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Background: Carbohydrates on allergens are known to be
important for allergenicity. However, most findings have been
made with epitope analysis. In this study, we investigated the
involvement of N-glycan on phospholipase A, (PLA2), the major
allergen of honeybee venom, in in vivo synthesis of specific IgE
in mice.

Methods: CBA/J and C57BL/6 mice were sensitized intranasally
with either native or deglycosylated PLA2 in the absence of
adjuvant. After repeated sensitization, serum Ab titers against
PLA2 were determined. PLA2 was deglycosylated chemically with
anhydrous trifluoromethanesulfonic acid (TFMS).

Results: CBA/J mice showed PLA2-specific IgE production after
repeated sensitization with native PLA2. They also produced
PLA2-specific 1IgG1 predominantly, suggesting that Th2-type Ab
production was induced. When we used deglycosylated PLA2 as
a competitor in ELISA for detecting PLA2-specific IgE, deglyco-
sylated PLA2 completely inhibited the binding between native
PLA2 and IgE. Deglycosylated PLA2 had the same potential for
inducing specific IgE synthesis as native PLA2, since sensitization
with deglycosylated PLA2 also elicited IgE production in CBA/
J mice.

Conclusions: These results suggest that carbohydrate on PLA2 is
less important than previously thought not only as a dominant
IgE epitope but also in synthesis of PLA2-specific IgE in vivo.
Abbreviations. PLA2: phospholipase A;; TFMS: anhydrous tri-
fluoromethanesulfonic acid; Ab: antibody; mAb: monoclonal
antibody; Ag: antigen; Ig: immunoglobulin; SEM: standard error

of mean.
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Carbohydrates on glycoproteins have been known to have
several immunoreactive functions. First, some glycans
function as immunogloblin epitopes to activate B cells (1,
2), and contribute to the cross-reactivity among glycosylated
allergens having unrelated protein portions (3, 4). In
addition, B-1 cells, the B-cell subsets that express CDs
molecule on their surface, are known to produce immu-
noglobulins or cytokines preferentially in response to
pathogen-expressed polysaccharides (5). Second, these gly-
cans regulate T-cell differentiation and activation (6-8).
Third, cell-surface carbohydrates, especially sialyl Lewis®
and sialyl Lewis?® are known to function as ligands for
selectins and work as a first step in the traffic signals that
regulate lymphocyte recirculation and leukocyte emigration
(9, 10). Therefore, it is of interest to analyze the functional
characterization of glycans on glycosylated allergens, which
cause typical Tha allergic reactions such as those of asthma,
allergic rhinitis, atopic dermatitis, and lethal anaphylactic
shock.

Phospholipase A, (PLA2), which is considered to be the
most allergenic component of the venom of the honeybee,
Apis mellifera, often causes life-threatening, IgE-mediated
anaphylactic allergic reactions in man (11). Although native
PLA> contains an unglycosylated variant, it is a glycoprotein
composed of 134 amino acids and has a single N-glycosyla-
tion site linked to Asp 13 (12). In addition, in the primary
structures of the N-linked carbohydrate chains of PLA>, it
was found that the oligosaccharides consisted of mannose,
N-acetylglucosamine, and fucose a1-6 and/or a1-3 linked to
the innermost N-acetylglucosamine (13, 14).

An issue that has remained controversial is the ability of
N-glycan of PLA2 to be an epitope for PLA2-specific IgE (15—
19). Moreover, it remains unclear whether the N-glycan can
elicit PLA2-specific IgE production. To investigate the
induction of antigen-specific IgE in vivo, we must develop
predictive animal models. PLA2 has previously been shown
to induce IgE and IgG responses in mice (20-22). However, in
all the reports reviewed, PLA2 was inoculated together with
adjuvants. Adjuvants are known to modulate the immune
response nonspecifically (23, 24). In addition, some adju-
vants are known to denature the native Ag, and denatured
PLA>2 lacks the ability to induce significant histamine
release by basophils obtained from bee-venom allergics (18,
26). Therefore, in an investigation of antigenicity, it is
desirable to use Ag in the absence of adjuvants (27-30). In
this study, we established a murine model that induced
a dominant Tha-type Ab production following repeated
intranasal sensitization with PLA2 in the absence of
adjuvants. And we investigated whether the carbohydrate
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of PLA> is critical for the induction of antigen-specific IgE
production and the recognition of PLA2 by IgE in this model.

Material and methods
Animals

Young adult (7-10 weeks old) CBA/J and C57BL/6 strain
female mice were purchased from Harlan (Indianapolis, IN,
USA). The mice were maintained at the Harvard School of
Public Health according to the guidelines set forth by the
Harvard Medical Area Research Committee.

Reagents

Purified rat anti-mouse IgE mAb was purchased from
Biosource (Camarillo, CA, USA); mouse IgE mAb and
biotinylated rat anti-mouse IgE mAb from Pharmingen
(San Diego, CA, USA); PLA2, mouse IgG1, I1gGaa, IgGab,
IgG3, IgM, and IgA mAbs, and extravidin-peroxidase
conjugate from Sigma Chemical Co. (St Louis, MO, USA);
goat anti-mouse IgG, IgG1, IgGaa, IgG2b and IgG3 mAb-
peroxidase conjugate from Boehringer-Mannheim (Indiana-
polis, IN, USA); Tween 20 from Bio-Rad (Hercules, CA,
USA); tetramethylbenzidine substrate for peroxidase from
Kirkegaard & Perry Laboratories, Inc. (Gaithersburg, MD,
USA); and FCS from Gibco BRL (Grand Island, NY, USA).
For biotinylation, PLA2 (1.8 mg/ml) in sodium bicarbonate
buffer, pH 8.5, was incubated with biotin (long-arm) N-
hydroxy succumide ester (Vector Lab., Burlingame, CA,
USA)| for 2 h at room temperature. The reaction was stopped
by adding 5 pl of ethanolamine (Sigma), and dialyzed
overnight with PBS containing 0.0§% sodium azide. The
protein assay was performed by bicinchoninic acid (BCA)
assay according to the manufacturer’s instructions (Pierce,
Rockford, IL, USA).

Sensitization of mice

Mice (n=5) were sensitized with 20 pl of either 0.1 pg (low) or
10 pg (high) PLA2 concentrated with Dulbecco’s PBS (Gibco)
through both nostrils with a microsyringe (Hamilton Co.,
Reno, NV, USA). Two weeks later, this treatment was
repeated in the same fashion. From day 21, the same amount
of Ag was inoculated for 7 consecutive days. This procedure
was termed the nasal challenge. Blood samples were taken
from tail veins 9 (after priming), 20 (after boosting), and 27
days (after challenge) after primary sensitization.



Serum total IgE

Serum total IgE was measured by sandwich ELISA. ELISA
plates (Corning, Inc., Corning, NY, USA) were coated
overnight at 4°C with 5 pg/ml rat anti-mouse IgE mAb in
0.05 M carbonate buffer, pH 9.6. Plates were then blocked
for 2 h at 37°C with 200 ul of PBS containing 10% FCS and
0.3% Tween 20. After blocking, the serum samples or
standard mouse IgE mAb in serial dilutions with PBS
containing 10% FCS were added, and the plates were
incubated for 2 h at 37°C. Thereafter, the plates were
incubated with soo ng/ml biotinylated rat anti-mouse IgE
mADb for 2 h at 37°C, and next with 1/1000 extravidin-
peroxidase conjugate for 1 h at 37°C, and then substrate was
added. Finally, 5% phosphoric acid (Fisher Scientific,
Pittsburgh, PA, USA) was added to stop the reaction, and
the absorbance at 450 nm was measured with an automatic
microplate reader (Molecular Devices, Menlo Park, CA,
USA). The amount of total IgE in ng/ml was analyzed by the
Softmax software program. Between each step, plates were
washed four times (except the final wash which was done

eight times) with PBS containing 0.05% Tween 20.

PLA2-specific IgE

Antigen-specific IgE was also determined by sandwich
ELISA using biotinylated antigen as a detection reagent.
ELISA plates were coated and blocked in the same way for
the measurement of serum total IgE. After the incubation of
diluted samples for 2 h at 37°C, biotinylated PLA2 (1 pg/ml)
was added to the plates for 2 h at 37°C, followed by
extravidin-peroxidase conjugate for 1 h at 37°C. Finally, the
plates were developed with substrate and stopped with 5%
phosphoric acid. The plates were read in a microplate reader,
as described above.

PLA2-specific IgG

Antigen-specific IgG Ab was detected by indirect ELISA.
ELISA plates were coated with PLA2 (2 pg/ml) overnight at
4°C, and blocked as described above. Each individual serum
sample was then plated in duplicate in twofold serial
dilution, beginning at 1:100, and incubated for 2 h at
37°C. Thereafter, the plates were incubated with goat
anti-mouse IgG mAb-peroxidase conjugate (1/10000) for
1 h at 37°C. The plates were developed with substrate, and
stop solution was added. Finally, the OD wvalue was
determined at 450 nm by a microplate reader. For the
detection of antigen-specific Ig subclasses, 1/2000 goat anti-
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mouse IgG1, IgGza, IgGab, or IgG3 mAb-peroxidase con-
jugate was used instead of goat anti-mouse IgG mAb-
peroxidase conjugate. Results are expressed as end-point
titers where the end-point equals the final serum dilution

yielding an absorbance twice that of background.

Inhibition ELISA

To determine whether the glycan of PLA2 can function as an
IgE epitope, we performed competitive inhibition ELISA.
ELISA plates were coated overnight with 5 pg/ml rat anti-
mouse IgE mAb. After blocking, 1:6 diluted pooled sera from
CBA/J] mice challenged with PLA2 were added in triplicate
wells. Then, biotinylated PLA2 (1 pg/ml) mixed with
deglycosylated PLA2 in serial concentrations (o, 0.1, 1, 10,
and 100 pg/ml) was added to the plates, followed by 1:1000
extravidin-peroxidase conjugate. Finally, the plates were
developed with substrate and stopped with 5% phosphoric
acid. The plates were read in a microplate reader as described

above.

Deglycosylation of PLA2

PLA2 was deglycosylated chemically with the Glyco Free®
deglycosylation kit (Oxford Glycosystems, Bedford, MA,
USA] according to the manufacturer’s instructions. Two
methods were used to confirm deglycosylation. First, SDS—
PAGE (15%) was performed by the method of Laemmli
under reducing conditions (31). Approximately 5 pug of PLA2
or trifluoromethanesulfonic acid (TFMS)-treated PLA2 was
loaded per lane, and then stained with Coomassie brilliant
blue to detect precipitated protein (Pierce). Second, a binding
assay of lectin against PLA2 was analyzed. ELISA plates
were incubated overnight with 50 pl/well native or TEMS-
treated PLA2 (2 pg/ml) diluted in carbonate buffer. The
plates were washed and blocked with PBS containing 0.3%
Tween 20 for 1 h at 37°C. Biotinylated lectin serially diluted
with lectin-binding (LB) buffer (150 mM NaCl, o.2 mM
CaCl,, 0.1 mM MnSO,, 0.1 mM MgCl,, 1 mM HEPES, and
0.3% Tween 20) was added for 1 h at 37°C. Unbound lectin
was removed by washing with LB buffer, and the wells were
incubated with peroxidase-conjugated extravidin diluted
1:1000 in LB buffer for 1 h at 37°C. The plates were again
washed with LB buffer, and the bound peroxidase was
measured by adding TMB substrate and reading at 450 nm
on a microplate reader. Biotinylated lectin used in this study
was Galanthus Nivilis Lectin (GNL, Vector), which binds to

a-linked mannose residues.

Allergy 54, [ 811-818 | 813



Okano et al . Involvement of carbohydrate on PLA2 in IgE synthesis

0 T T
0 5 10

T T T
15 20 25 30
Days after sensitization

400
300-
—s— Saline
E 200
] ---a--- PLA20.1 pug
100 —e— PLA210 g
-
0+—————
0 5 10 15 20 25 30

Days after sensitization

Figure 1. Amount of serum total IgE in mice after intranasal sensitiza-
tion with PLA2. CBA/J a) and Cs57BL/6 b) mice received 10 pg PLA2
(circle), 0.1 pg PLA2 (triangle), or saline (square) in absence of adjuvant.
Two weeks later, this treatment was repeated in same fashion. From day
21, same amount of Ag was inoculated for 7 consecutive days; this
we termed ‘“‘nasal challenge’’. Sera were taken from tail vein 9, 20,
and 27 days after primary sensitization. Results show mean
concentration + SEM of pooled sera from five mice. Data represent
two separate experiments.

Statistical analysis

Data are expressed as the mean +standard error of mean
(SEM) for each subject group. Statistical analysis was
performed with Student’s unpaired t¢-test to compare
different groups of mice. A value of P<o.05 was considered
significant.

Results
Serum total IgE after repeated intranasal sensitization with PLA2

Two different strains of mice were sensitized intranasally
with low (0.1 pg) or high (10 pg) doses of PLA2 in the absence
of adjuvants. Only CBA/J] mice showed an increased amount
of serum IgE in response to a high dose of PLA2 after the
nasal challenge (Fig. 1a). C57BL/6 mice did not show
elevation of IgE after sensitization (Fig. 1b). Levels of
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Figure 2. Serum levels of PLA2-specific IgE a) and IgG b). CBA/J mice
were sensitized intranasally, as described in Fig. 1. Titers for PLA2-
specific IgE and IgG are shown as mean OD at 450 nm of 1:4 diluted sera
(a) and end-point titer (b) +SEM of pooled sera from five mice,
respectively. c) IgG isotypes specific for PLA2. Results show mean
end-point titer +SEM from five CBA/J mice after nasal challenge.
Data represent two separate experiments.

normal serum IgE were 44.74+7.51 ng/ml for CBA/J mice
and 42.21 +14.49 for C57BL/6 mice, respectively (n=6). In
this ELISA assay, the lower detection limit was 1.0 ng/ml,
and mouse IgG, IgM, and IgA did not respond to this IgE
ELISA system (data not shown).

Antigen-specific IgE and IgG production after sensitization with
PLA2

As well as the increase of total serum IgE, only CBA/J] mice
sensitized with 10 pg of PLA2 produced a significant amount
of PLA2-specific IgE after the nasal challenge (Fig. 2a). This
signal was completely diminished when sera were heated at
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Figure 3. a) SDS-PAGE of native PLA2 (left lane) and TFMS-treated
PLA2 (middle lane). Molecular mass marker (6.5, 14.5, 21.5, and

31.0 kDa) was loaded in right lane. b) Binding ability of native and
TFMS-treated PLA2 to GNL lectin. Naive PLA2 (circle), TEMS-treated
PLA2 (diamond), or human serum albumin (HSA, triangle) as unrelated
Ag was examined for binding ability to serially diluted GNL lectin, as
described in Material and methods. Results show mean OD value at
450 nm + SEM of triplicated wells. c) Inhibition ELISA using deglyco-
sylated PLA2 as competitor for biotinylated PLA2. Biotinylated PLA2
(1 pg/ml) was mixed with deglycosylated PLA2 in serial concentrations
(0, 0.1, 1, 10, and 100 pg/ml). Results show mean OD at 450 nm +SEM
of 1:6 diluted pooled sera from five mice intranasally sensitized with
PLA2. Data represent two separate experiments.

56°C for 1 h (data not shown). On the other hand, PLA2-
specific IgG was also detected after a second sensitization
with 10 pg of PLA2 in CBA/J mice (Fig. 2b). PLA2-specific
IgG1 was the predominant isotype of the IgG isotypes,
suggesting that this strain produced Tha-type Ab (Fig. 2¢). In
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contrast, C57BL/6 mice did not produce detectable levels of
Ag-specific IgE or IgG after intranasal sensitization with
either 0.1 or 10 pg of PLA2 (data not shown).

Carbohydrate motif on PLA2 for IgE epitope

To determine whether the carbohydrate motif on PLA>2
could be recognized by PLA2-specific IgE, we tested
inhibition ELISA, using deglycosylated PLA2 as a compe-
titor for biotinylated PLA2. PLA2 was deglycosylated
chemically with TEMS. Deglycosylation was confirmed by
SDS-PAGE (Fig. 3a). Native PLA2 showed a molecular mass
band at approximately 16 kDa, and TFMS-treated PLA2
reduced the molecular mass by approximately 3 kDa; this
was equivalent to the carbohydrate motif reported (13, 14).
Moreover, in the lectin-binding assay, TFMS-treated PLA2
reduced the binding activity against 10 ug/ml GNL lectin to
83.38% compared to native PLA2, suggesting that mannose
was lost from native PLA2 by TFMS treatment (Fig. 3b).
Using this deglycosylated PLA2 as a competitive Ag, we
performed inhibition ELISA to detect PLA2-specific IgE Ab.
As shown in Fig. 3¢, deglycosylated PLA2 inhibited the
absorbance of PLA2-specific IgE in a dose-dependent
manner, and eliminated it at the concentration of 10 pg/
ml. This result suggested that the carbohydrate on PLA2 was
less important for the recognition of PLA2 by specific IgE.

Ab production after sensitization with deglycosylated PLA2

To investigate whether the carbohydrate motif on PLA2
could induce IgE production in responder mice, we
sensitized CBA/J] mice with deglycosylated PLA2. When
we sensitized them with 0.1 pg of deglycosylated PLA2, they
did not produce PLA2-specific IgE (data not shown). On the
other hand, both the increase of serum total IgE and the
induction of PLA2-specific IgE could be seen in mice after
repeated intranasal sensitization with 10 pg of deglycosy-
lated PLA2 (Fig. 4a and b). The amount of specific IgE was
not statistically different between mice receiving native and
deglycosylated PLA2. In addition, the absorbance of PLA2-
specific IgE in mice sensitized with deglycosylated PLA2
was inhibited by both native and deglycosylated PLA2 at the
same magnitude, suggesting that the chemical deglycosyla-
tion step had no effect on altering the secondary or tertiary
structure of PLA2 and creating new antigenic epitopes on
this molecule (data not shown). The same finding was seen
regarding PLA2-specific IgG. After the nasal challenge,
PLA2-specific IgG1 isotype was produced predominantly in
mice sensitized with both deglycosylated and native PLA2
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Figure 4. Ab production in mice sensitized with deglycosylated PLA2. CBA/J female mice were sensitized with saline, or 10 pg native or deglycosylated
PLA>. After nasal challenge, sera were taken, and serum total IgE (a), PLA2-specific IgE (b), and PLA2-specific IgG1 (c) were determined. Results show
mean concentration (a), OD at 450 nm of 1:4 diluted sera (b), and end-point titer (c) + SEM of pooled sera of five mice for serum total IgE, PLA2-specific

IgE, and PLA2-specific IgG1, respectively. Data represent two separate experiments.

at the same magnitude (Fig. 4¢). In this regard, deglycosy-
lated PLA2 had the same potential for inducing antigen-
specific IgE and IgGi production, suggesting that the
carbohydrate portion in PLA2 did not seem necessary to

induce Tha-type Ab production.

Discussion

The present study demonstrates that intranasal sensitiza-
tion of PLA2 induced not only the increase of serum total IgE
but also the production of PLA2-specific IgE and IgG in the
absence of adjuvants in CBA/J] mice. CBA/J] mice produced
high amounts of IgG1 compared with the other IgG isotypes.
In mice, induction of IgG1 isotype is mediated by the Tha
immune response (32). Consideration of these results as a
whole suggests that this strain produced Th2-type Ab in
response to PLA2.

In combination with several adjuvants, PLA2 is known to
elicit IgE and IgG responses in mice. Kolbe et al. reported
that CBA/J] mice produced a high level of PLA2-specific IgE
after intraperitoneal injection with 0.1 pg of PLA2 adsorbed
to 2 mg Al{OH),, whereas those immunized with 10 pg of
PLA> had a low, transient level of PLA2-specific IgE (20, 21).
Germann et al. reported that CBA/J] mice intraperitoneally
immunized six times at biweekly intervals with o.1 pg or
three times with 5 pg of PLA2 adsorbed to 2 mg Al(OH],
produced PLA2-specific IgE (22). Our results are consistent
with these results regarding the responsible strain of mice
against PLA2. Lucas & Hamburger found that the murine Ab
response to PLA2 is under the control of genes in the H-2
complex (33). They suggested that mice with the H-2b
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(Cs57BL/6) haplotype responded poorly, while those with the
H-2d, H-2k, H-2q, and H-2s haplotypes responded by
producing specific Ab. This report may support our finding
that the CBA/J strain is a high responder, whereas C57BL/6
is a nonresponder in intranasal sensitization with PLA2.
On the other hand, our results for the dose of the Ag used
for sensitization differ from the reports mentioned above
(20-22). The dose of Ag is very important for controlling
differential activation of particular Th responses. Hosken
et al. suggested that midrange doses of antigenic peptide
direct the development of Th1 cells, whereas very high and
very low Ag doses induce Tha cells (34). This difference may
have arisen from the use of adjuvants and/or the route of
sensitization. First, adjuvants are known to augment a
particular differentiation toward Thi or Tha responses, and
the use of adjuvants requires great care in the modulating of
immune responses. Aluminum hydroxide (alum, Al{OH),)
and diesel-exhaust particulates are known to act as
adjuvants to induce Th2 responses preferentially in rodents
(23, 25, 30). Thus, the use of adjuvants makes the difference
in the optimal dose of the ability of Ag to induce an immune
reaction. Therefore, the absence of adjuvants is desirable for
investigating the physical development of immune
responses to Ag that reflect natural exposure. Second, the
route of immunization is critical for developing the
differentiation into either Th1 or Th2 type responses. Xu-
Amano et al. demonstrated that oral immunization of mice
generated predominantly Tha cells in Peyer’s patches and
the spleen, whereas systemic immunization generated both
Thi and Th2 cells (35). It is known that intranasal or
aerosolized immunization with Ag preferentially induces
IgE production in the absence of adjuvants (28-30), perhaps



because of the existence of dendritic cells in the respiratory
tract possessing a strong function of Ag presentation (36).
Thus, it is possible to speculate that IgE production against
external Ag is liable to be induced in an airway route which
is one of the first lines of defense against the external
environment.

Using this model, we revealed that the carbohydrate on
PLA> is less critical as an IgE epitope. There are contrary
findings in the rule of N-glycan of PLA2 for recognition of
PLA2-specific IgE from both man and animal models. Weber
et al. reported that an oligosaccharide found in PLA2 could
represent an epitope which is recognized by IgE in s/11
patients allergic to PLA2 (15). Tretter et al. also reported that
34/122 sera from honeybee-allergic patients exhibited
significant amounts of glycan-reactive IgE, and demon-
strated that o1,3-fucosylation of the innermost N-acetylglu-
cosamine residue of N-glycoproteins forms an IgE-reactive
determinant (16). Prenner et al. identified a1,3-fucosylation
of the asparagine-bound N-acetylglucosamine on PLA2 as
the antigenic determinant in a rabbit polyclonal antiserum
against native PLA2 (17). In contast, Forster et al. reported
that recombinant enzymatically active PLA2 and purified
natural protein were equally effective in releasing histamine
from sensitized basophils in patients with Hymenoptera
allergy, suggesting that sugar residues are not dominant or
essential B-cell epitopes for IgE (18). Miiller et al. also
reported that native PLA2 and deglycosylated native PLA2
resulted in similar skin reaction, indicating that the sugar
residues were of little relevance to IgE-binding in the
patients (19). Schneider et al. demonstrated that human
mADbs against native PLA2 also recognized deglycosylated
PLA> to the same extent, suggesting that sugar residues did
not contain dominant B-cell epitopes on PLA2 (37). Our
results are consistent with those of the last named.

Our results show that the N-glycan of PLA2 is less
important for IgE production in a murine model of intranasal
sensitization. In general, IgE production is under the control
of IL-4-producing T cells (38), and we reported that CDg+

T cells reactive to house-dust mite isolated from allergic
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