role
in hindering the development of mucosal vaccination for a
soluble protein antigen,!! its denatured particulate form may
abolish mucosal tolerogenicity and, thus, can grant the best
efficacy of mucosal immunization. Therefore, the influence
of sublingual administration of a denatured protein vaccine
on mucosal and systemic immune responses will be examined
for the first time, to our knowledge, in the present study. It is
also interesting to further compare the sublingual vaccination
effects between native and denatured protein vaccines.

After intranasal immunization with a protein antigen and
mucosal-adjuvant cholera toxin (CT) or oligodeoxynucleo-
tides containing immunostimulatory CpG motif (CpG), mu-
cosal and systemic antibody responses are significantly in-
duced.'>5 In the present study, we will further elucidate the
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effects of sublingual vaccination with a denatured particulate
allergen mixed with CpG or CT on specific mucosal and
systemic immunity. To our knowledge, we have demon-
strated for the first time that sublingual vaccination with a
denatured allergen plus CpG effectively enhances mucosal
secretory IgA (SIgA) responses and systemic Tyl responses
and suppresses ongoing IgE antibody responses.

METHODS

Animals

Female BALB/c mice (aged 6—8 weeks) were obtained from
the National Animal Center of Taiwan, Taipei. They were
maintained on a standard diet (Lab diet; PMI Feeds, St Louis,
Missouri) in the Animal House of Taipei Veterans General
Hospital, Taipei. All the experiments were performed at least
twice.

Antigen Preparation

Ovalbumin (grade 5) was obtained from Sigma, St Louis.
Denaturation of OVA was performed as described previous-
1y.!° Briefly, CM-OVA was prepared by reduction of disul-
fide bonds after stirring overnight under vacuum suction with
8.0M urea and 0.2M 2-mercaptoethanol (Merck, Darmastadt,
Germany). Carboxymethylation of CM-OVA was prepared
by alkylation of the sulfhydryl groups of CM-OVA after
stirring for 3 hours in the dark with 0.3M sodium iodoacetate
(Sigma) at pH 8.0. The crude preparation of CM-OVA was
extensively dialyzed against distilled water and then lyophi-
lized.

Adjuvants and Sublingual Administration of Antigen

A total of 20 base phosphorothioate-modified oligonucleo-
tides were synthesized (CpG) (Sigma): 5'-TCCATGACGT-
TCCTGACGTT-3". Both CpG and CT (Calbiochem, San
Diego, California) were used as adjuvants.

Groups of 6 to 8 BALB/c mice were sublingually admin-
istered 100 wg of OVA or CM-OVA mixed with 10 pug of
CpG or 1 pg of CT in 10-uL isotonic sodium chloride
solution (saline) biweekly for 3 weeks. Control mice were
treated with saline only. All the mice were lightly sedated
with 1 mg of pentobarbital sodium (Nembutal; Abbott Lab-
oratories, North Chicago, Illinois) before treatment.

Systemic Sensitization

Mice were sensitized intraperitoneally with 10 ug of OVA
adsorbed onto 4 mg of aluminum and suspended in 0.5 mL of
phosphate-buffered saline (PBS). A blood sample was ob-
tained from the tail, and their saliva was collected after
intraperitoneal injection of carbamylcholine chloride, 10 ug
per mouse (Sigma).

Experimental Protocol

In experiment 1, naive mice were sublingually vaccinated
biweekly for 3 weeks with OVA, CM-OVA, or saline, only,
or plus adjuvant CpG or CT. Two weeks later, they were
sensitized. Their cytokine profiles of spleen and cervical
lymph node (CLN) cells and specific serum and saliva anti-

body responses were evaluated before sensitization or 2
weeks after sensitization. In experiment 2, mice were first
sensitized. Two weeks later, they were sublingually vacci-
nated biweekly for 3 weeks, as previously described. Their
specific serum and saliva antibody responses were evaluated
2 weeks after vaccination (Table 1).

Evaluation of Antibody Responses

Antibody levels were tested by enzyme-linked immunosor-
bent assays, as previously described.'® Briefly, 96-well plates
(Nunc, Kamstrup, Roskilde, Denmark) were coated with 100
pg/mL of OVA or 10 pwg/mL of goat antimouse IgA (Sigma)
in 0.05M carbonate buffer, pH 9.6 (100 uL per well), over-
night at 4°C. Free sites were blocked with 3% skimmed milk
in PBS—polysorbate 20 (Tween 20) for 1 hour. Saliva or
serum samples (1/100 to 3000) and standards (mouse IgA,
Sigma; or pooled hyperimmune serum samples after monthly
treatment with OVA or complete Freund adjuvant) were
added in duplicate, and the plates were incubated for 5 hours
at room temperature. After washing, 100 L of horseradish
peroxidase—conjugated goat antimouse IgA (1/4000; Sigma),
IgG (1/4000; Jackson, West Grove, Pennsylvania), or IgG2a
or IgG1 (1/4000; SBA, Birmingham, Alabama) were added
and the plates were incubated overnight at 4°C. After wash-
ing, orthophenylenediamine, 0.5 mg/mL (Sigma), in citrate-
carbonate buffer containing 0.015% hydrogen peroxide, was
added and the plates were incubated in the dark. Color

Table 1. Experimental Groups and Protocol?

Group Antigen Adjuvant

Experiment 1

1 OVA None

2 OVA CT

3 OVA CpG

4 CM-OVA None

5 CM-OVA CT

6 CM-OVA CpG

7 Saline None
Experiment 2

1 OVA None

2 OVA CT

3 OVA CpG

4 CM-OVA None

5 CM-OVA CT

6 CM-OVA CpG

7 Saline None

Abbreviations: CM-OVA, denatured ovalbumin; CpG, CpG oligode-
oxynucleotides; CT, cholera toxin; OVA, ovalbumin; Saline, isotonic
sodium chloride solution.

2 For experiment 1, vaccination was performed during weeks 1
through 3 and sensitization was performed during week 5. Sample
collection for cervical lymph node and spleen cells occurred during
week 4; and for blood and saliva, during week 5 (before sensitization)
and week 7 (after sensitization). For experiment 2, sensitization was
performed during week 1 and vaccination was performed during
weeks 3 through 5. Sample collection for blood and saliva occurred
during week 7.
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development was stopped by 4N sulfuric acid. Absorbance at
492 nm was read using a reader (SPECTRAmax 250; Mo-
lecular Devices, Sunnyvale, California), and unknowns were
interpolated.

Cytokine Assays

One week after the last sublingual vaccination, CLN and
spleen cells from 5 BALB/c mice were collected. The CLN
and spleen cells (5 X 10’ cells per well for CLN cells and 2 X
106 cells per well for spleen cells) from the same group were
mixed and cultured in duplicate in complete Roswell Park
Memorial Institute 1640 medium with OVA, 1 mg/mL, 10%
fetal calf serum, and antibiotics in 24-well flat-bottomed
microtiter plates, 1 mL per well (Costar, Cambridge, Massa-
chusetts). The supernatants were harvested after 1 to 3 days
of culture, and cytokines IL-4, IL-5, IL-6, and interferon-y
(IFN-v) were measured using sandwich enzyme-linked im-
munosorbent assay kits (eBioscience, San Diego, California).

Passive Cutaneous Anaphylaxis

Specific IgE antibody responses were evaluated as described
previously.!” Briefly, passive cutaneous anaphylaxis tests were
examined in quadruplicate in Sprague-Dawley rats (300—450 g)
obtained from the Animal Center, National Yang-Ming Univer-
sity, Taipei, Taiwan. Aliquots of 100 uL of 2-fold dilutions of
each pooled mouse serum sample (1/50—1/1600) were intrader-
mally injected onto 4 rats. They were challenged 48 hours later
by an intravenous injection of 2 mg of OVA and 5 mg of Evans
blue in 1 mL of PBS. The reaction was read 30 minutes later.
The passive cutaneous anaphylaxis titer was the highest dilution,
giving a positive reaction of at least 5 mm in diameter, and was
expressed as mean = 1 SEM.

Statistical Analysis

Antibody and cytokine titers were expressed as mean * 1
SD, and all group comparisons for specific serum IgG, IgG1,
and IgG2a and saliva SIgA antibody responses were made
using 2-tailed Wilcoxon rank sum tests.

RESULTS

Effect of Sublingual Vaccination on Systemic Antibody
Responses Before Sensitization

The effect of sublingual vaccination was first studied. Groups
of BALB/c mice were sublingually vaccinated biweekly for
3 weeks with OVA or CM-OVA alone or together with CT or
CpG. The control group was treated with saline only. Two
weeks after the last treatment, their systemic immune re-
sponses were examined (Fig 1). The mice receiving CM-
OVA and adjuvant CT or CpG had higher specific IgG
antibody responses than those receiving native OVA and
adjuvant CT or CpG (P < .05 and P < .005, respectively)
(Fig 1A). Although those receiving CT had much higher
IgG1 antibody responses (Fig 1B), the group receiving CpG
had much higher IgG2a antibody responses (Fig 1C). Fur-
thermore, the group receiving CM-OVA and CpG had much
stronger IgG2a antibody responses than those receiving
OVA and CpG (P < .005) (Fig 1C). In addition, sublingual
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Figure 1. Effect of sublingual vaccination on specific systemic antibody
responses. Groups of 6 to 8 BALB/c mice were sublingually vaccinated
biweekly for 3 weeks with 100 ug of ovalbumin (OVA) or carboxymethy-
lation of denatured OVA (CM-OVA) only or plus 1 ug of cholera toxin (CT)
or 10 ug of CpG oligodeoxynucleotides. Two weeks after the last treatment,
their systemic specific antibody responses were examined for IgG (A), IgG1
(B), and IgG2a (C).
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vaccination failed to induce an IgE antibody response, even
in the groups receiving Ty2-dominant adjuvant CT (data not
shown).

Effect of Sublingual Vaccination on Systemic Antibody
Responses After Sensitization

The prophylactic effect of sublingual vaccination on Ty2
responses was further studied. Groups of mice were treated as
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described in Figure 1. Two weeks after the last treatment,
they were intraperitoneally sensitized. Their systemic im-
mune responses were evaluated 2 weeks after sensitization
(Fig 2). The mice receiving OVA or CM-OVA and CT or
CpG had higher specific IgG antibody responses than the
controls (P < .001) (Fig 2A). Although the groups receiving
antigen plus CT had much higher IgG1 antibody responses
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Figure 2. Effect of sublingual vaccination on specific systemic antibody responses after sensitization. Groups of 6 to 8 BALB/c mice were sublingually
vaccinated as described in Figure 1. Two weeks after the last vaccination, they were sensitized. Their specific individual IgG (A), IgG1 (B), and IgG2a (C) and
pooled IgE (D) antibody responses were examined 2 weeks after sensitization. CM-OVA indicates denatured ovalbumin; CpG, CpG oligodeoxynucleotides; CT,

cholera toxin.
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(Fig 2B), the groups receiving antigen plus CpG had much
higher IgG2a antibody responses (Fig 2C). When compared
with the group receiving OVA and CpG, those receiving
CM-OVA and CpG had enhanced IgG2a antibody responses
(P < .005) (Fig 2C). Similarly, the group receiving CM-OVA
and CT also had enhanced IgG1 antibody responses when
compared with those receiving OVA and CT (P < .05) (Fig
2B). After sensitization, all the groups developed specific IgE
responses (Fig 2D). Sublingual vaccination with either anti-
gen alone or antigen plus CT or CpG did not induce higher
IgE responses than in the controls. In contrast, those receiving
native or CM-OVA and CpG had more than a 50% decrease
of IgE antibody responses than controls.

Effect of Sublingual Vaccination on Specific Mucosal
Antibody Responses

The effect of sublingual vaccination on SIgA antibody re-
sponses was also studied. Groups of mice were treated as
described in Figure 1 or Figure 2. Either before or after
sensitization, the mice vaccinated together with CpG showed
profoundly increased SIgA antibody responses when com-
pared with the controls (P < .001) (Fig 3A and B). In
addition, only those receiving CM-OVA and CT showed
higher SIgA antibody responses than the controls (P < .001)
(Fig 3A and B). The CpG had more potently adjuvant effects
than CT on SIgA production (Fig 3A and B). Whereas
specific IgG, IgGl, and IgG2a antibody responses were all
enhanced after systemic sensitization (Fig 1 and Fig 2),
specific SIgA production was not enhanced after sensitization
(Fig 3A and B). Furthermore, sublingual vaccination did not
affect total saliva SIgA levels (Fig 3C).

Effect of Sublingual Vaccination on Cytokine Secretion of
CLN and Spleen Cells

The cytokine profiles after sublingual vaccination were fur-
ther studied. Groups of 5 BALB/c mice were sublingually
vaccinated as described in Figure 1. Their CLN and spleen
cells were collected and mixed 1 week after the last treat-
ment. Their cytokine profiles are shown in Figure 4 and
Figure 5, respectively. Compared with the mice receiving
OVA, those receiving CM-OVA showed enhanced cytokine
production, including IFN-vy and IL-5 in CLN cells (Fig 4) or
IFN-v, IL-4, and IL-5 in spleen cells (Fig 5). Those receiving
CT plus OVA or CM-OVA showed increased production of
IL-4 in CLN cells (Fig 4B) and spleen cells (Fig 5B). In
contrast, those receiving CM-OVA and CpG had weakly
enhanced production of IFN-y in CLN and spleen cells
(Fig 4A and Fig 5A). In addition, those receiving OVA or
CM-OVA plus CpG or CT had much enhanced IL-5 and IL-6
production in CLN cells (Fig 4C).

Therapeutic Effect of Sublingual Vaccination in Previously
Sensitized Mice

The therapeutic effect of sublingual vaccination on ongoing
T2 responses was further elucidated. Groups of mice were
first intraperitoneally sensitized with OVA and alum. Two
weeks later, they were sublingually vaccinated biweekly as

previously described for 3 weeks. Control mice were simi-
larly treated with saline only. Their serum and saliva samples
were collected 2 weeks after the last treatment. The mice
receiving OVA or CM-OVA plus CpG or CT had higher
saliva-specific SIgA antibody responses than the controls
(P < .005) (Fig 6A). When compared with the mice treated
with OVA or CM-OVA only, higher specific SIgA antibody
responses were found when mucosal-adjuvant CT (P < .05
and P < .005, respectively) or CpG (P < .05 and P < .005,
respectively) (Fig 6A) was added. When compared with those
treated with native OVA plus CT or CpG, specific SIgA
antibody responses were enhanced in those treated with CM-
OVA plus CT or CpG (P < .05) (Fig 6A). When compared
with the controls, those receiving CpG plus OVA or CM-
OVA had much higher IgG2a antibody responses (P < .005
for both) (Fig 6C) and lower IgG1 antibody responses (P <
.005 and P < .05, respectively) (Fig 6B). Similarly, the
specific IgE antibody responses in the mice receiving Tyl-
adjuvant CpG and OVA or CM-OVA had more than 50%
inhibition than those in the controls (Fig 6D).

DISCUSSION

We have demonstrated herein that both mucosal and systemic
immune responses can be simultaneously induced by sublin-
gual vaccination with a protein antigen and mucosal-adjuvant
CT or CpG. When compared with the native protein vaccine
with or without adjuvant, the present study also revealed that
the denatured protein vaccine with or without adjuvant has
better efficacy in sublingual vaccination. Although CT and
CpG are powerful mucosal adjuvants to trigger strong SIgA
production, Ty;1-dominant adjuvant CpG is better than Tj2-
dominant adjuvant CT for inhibiting IgE production in sub-
lingual vaccination.

Consistent with reports'>!31819 that both systemic and in-
tranasal immunization with a protein antigen and adjuvant
CpG can induce Ty 1-predominant immunity, we have dem-
onstrated for the first time, to our knowledge, that sublingual
vaccination with either OVA or CM-OV A with adjuvant CpG
also exclusively induces Ty 1-predominant systemic immune
responses. As determined before,'>!® this is characterized by
serum strong IgG2a antibody reactions and by high levels of
IFN-vy production in CLN and spleen cells. Adjuvant CT
has been shown to predominantly stimulate Ty2-biased im-
mune responses.”’ Recently, other studies?'?? also described
that CT could enhance mixed Tyl and T2 responses. In the
present study, the mice receiving the protein antigen and CT
had strong IgG1 but weak IgG2a antibody responses. Their
CLN and spleen cells also secreted strong Ty2 (IL-4) but
weak Tyl (IFN-vy) cytokines. Consistent with reports'>™'3 that
CT and CpG are potent intranasal mucosal adjuvants, our
study further demonstrated that sublingual vaccination with
adjuvant CT or CpG can significantly induce specific SIgA
antibody responses. Whereas adjuvant CpG and CT enhanced
specific systemic and mucosal immune responses, they did
not affect serum total IgG1 and IgG2a antibody levels and
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Figure 3. Effect of sublingual vaccination on specific mucosal antibody
responses. Groups of mice were treated as described in Figure 1 or Figure 2.
Their saliva secretory IgA (SIgA) antibody responses were examined 2
weeks after the last sublingual vaccination or 2 weeks after sensitization and
shown as antiovalbumin (OVA) SIgA before sensitization (A), anti-OVA
SIgA after sensitization (B), and total SIgA after sensitization (C). Abbre-
viations are expanded in the footnote to Figure 2.

circulating cytokines, including IL-4 and IFN-y (data not
shown).

Denaturation of the protein destructs its tertiary structure
and leads to random-coiled aggregation and decreased solu-
bility.?*?* The structure of a native protein plays a critical
role for IgE-binding conformational epitopes.?>* Although
native OVA is a soluble protein, CM-OVA may be highly
aggregated into the particulate form. Denaturation of OVA
leads to 10-fold higher frequency of IFN-y—producing cells
than native OVA.?” The particulate antigen may be mostly
localized in the draining lymph nodes and is, thus, more
efficiently processed by antigen-presenting cells. This impli-
cation is further confirmed by the present study, which shows
that vaccination with CM-OVA with or without adjuvant
induces higher systemic and mucosal antibody responses,
characterized by strong serum IgG and saliva SIgA antibody
levels.

The adverse effects of injection vaccines include soreness
at injection sites and the possibility of lethal anaphylaxis.
Furthermore, parenteral vaccination is not able to effectively
induce mucosal immunity.?® Therefore, vaccination through
mucosal routes is a better choice to avoid the adverse effects
of injection and to induce mucosal immunity. When protein
antigens are orally administered, they may lose most of
their antigenicity because of extensive hydrolysis by gastro-
intestinal enzymes.”” To overcome this disadvantage, a large
dosage of oral antigens may be needed for an oral protein
vaccine in mice.’ Protein digestion begins in the stomach.
Thus, protein antigens are still intact in the oral cavity.
Theoretically, sublingual vaccines need a much lower dos-
age of proteins than oral vaccines. Indeed, sublingual vacci-
nation with a low dosage of CM-OVA (100 pg) can effec-
tively induce systemic and mucosal antibody responses. The
present finding suggests that sublingual vaccination is a ra-
tional strategy to reduce the cost of antigen preparation and
the adverse effects of injection vaccines and to preferentially
enhance specific mucosal and systemic immunity.

The prophylactic effect of sublingual vaccination on al-
lergy was found in the groups receiving CpG and native or
denatured OVA. Both had much enhanced Tyl responses.
After systemic sensitization, their specific IgE antibody re-
sponses were significantly lower than those of the control
group. Furthermore, the therapeutic effects of sublingual vac-
cination on allergy were also disclosed in the previously
sensitized groups. The mice sublingually treated with OVA
or CM-OVA plus CpG had enhanced Ty;1-modulated IgG2a
antibody responses but decreased IgE antibody responses.
When compared with the control group, higher specific SIgA
antibody responses were induced by SLIT with OVA or
CM-OVA plus adjuvant CpG or CT. The SIgA may effec-
tively act as blocking antibodies to prevent allergen penetra-
tion into the mucosa (immune exclusion). Therefore, sublin-
gual vaccination is possibly a rather safe and useful strategy
for the immunotherapy of allergic disorders.

Intranasal or oral application of soluble proteins has been
shown to induce regulatory T cells in animal models.?3%3! For
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Figure 4. Effect of sublingual vaccination on cytokine secretion of cervical lymph node (CLN) cells. Groups of 5 BALB/c mice were sublingually vaccinated
as described in Figure 1. Their CLN cells were collected 1 week after the last vaccination. The CLN cells (5 X 10’ cells per well) from the same group were
mixed and cultured with ovalbumin (OVA) in vitro for 1 or 3 days. The cytokines in the supernatants, including interferon-y (IFN-y) (A), interleukin (IL) 4 (B),
IL-5 (C), and IL-6 (D), were measured in duplicate using enzyme-linked immunosorbent assay kits. Abbreviations are expanded in the footnote to Figure 2.

instance, intranasal administration of OVA in mice signifi-
cantly prevented the subsequent specific IgE and IgG1 anti-
body responses.’! Whereas Barbey et al’! showed that intra-
nasal administration of 2 mg of OVA to the mice had a better
tolerizing effect, we failed to find any difference in the
specific IgE and IgG1 antibody responses between the con-
trols and the mice sublingually treated with 100 wg of OVA.
Our finding may suggest that sublingual administration of
100 ug of OVA to mice cannot induce marked tolerance.

Whether sublingual administration of higher doses of OVA
can lead to a tolerant effect is still unclear. Thus, the kinetics
of different dosages of sublingual antigens need further in-
vestigation. Unger et al® further showed that regulatory T
cells could be induced in the mice receiving intranasal vac-
cination, but not in those undergoing intramuscular injection.
Similarly, we found herein that the priming effect was readily
induced by parenteral sensitization, but not by sublingual
vaccination. Furthermore, it will be interesting to extensively
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Figure 5. Effect of sublingual vaccination on cytokine secretion of spleen cells. Groups of 5 BALB/c mice were treated as described in Figure 4. Their spleen
cells were collected 1 week after the last treatment. The spleen cells (2 X 10° cells per well) from the same group were mixed and cultured with ovalbumin (OVA)
in vitro for 1 or 3 days. The cytokines in the supernatants, including interferon-y (IFN-v) (A), interleukin 4 (IL-4) (B), IL-5 (C), and IL-6 (D), were measured
in duplicate using enzyme-linked immunosorbent assay kits. Abbreviations are expanded in the footnote to Figure 2.

compare the effects of protein allergens and adjuvants on
specific IgE production through different pathways.

Our studies showed that sublingual vaccination with dena-
tured allergen and adjuvant CpG had prophylactic and ther-
apeutic effects on specific IgE production. In combination
with mucosal-adjuvant CpG or CT, sublingual vaccination

with native or denatured OVA was able to enhance serum
specific IgG antibody responses and saliva specific SIgA
antibody responses. In conclusion, sublingual vaccination
with a denatured allergen and mucosal-adjuvant CpG can
induce mucosal SIgA antibody responses and suppress spe-
cific IgE production simultaneously.
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Figure 6. Therapeutic effect of sublingual vaccination in previously sensitized mice. Groups of 6 BALB/c mice were sensitized with ovalbumin (OVA) and
alum. Two weeks after sensitization, they received sublingual vaccination biweekly for 3 weeks. Control mice were similarly treated with isotonic sodium
chloride solution (saline) only. Two weeks after the last treatment, their specific individual IgG, IgG1, and IgG2a and pooled IgE antibody responses were
analyzed and shown as saliva secretory IgA (SIgA) (A), serum IgG1 (B), serum IgG2a (C), and serum IgE (D). Abbreviations are expanded in the footnote to
Figure 2.

REFERENCES 3. Unger WW, Hauet-Broere F, Jansen W, van Berkel LA, Kraal

1. Mestecky J, Moldoveanu Z, Elson CO. Immune response versus G, Samsom JN. Early events in peripheral regulatory T cell

mucosal tolerance to mucosally administered antigens. Vaccine. induction via the nasal mucosa. J Immunol. 2003;171:
2005;23:1800-1803. 4592-4603.

2. Strobel S, Mowat AM. Immune responses to dietary antigens: 4. Cox LS, Linnemann DL, Nolte H, Weldon D, Finegold I,

oral tolerance. Immunol Today. 1998;19:173-181. Nelson HS. Sublingual immunotherapy: a comprehensive re-

VOLUME 99, NOVEMBER, 2007 451



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

view. J Allergy Clin Immunol. 2006;117:1021-1035.

. Di Rienzo V, Marcucci F, Puccinelli P, et al. Long-lasting effect

of sublingual immunotherapy in children with asthma due to
house dust mite: a 10-year prospective study. Clin Exp Allergy.
2003;33:206-210.

. Cosmi L, Santarlasci V, Angeli R, et al. Sublingual immuno-

therapy with Dermatophagoides monomeric allergoid down-
regulates allergen-specific immunoglobulin E and increases
both interferon-y- and interleukin-10-production. Clin Exp Al-
lergy. 2006;36:261-272.

. Arikan C, Bahceciler NN, Deniz G, et al. Bacillus Calmette-

Guerin-induced interleukin-12 did not additionally improve
clinical and immunologic parameters in asthmatic children
treated with sublingual immunotherapy. Clin Exp Allergy. 2004;
34:398-405.

. Bagnasco M, Altrinetti V, Pesce G, et al. Pharmacokinetics of

Der p 2 allergen and derived monomeric allergoid in allergic
volunteers. Int Arch Allergy Immunol. 2005;138:197-202.

. Peng HJ, Chang ZN, Tsai LC, Su SN, Shen HD, Chang CH.

Heat denaturation of egg-white proteins abrogates the induction
of oral tolerance of specific Th2 immune responses in mice.
Scand J Immunol. 1998;48:491-496.

Peng HJ, Chang ZN, Han SH, Won MH, Huang BT. Chemical
denaturation of ovalbumin abrogates the induction of oral tol-
erance of specific IgG antibody and DTH responses in mice.
Scand J Immunol. 1995;42:297-304.

Czerkinsky C, Anjuere F, McGhee JR, et al. Mucosal immunity
and tolerance: relevance to vaccine development. Immunol Rev.
1999;70:197-222.

Trujillo-Vargas CM, Mayer KD, Bickert T, et al. Vaccinations
with T-helper type 1 directing adjuvants have different suppres-
sive effects on the development of allergen-induced T-helper
type 2 responses. Clin Exp Allergy. 2005;35:1003-1013.

Jiang W, Baker HJ, Smith BF. Mucosal immunization with
helicobacter, CpG DNA, and cholera toxin is protective. Infect
Immun. 2003;71:40-46.

Freytag LC, Clements JD. Mucosal adjuvants. Vaccine. 2005;
23:1804-1813.

Holmgren J, Harandi AM, Czerkinsky C. Mucosal adjuvants
and anti-infection and anti-immunopathology vaccines based on
cholera toxin, cholera toxin B subunit and CpG DNA. Expert
Rev Vaccines. 2003;2:205-217.

Peng HJ, Tsai JJ, Chang ZN, Shen HD, Tsai LC, Su SN.
Denaturation of ovalbumin abrogates oral induction of airway
hyperreactivity and IgG1, IgG2 antibody responses in guinea
pigs. Int Arch Allergy Immunol. 1998;117:224-230.

Peng HJ, Chang ZN, Kuo SW, Lee CC, Tzau YY. Resting B
cells are not antigen-presenting cells in the induction of oral
tolerance of specific Th2 immune responses in mice. Int Arch
Allergy Immunol. 2000;122:174-181.

Roman M, Martin-Orozco E, Goodman JS, et al. Immunostimu-
latory DNA sequences function as T helper-1-promoting adju-
vants. Nature Med. 1997;3:849—-854.

Jain VV, Kitagaki K, Kline JN. CpG DNA and immunotherapy of
allergic airway diseases. Clin Exp Allergy. 2003;33:1330-1335.

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Adel-Patient K, Bernard H, Ah-Leung S, Creminon C, Wal JM.
Peanut- and cow’s milk-specific IgE, Th2 cells and local ana-
phylactic reaction are induced in Balb/c mice orally sensitized
with cholera toxin. Allergy. 2005;60:658 —664.

Eriksson K, Fredriksson M, Nordstrom I, Holmgren J. Cholera
toxin and its B subunit promote dendritic cell vaccination with
different influences on Thl and Th2 development. Infect Im-
mun. 2003;71:1740-1747.

Fromantin C, Jamot B, Cohen J, Piroth L, Pothier P, Kohli E.
Rotavirus 2/6 virus-like particles administered intranasally in
mice, with or without the mucosal adjuvants cholera toxin and
Escherichia coli heat-labile toxin, induce a Th1/Th2-like im-
mune response. J Virol. 2001;75:11010-11016.

Means GE, Feeney RE. Chemical Modification of Protein. San
Francisco, California: Holden-Day; 1971.

Restani P, Ballabio C, Cattaneo A, Isoardi P, Terracciano L,
Fiocchi A. Characterization of bovine serum albumin epitopes and
their role in allergic reactions. Allergy. 2004;59(suppl 78):21-24.
Vila L, Beyer K, Jarvinen KM, Chatchatee P, Bardina L, Samp-
son HA. Role of conformational and linear epitopes in the
achievement of tolerance in cow’s milk allergy. Clin Exp Al-
lergy. 2001;31:1599-1606.

Westritschnig K, Focke M, Verdino P, et al. Generation of an
allergy vaccine by disruption of the three-dimensional structure
of the cross-reactive calcium-binding allergen, Phl p 7. J Im-
munol. 2004;172:5684-5692.

Gieni RS, Yang X, Kelso A, Hayglass KT. Limiting dilution
analysis of CD4 T-cell cytokine production in mice administered
native versus polymerized ovalbumin: directed induction of T-
helper type-1-like activation. Immunology. 1996;87:119-126.
Canonica GW, Passalacqua G. Noninjection routes of immuno-
therapy. J Allergy Clin Immunol. 2003;111:437-448.

Fu TJ, Abbott UR, Hatzos C. Digestibility of food allergens and
nonallergenic proteins in simulated gastric fluid and simulated
intestinal fluid: a comparative study. J Agric Food Chem. 2002;
50:7154-7160.

Zhang X, Izikson L, Liu L, Weiner HL. Activation of
CD25"CD4" regulatory T cells by oral antigen administration.
J Immunol. 2001;167:4245-4253.

Barbey C, Donatelli-Dufour N, Batard P, Corradin G, Spertini
F. Intranasal treatment with ovalbumin but not the major T cell
epitope ovalbumin 323-339 generates interleukin-10 secreting
T cells and results in the induction of allergen systemic toler-
ance. Clin Exp Allergy. 2004;34:654—-662.

Requests for reprints should be addressed to:
Ho-Jen Peng, MD, PhD

Department of Medical Research and Education
Taipei Veterans General Hospital

No

. 201, Section 2

Shih-Pai Road
Taipei, Taiwan
E-mail: hjpeng @vghtpe.gov.tw

452

ANNALS OF ALLERGY, ASTHMA & IMMUNOLOGY



	Effect of sublingual administration with a native or denatured protein allergen and adjuvant CpG oligodeoxynucleotides or cholera toxin on systemic TH2 immune responses and mucosal immunity in mice
	INTRODUCTION
	METHODS
	Animals
	Antigen Preparation
	Adjuvants and Sublingual Administration of Antigen
	Systemic Sensitization
	Experimental Protocol
	Evaluation of Antibody Responses
	Cytokine Assays
	Passive Cutaneous Anaphylaxis
	Statistical Analysis

	RESULTS
	Effect of Sublingual Vaccination on Systemic Antibody Responses After Sensitization
	Effect of Sublingual Vaccination on Specific Mucosal Antibody Responses
	Effect of Sublingual Vaccination on Cytokine Secretion of CLN and Spleen Cells
	Therapeutic Effect of Sublingual Vaccination in Previously Sensitized Mice

	DISCUSSION
	REFERENCES




