
Reduced Immunogenicity of â-Lactoglobulin by Conjugation with
Carboxymethyl Dextran Differing in Molecular Weight

Kazuo Kobayashi, Aki Hirano, Asako Ohta, Tadashi Yoshida, Koji Takahashi, and
Makoto Hattori*

Department of Applied Biological Science, Faculty of Agriculture,
Tokyo University of Agriculture and Technology, Tokyo 183-8509, Japan

To reduce the immunogenicity of â-lactoglobulin (â-LG), two â-LG-carboxymethyl dextran (CMD)
conjugates (Conj. 40 and Conj. 162) were prepared by using water-soluble carbodiimide (EDC). The
molar ratios of â-LG to CMD in Conj. 40 and Conj. 162 were 8:1 and 7:1, respectively. Each conjugate
maintained ∼50% of the retinol binding activity of â-LG. Structural analyses by intrinsic fluorescence,
CD spectra, and ELISA with monoclonal antibodies indicated that the surface of â-LG in each
conjugate was covered by CMD without great disruption of native conformation. By conjugation
with CMD, the antibody response to â-LG was reduced in BALB/c, C3H/He, and C57BL/6 mice,
which was eminent in Conj. 162. The results of B cell epitope scanning using overlapping synthesized
peptides showed that the linear epitope profiles of the conjugates were similar to those of â-LG,
whereas the antibody response to each epitope was reduced, which was eminent in Conj. 162. It
was concluded that conjugation with CMD of higher molecular weight is effective in reducing the
immunogenicity of â-LG and that masking of epitopes by CMD is responsible for the reduced
immunogenicity.
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INTRODUCTION

The incidence of allergies to food and dietary compo-
nents has shown a tendency to increase in advanced
countries. Iikura et al. (1) reported that 12.6% of
children in Japan had experienced an allergic reaction
within 1 h after food intake and that the most common
sources of food allergens involved were egg (52.3% of
food allergy cases), milk (31.8%), and seafoods (10.6%).
Although the basic therapy for food allergy is a food
elimination diet, a prolonged period of food elimination
affects children’s growth (1). In particular, milk is a
basic food component, and it plays a predominant role
in the first years of life. The most important allergen
in cow’s milk is â-lactoglobulin (â-LG), and ∼82% of milk
allergy patients are sensitive to â-LG (2). â-LG, a major
whey protein, is a globular protein of MW 18400 with
two disulfide bridges and one free cysteine (3). Although
the function of â-LG remains unclear, it is tentatively
considered to be the binding and transportation of small
hydrophobic ligands such as retinol and fatty acids, and
â-LG is categorized as a member of the lipocalin
superfamily (4). â-LG has a â-barrel structure (5, 6),
which is a common feature among the lipocalins, and it
shows a high allergenic potential. Many major allergens
of animal origin belong to the lipocalin superfamily (7).

â-LG is considered to be a valuable protein in terms
of food science because the protein has various useful
functional properties such as emulsifying, foaming, and

gelling properties (8-10) as well as plenty of essential
amino acids (3). Hence, it is highly desirable to develop
a new method that would decrease the allergenicity of
â-LG. Reduction of the allergenicity of proteins has been
attempted by enzymatic digestion and denaturation
(11-14). However, these methods might destroy the
physiological functions of the proteins and bring about
problems with their taste. On the other hand, the
conjugation of proteins with materials having low
allergenicity can achieve improved functions (thermal
stability, solubility, emulsifying ability, and so on) as
well as reduced allergenicity of the proteins (15-18).

Many attempts to reduce the antigenicity and the
immunogenicity of proteins by conjugation have been
reported. Polyethylene glycol (PEG) conjugates of re-
combinant IL-2 have been reported to elicit 100-1000-
fold lower levels of antigen-specific IgG antibody pro-
duction than recombinant IL-2 (19). High lipophilization
of â-lactoglobulin (â-LG) has shown to be effective to
reduce the antigenicity of â-LG and the production of
anti-â-LG IgG and IgE (20). Conjugates of monoclonal
and polyclonal antibodies with oxidized dextrans of low
molecular weight have been reported to have optimal
immunoreactivity, in vivo pharmacokinetics, and tumor
localization properties, as well as low immunogenicity
in vivo (21). However, the mechanisms involved remain
unclear despite the many studies on the reduced aller-
genicity of protein conjugates that have been reported.

Our purpose was to create novel â-LG-carboxymethyl
dextran (CMD) conjugates without allergenicity while
maintaining the retinol binding activity and to elucidate
the mechanism involved. In particular, we focused on
the structure and B cell epitope profiles of â-LG after
conjugation with CMD. Although many studies on
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reduced allergenicity of proteins by conjugation methods
have been reported, almost no information is available
on the structure of conjugates. Although many studies
on the B cell epitope profiles (IgG or IgE) of proteins
including â-LG (22-27) have been performed, the
changes in B cell epitope profiles of a protein after
conjugation with polysaccharides have not been clarified
so far. In our previous study (16), we achieved reduced
immunogenicity of â-LG, while maintaining the retinol
binding activity, through conjugation of â-LG with CMD
having a mass of 10 kDa. Our findings showed that a
difference in the saccharide content of the conjugates
affects the immunogenicity and the B cell epitope
profiles of â-LG.

In this study, to further evaluate the influence of the
molecular weight of the polysaccharides on the im-
munological properties of such conjugates, we prepared
covalently bonded â-LG-CMD conjugates having simi-
lar saccharide contents using CMD of different molec-
ular weights (Mr ) about 40 and 162 kDa). After
exploring the structures of these conjugates, we inves-
tigated the immunogenicity profiles of â-LG and the
conjugates in detail.

MATERIALS AND METHODS

Materials. Dextran T40 was purchased from Amersham
Pharmacia Biotech (Buckinghamshire, UK) and Dextran 162
was purchased from Sigma Chemical Co. (St. Louis, MO).
1-Ethyl-3-[(3-dimethylamino)propyl]carbodiimide (EDC) was
purchased from Dojindo (Kumamoto, Japan).

Preparation of â-LG and RCM-â-LG. â-LG (genotype AA)
was isolated from fresh milk of a Holstein cow supplied by
the dairy farm of the Tokyo University of Agriculture and
Technology (Tokyo, Japan), according to the method of Arm-
strong et al. (28), and then purified by ion-exchange chroma-
tography, using a DEAE-Sepharose Fast Flow column (3.0 i.d.
× 40 cm; Amersham Pharmacia Biotech) by referring to the
method described previously (15). The purity of â-LG was
confirmed by polyacrylamide gel electrophoresis (PAGE),
performed according to the method of Davis (29). RCM-â-LG
was prepared by reduction of the disulfide bonds in â-LG with
2-mercaptoethanol followed by carboxymethylation of the free
sulfhydryl groups with sodium iodoacetate as described previ-
ously (30).

Carboxymethylation of Dextran. Each dextran was
carboxymethylated with monochloroacetic acid under alkaline
conditions as described previously (15-18). The degree of
modification was determined by 1H NMR (400 MHz JEOL AL-
400, Japan). The numbers of carboxyl groups attached to one
molecule of dextran were 39 and 162, respectively, for CMD
40 and CMD 162.

Preparation of the â-LG)CMD Conjugates. â-LG-
CMD conjugates were prepared by referring to the method
described previously (15-18). â-LG (1 g) and each CMD (CMD
40, 8.48 g; CMD 162, 9.375 g) (amino groups of â-LG: carboxyl
groups of CMD ) 1:10 as the molar ratio) were dissolved in
distilled water (125 mL), and the pH of the solution was
adjusted to 4.75 with 1 M HCl. EDC solution (1.67 g/10 mL)
(amino groups of â-LG:EDC ) 1:10 as the molar ratio) was
added in 30 min, and the pH was kept at 4.75 by the addition
of 1 M HCl. The reaction mixture was incubated at 25 °C for
3 h, and then 2 M acetate buffer at pH 5.5 (10 mL) was
gradually added over a period of 10 min to stop the reaction.
After dialysis against distilled water at 4 °C and lyophilization,
the crude â-LG-CMD conjugates were obtained.

Purification of the â-LG)CMD Conjugates. Hydropho-
bic chromatography was applied to remove free CMD from the
crude â-LG-CMD conjugates. Each crude conjugate in 0.067
M phosphate buffer containing 1.5 M ammonium sulfate at
pH 7.0 (8.5 g/430 mL) was mixed with Butyl-Toyopearl 650S
(Tosoh, Tokyo, Japan) gel slurry equilibrated with the same
buffer (850 mL). After stirring for 30 min, the gel slurry was

packed into a column (6.0 i.d. × 30 cm; Amersham Pharmacia
Biotech). Free CMD was eluted with 0.067 M phosphate buffer
containing 1.5 M ammonium sulfate, pH 7.0, at a flow rate of
4 mL/min, and then the crude conjugate was eluted with 0.067
M phosphate buffer at pH 7.0. To detect the protein and CMD,
the absorbance was monitored at 280 and 490 nm after
coloring by the phenol-sulfuric acid method (31), respectively.
After dialysis against distilled water at 4 °C and lyophilization,
the crude conjugate without free CMD was obtained.

Free â-LG and polymerized â-LG in each crude conjugate
without free CMD were removed by anion-exchange chroma-
tography. Each crude conjugate in 0.067 M phosphate buffer
containing 0.1 M NaCl at pH 7.0 (1 g/100 mL) was mixed with
QA-Cellulofine Q-800-m (Seikagaku Industry Co., Tokyo,
Japan) gel slurry equilibrated with the same buffer (100 mL).
After stirring for 30 min, the gel slurry was packed into a
column (2.8 i.d. × 45 cm). Free â-LG and polymerized â-LG
were eluted with 0.067 M phosphate buffer containing 0.1 M
NaCl, pH 7.0, at a flow rate of 4 mL/min, and then the
conjugate was eluted with 0.067 M phosphate buffer contain-
ing 0.5 M NaCl at pH 7.0. To detect the protein and CMD, the
absorbance was monitored at 280 and 490 nm after coloring
by the phenol-sulfuric acid method (31), respectively. After
dialysis against distilled water at 4 °C and lyophilization, the
purified â-LG-CMD conjugate was obtained. The purity of
each of the conjugates was confirmed by SDS-PAGE, per-
formed according to the method of Laemmli (32).

Chemical and Structural Analysis of the â-LG)CMD
Conjugates. The amount of protein in each of the â-LG-CMD
conjugates was determined by measuring the absorbance at
280 nm. The amount of CMD bound to â-LG was determined
by measuring the absorbance at 490 nm after coloring by the
phenol-sulfuric acid method (31). Isoelectric focusing (IEF)
of the â-LG-CMD conjugates was performed using the Phar-
macia-Phast System (33). The protein bands and the saccha-
ride bands were detected by staining with Coomassie Brilliant
Blue and Schiff reagent, respectively.

The retinol binding activity of the â-LG-CMD conjugates
was measured by fluorescence titration (16, 34-37). Each
conjugate was dissolved in PBS (pH 7.1) at a protein concen-
tration of 0.1%, and 2 mL of the solution was put into a cuvette.
Small increments (5 µL at a time) of 1.46 × 10-5 M retinol in
ethanol were added to the cuvette using a micropipet. The
fluorescence was measured by means of an RF-5300PC instru-
ment (Shimadzu, Kyoto, Japan) with excitation at 330 nm and
emission at 470 nm.

The intrinsic fluorescence of the â-LG-CMD conjugates
dissolved in PBS at a protein concentration of 0.001% was
measured under excitation at 283 nm by means of an RF-
5300PC instrument (Shimadzu, Kyoto, Japan).

The CD spectrum for each â-LG-CMD conjugate was
measured with a J-720WI spectropolarimeter (Jasco, Tokyo,
Japan), using a cell with a 1.0 mm path length. Samples were
dissolved in PBS (0.11 M phosphate buffer at pH 7.1 containing
0.04 M NaCl and 0.02% NaN3) at a protein concentration of
0.02%.

In the above structural analysis, â-LG obtained by incuba-
tion at room temperature for 30 min in PBS containing 6 M
guanidine hydrochloride was used as denatured â-LG.

Immunization. Female BALB/c, C3H/He, and C57BL/6
mice (Charles River Japan Inc., Yokohama, Japan) at 6 weeks
of age (seven to eight animals per group) were immunized
intraperitoneally with â-LG or each â-LG-CMD conjugate
(100 µg as protein) emulsified in Freund’s complete adjuvant
(Difco Laboratories, Detroit, MI). Fourteen days after the
primary immunization, the mice were boostered with 100 µg
of protein emulsified in Freund’s incomplete adjuvant (Difco
Laboratories). Blood samples were collected from mice of each
group 7 days after the primary and secondary immunizations
and stored at 4 °C for 24 h to form a clot. Antiserum was
prepared from each blood sample after clot formation. This
study was performed in conformance with the guidelines for
the care and use of experimental animals established by the
ethics committee of the Tokyo University of Agriculture and
Technology.
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Enzyme-Linked Immunosorbent Assay (ELISA). â-LG
and each conjugate dissolved in PBS at a protein concentration
of 0.01% (100 µL) were added to the wells of a polystyrene
microtitration plate (Maxisorp; Nunc A/S, Roskilde, Denmark),
and the plate was incubated at 4 °C overnight to coat the wells
with each antigen. After the removal of the solution, each well
was washed three times with 125 µL of PBS-Tween (PBS
containing 0.05% Tween 20). One hundred and twenty-five
microliters of 1% ovalbumin/PBS solution was added to each
well, the plate was incubated at 25 °C for 2 h, and then the
plate was washed three times. One hundred microliters of
antibody [antisera or monoclonal antibody (mAb)] diluted with
PBS was added to each well, and the plate was incubated at
25 °C for 2 h. After three washings, 100 µL of alkaline
phosphatase-labeled goat anti-mouse immunoglobulin (DAKO
A/S, Glostrup, Denmark) diluted with PBS-Tween was added
to each well. The plate was incubated at 25 °C for 2 h, and
then the wells were washed three times. One hundred micro-
liters of 0.1% sodium p-nitrophenyl phosphate disodium/
diethanolamine hydrochloride buffer (pH 9.8) was added to
each well, and the plate was incubated at 25 °C for 30 min.
After the addition of 5 M sodium hydroxide solution (20 µL)
to each well to stop the reaction, the absorbance at 405 nm
was measured with a microplate reader (MPR-A4i, Tosoh,
Tokyo, Japan).

For the determination of the immunogenicity of the â-LG-
CMD conjugates, a standard curve was made with serially
diluted anti-â-LG antiserum pooled from other C3H/He mice.
The antibody titer was calculated from the standard curve and
expressed as relative concentration.

A competitive ELISA was carried out to investigate the local
conformational changes in â-LG after conjugation with CMD,
using anti-â-LG mAbs (mAbs 21B3, 31A4, 61B4, and 62A6)
as probes as described previously (15-18, 30, 35-38). The
equilibrium constants (KAS) for the interaction of mAb with
â-LG, RCM-â-LG, or â-LG-CMD conjugates were calculated
according to the method of Hogg et al. (39), based on the results
of competitive and noncompetitive ELISA. RCM-â-LG was
used as the denatured form of â-LG.

Epitope Scanning. A series of overlapping 15-mer peptides
moving one amino acid residue at a time in accordance with
the amino acid sequence of â-LG were synthesized on activated
polyethylene gears in each pin using a five-in-one B cell and
T cell epitope scanning kit (Chiron Mimotopes, Clayton, VIC,
Australia) as described previously (16). B cell epitopes were
scanned by ELISA using the overlapping synthetic peptides
on each pin as the antigen on a solid phase as described
previously (16), except that anti-â-LG, anti-Conj. 40, and anti-
Conj. 162 antisera were each diluted with precoat buffer [0.01
M PBS at pH 7.2, containing 2% (w/v) ovalbumin, 0.1% (v/v)
Tween 20, and 0.1% (w/v) NaN3]. The pins were reused after
the bound antibodies had been stripped off according to the
procedure described in the manual for the epitope scanning
kit.

For the determination of the immunogenicity profiles, the
following criteria were used to evaluate whether the observed
response was significant. Peptides adopted as positive were
(1) those which showed reactivity greater than the mean value
plus three standard deviations below the median absorbance
in the case of peptides binding to antibodies in anti-â-LG
antisera (22), (2) those which showed positive reactivity with
at least two consecutive overlapping peptides (40), and (3)
those which showed positive reactivity in two of three indi-
vidual experiments. The common amino acid sequences among
the peptides that fulfilled these criteria were identified as the
epitopes according to the method of Gammon et al. (41).

RESULTS

Structural Features of the â-LG)CMD Conju-
gates. The covalent binding of CMD to â-LG was
confirmed by IEF and by the coincidence of the stained
protein and saccharide bands observed upon analysis
by SDS-PAGE (data not shown). The molar ratios of

â-LG to CMD in the conjugates were 8:1 (Conj. 40) and
7:1 (Conj. 162).

The retinol-binding activity of each â-LG-CMD con-
jugate was ∼50% of that of â-LG (Figure 1). This result
indicates that the region involved in retinol binding in
the â-LG-CMD conjugates differed from that in the
native form.

The intrinsic fluorescence spectra of the â-LG-CMD
conjugates were measured to evaluate the conforma-
tional changes around the Trp residues (19Trp and 61-
Trp) of â-LG (Figure 2a). The fluorescence emission
maximum wavelength for â-LG was 332 nm, whereas
those for Conj. 40 and Conj. 162 were 332 and 333 nm,
respectively. It has previously been clarified that the
fluorescence intensity increases with red shift of the
wavelength for maximum emissions as the conformation
of â-LG changes (30, 35). As only a slight red shift was
observed in the analysis of the conjugates, the confor-
mation around the Trp residues of the â-LG-CMD
conjugates is considered to be maintained in the native
form. The fluorescence intensity of each â-LG-CMD
conjugate was lower than that of native â-LG, which
indicates that the saccharide chain shielded the area
around the Trp residues. This effect of shielding of the
Trp fluorescence was most prominent in the case of
Conj. 162.

The CD spectra of the â-LG-CMD conjugates are
shown in Figure 2b. The CD spectrum of native â-LG
showed a negative maximum at 217 nm, indicating that
â-LG is rich in â-sheet structure, whereas that of each
â-LG-CMD conjugate showed a broad negative maxi-
mum with a blue shift. The â-sheet regions in â-LG are
considered to have changed as a result of conjugation
with CMD.

Local conformational changes in â-LG after conjuga-
tion with CMD were evaluated by competitive ELISA
with four anti-â-LG mAbs (21B3, 31A4, 61B4, and 62A6)
as probes. These mAbs can serve to detect the subtle
conformational changes in local areas within the â-LG
molecule during unfolding and refolding (30, 35, 38) and
after conjugation with saccharides (15-18, 36, 37) by
determining the affinity change. The epitope regions for
mAbs 21B3, 31A4, 61B4, and 62A6 are 15Val-29Ile (â-
sheet), 8Lys-19Trp (random coil, â-sheet, and short
helix), 125Thr-135Lys (R-helix), and the regions close to
the epitope for 61B4, respectively. MAb 61B4 and 62A6
bind preferentially to native â-LG, whereas mAb 21B3

Figure 1. Retinol binding activity of the â-LG-CMD conju-
gates: â-LG (b); Conj. 40 (2); Conj. 162 (3); denatured â-LG
(O).
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and 31A4 bind more strongly to RCM-â-LG (the dena-
tured form of â-LG). The equilibrium constants (KAS)
for binding of mAb 21B3 and 31A4 to the â-LG-CMD
conjugates were larger than that for binding to native
â-LG, whereas the KAS values for binding of mAb 61B4
and 62A6 to the â-LG-CMD conjugates were similar
to that for binding to native â-LG (Figure 3). Hence, the
conformation around 125Thr-135Lys (R-helix) and the
regions close to the epitope for 61B4 is considered to
have maintained its native form, whereas the conforma-
tions around 15Val-29Ile (â-sheet) and 8Lys-19Trp (ran-
dom coil, â-sheet, and short helix) are considered to have
changed as a result of conjugation with CMD.

Immunogenicity of the â-LG)CMD Conjugates.
The immunogenicity of each â-LG-CMD conjugate in
BALB/c, C3H/He, and C57BL/6 mice was evaluated by
measuring the reactivity of 5000-fold diluted antisera
with antigen (â-LG, Conj. 40, and Conj. 162) adsorbed
to the solid phase of a microtitration plate by noncom-
petitive ELISA (Figure 4). The anti-â-LG antibody
response was low in BALB/c, C3H/He, and C57BL/6
mice immunized with each â-LG-CMD conjugate (Fig-
ure 4a,d,g). The reduction of immunogenicity was more
effective in the case of Conj. 162 than in the case

of Conj. 40. The level of production of antibody specific
for each conjugate was evaluated in an assay in which
each â-LG-CMD conjugate was applied as a coating on
the solid phase (Figure 4b,c,e,f,h,i). Although both anti-
Conj. 40 and anti-Conj. 162 antisera showed an antibody
titer similar to or slightly higher than that of the anti-
â-LG antisera, no statistically significant difference was
observed. Hence, novel immunogenicity in â-LG after
conjugation with CMD is considered not to have emerged.

Scanning of Epitopes in the â-LG)CMD Conju-
gates. The B cell epitope profiles of â-LG and the â-LG-
CMD conjugates were analyzed by ELISA using over-
lapping 15-mer multipin peptides. The results obtained
with BALB/c mice are shown in Figure 5a-c. The
horizontal axis indicates the number of the N-terminal
amino acid residue of each peptide corresponding to the
position in the â-LG sequence, and the vertical axis
shows the reactivity of each 15-mer peptide with each
antiserum. The epitopes identified according to the
method of Gammon et al. (41) are summarized in Figure
6, in which the horizontal axis indicates the sequence
number in â-LG and the line thickness indicates the
response to each epitope.

Anti-â-LG antiserum from BALB/c mice (Figure 5a)
reacted with the peptides 1-5, 6-12, 21-30, 40-53,
61-69, 71-80, 119-131, and 135-138 (the number
indicates residue number of N terminus of the peptides).
The linear B cell epitopes of â-LG recognized in BALB/c
mice were determined to be 5Gln-15Val, 12Ile-20Tyr,
30Ser-35Gln, 53Asp-54Leu, 69Lys-75Lys, 80Ala-85Asp,
131Glu-133Leu, and 138Lys-149Leu, the dominant epitope
being 30Ser-35Gln, which is located in a loop region of
the â-LG molecule (Figure 6). As for the anticonjugate
response in BALB/c mice (Figure 5b,c), the epitope
distribution did not change, whereas the decrease in
response was marked through the entire amino acid
sequence as compared with the anti-â-LG antiserum.
The B cell epitopes of conjugates recognized in BALB/c
mice were determined to be 2Ile-15Val, 11Asp-20Tyr,
28Asp-35Gln, 49Thr-55Glu, 72Ile-77Lys, 79Pro-88Asn,

Figure 2. Spectroscopic analysis of the â-LG-CMD conjugates: intrinsic fluorescence (a); CD spectra (b); â-LG (s); Conj. 40
(‚ ‚ ‚); Conj. 162 (- - -); denatured â-LG (-‚-‚-‚).

Figure 3. Equilibrium constants (KAS) of the â-LG-CMD
conjugates in binding to anti-â-LG mAbs: â-LG (b); Conj. 40
(2); Conj. 162 (3); RCM-â-LG (O). KAS values were calculated
from the results of competitive and noncompetitive ELISA
according to the procedure of Hogg et al. (39).
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and 143Leu-156Leu for Conj. 40 and 2Ile-15Val,
11Asp-20Tyr, 28Asp-35Gln, 50Pro-54Leu, 69Lys-76Thr,
and 143Leu-155Gln for Conj. 162 (Figure 6). Reduced
immunogenicity of â-LG through conjugation with CMD
was achieved in the case of each conjugate as far as the
linear B cell epitopes were concerned, and this was most
prominent in the case of Conj. 162.

The results obtained with C3H/He and C57BL/6 mice
are shown in Figure 5d-i, and B cell epitope profiles of
â-LG and the conjugates were determined as shown in
Figure 6. The B cell epitopes of â-LG recognized in C3H/
He mice were determined to be 11Asp-22Leu, 34Ala-
39Leu, 51Glu-56Ile, 66Cys-76Thr, 78Ile-82Phe, 93Leu-
96Asp, 131Glu-133Leu, and 138Lys-146His, the dominant
epitopes being 51Glu-56Ile, 93Leu-96Asp, and 131Glu-
133Leu, which were located in â-sheet and R-helix
regions of the â-LG molecule (Figure 6). With respect
to the anticonjugate response in C3H/He mice, the
epitope distribution was similar to that of â-LG, and
the response was less throughout the entire amino acid
sequence than the anti-â-LG response (Figure 5d-f).
Reduction of the immunogenicity of â-LG was effectively
achieved through conjugation with CMD in the case of
each conjugate so far as the linear B cell epitopes were
concerned, and this was most prominent in the case of
Conj. 162. The B cell epitopes of the conjugates recog-
nized in C3H/He mice were determined to be
33Asp-39Leu, 51Glu-59Gln, 78Ile-84Ile, 93Leu-102Tyr,

and 137Asp-138Lys for Conj. 40 and 33Asp-39Leu, 49Thr-
59Gln, 78Ile-84Ile, and 135Lys-138Lys for Conj. 162
(Figure 6).

The B cell epitopes of â-LG recognized in C57BL/6
mice were determined to be 12Ile-20Tyr, 23Ala-35Gln,
33Asp-38Pro, 51Glu-58Leu, 82Phe-92Val, 93Leu-102Tyr,
129Asp-131Glu, and 138Lys-145Met (Figure 6). The domi-
nant epitope was 12Ile-20Tyr, half of which is located
in a loop region of the â-LG molecule (Figure 6).
Regarding the anticonjugate response in C57BL/6 mice,
the epitope distribution was also similar to that of â-LG,
and, for each peptide, the signal obtained with the
anticonjugate antisera was weaker than that with the
anti-â-LG antiserum (Figure 5g-i). Reduction of the
immunogenicity of â-LG in C57BL/6 mice was achieved
in the case of each conjugate as far as the linear B cell
epitopes were concerned, and this was most prominent
in the case of Conj. 162. The B cell epitopes of the
conjugates recognized in C57BL/6 mice were determined
to be 12Ile-20Tyr, 33Asp-39Leu, 51Glu-60Lys, 82Phe-
91Lys, and 93Leu-106Cys for Conj. 40 and 12Ile-
20Tyr, 30Ser-35Gln, 48Pro-61Trp, 82Phe-92Val, and
94Val-104Leu for Conj. 162 (Figure 6).

DISCUSSION

To evaluate the influence of the molecular weight of
polysaccharides used in the preparation of conjugates
on the immunological properties of proteins after con-
jugation, we prepared conjugates of â-LG and CMD with

Figure 4. Immunogenicity of the â-LG-CMD conjugates in three strains of mice. The anti-â-LG response, anti-Conj. 40 response,
and anti-Conj. 162 response after the secondary immunization in BALB/c (a-c), C3H/He (d-f), and C57BL/6 (g-i) were evaluated
by noncompetitive ELISA. A significant difference (p < 0.05) as determined by Student’s t test is indicated by an asterisk.
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similar saccharide contents. The results of structural
analyses of the â-LG-CMD conjugates indicated that
the surface of â-LG in each conjugate was covered by
CMD without great disruption of native conformation
(Figures 1-3). The anti-â-LG antibody response was low
in the three strains of mice (BALB/c, C3H/He, and
C57BL/6) immunized with each â-LG-CMD conjugate
(Figure 4a,d,g). The immunogenicity of â-LG was more
effectively reduced in the case of Conj. 162 than in the
case of Conj. 40. Because shielding of the â-LG molecule
by CMD was more marked with Conj. 162 than with
Conj. 40, as described under Structural Features of
the â-LG-CMD Conjugates, it is considered that mask-
ing of the epitopes by CMD was more effectively
achieved in Conj. 162 than in Conj. 40. These results
strongly suggest that conjugation with polysaccharides
of higher molecular weight is effective to reduce the
immunogenicity of proteins. In contrast to the results
in our previous study (16) suggesting the possibility
of emergence of novel immunogenicity upon the con-
jugation of â-LG with CMD having a mass of 10 kDa,
the conjugates prepared in the present study did
not show novel immunogenicity (Figure 4b,c,e,f,h,i).
Conjugation with polysaccharides of higher molecular
weight is considered to be an effective method to
overcome the emergence of new epitopes that would
occur as a result of exposure of the hydrophobic region-

(s), buried in the native state, upon conjugation with
CMD.

Anti-â-LG antisera showed higher affinity to the
denatured form of â-LG (RCM-â-LG) than to the native
material in the case of all mouse strains tested, although
they were elicited by immunization with native â-LG
(data not shown). Selo et al. (23) also showed that the
immunoreactivity of IgE from milk-allergic patients was
similar between native â-LG and RCM-â-LG. In studies
on the unfolding/refolding of â-LG using mAbs as
probes, Hattori et al. (35) found that a region of â-LG
within the molecule was easily exposed during the
denaturation process and was hard to refold. Such a
structural feature of â-LG is likely to be responsible for
triggering the production of antibodies that preferen-
tially react with the unfolded molecule. Therefore, it is
considered that anti-â-LG antiserum recognizes linear
epitopes rather than conformational epitopes. Thus, it
is important to clarify the linear epitope profiles of â-LG
and the â-LG-CMD conjugates and to investigate how
conjugation with CMD leads to reduced immunogenicity
of â-LG. We analyzed the B cell epitopes of â-LG and
the â-LG-CMD conjugates by ELISA using overlapping
15-mer multipin peptides (Figures 5 and 6). Although
the B cell epitope profiles of â-LG obtained in this study
showed a difference in reactivity of each epitope as
compared with our previous result (16), the epitope

Figure 5. Reactivity of anti-â-LG, anti-Conj. 40, and anti-Conj. 162 antisera with overlapping 15-mer peptides covering the
amino acid sequence of â-LG. The reactivity of anti-â-LG (a, d, g), anti-Conj. 40 (b, e, h), and anti-Conj. 162 (c, f, i) antisera
obtained after the secondary immunization from BALB/c (a-c), C3H/He (d-f), and C57BL/6 mice (g-i) with multipin peptides
was evaluated by ELISA. Representative epitope profiles in three individual experiments are shown.
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distribution was almost the same. The results of epitope
scanning showed that the linear epitope profiles of the
conjugates were similar to those of â-LG in the three
strains of mice, whereas the antibody response to the
epitopes was reduced, and reduction of the immunoge-
nicity of â-LG by conjugation with CMD was clearly
demonstrated. Although the precise mechanism respon-
sible remains unclear, a plausible one is that shielding
of the epitopes in â-LG by CMD allows them to escape
from recognition by the immune system. In fact, the
immunogenicity of Conj. 162 prepared by conjugation
of â-LG with CMD of higher molecular weight was lower
than that of Conj. 40. We also previously showed that
conjugates with a high saccharide content showed low
immunogenicity owing to effective shielding by CMD
and that the response to the epitope regions around the
carbohydrate-binding sites in the conjugates was re-
duced in each strain of mice (16). The carbohydrate-
binding sites in â-LG after conjugation with CMD
having a mass of 10 kDa were 47Lys, 60Lys, 101Lys, and
138Lys. Other investigators (42-44) have reported that
sites of preferential lactosylation of â-LG by the Maillard
reaction were 47Lys and/or 100Lys. In addition, it is
possible that 77Lys may be glycosylated because 77Lys
has high surface accessibility to the solvent (43) and it
is reported to be lactosylated after 24 h of the Maillard
reaction (45). The response to the epitope regions around
these Lys residues in each conjugate prepared in this
study was lowered in each strain of mice. In particular,

the response to 53Asp-54Leu, 69Lys-75Lys, and 80Ala-
85Asp in BALB/c mice and the response to 51Glu-56Ile,
66Cys-76Thr, 78Ile-82Phe, and93Leu-96Asp in C3H/He
mice were dramatically reduced (Figure 6). As for the
human IgE response to â-LG, 97Thr-108Glu (22) and
95Leu-113Pro (26) are reported to be major epitopes as
determined using synthetic peptides. 41Val-60Lys,
102Tyr-124Arg, and 149Leu-162Ile are also reported to be
major allergenic epitopes in â-LG as determined using
tryptic peptides (24). Because the carbohydrate-binding
sites mentioned above are sites neighboring these IgE
epitopes, the â-LG-CMD conjugates prepared in this
study may elicit low-level IgE production in human.

Although many studies on the reduced allergenicity
of protein conjugates have been reported, only a limited
number of studies have addressed the mechanisms
involved. Lee et al. (46) investigated the mechanism of
suppression of IgE antibody production upon immuniza-
tion with ovalbumin-polyethylene glycol conjugate and
suggested that the induction of regulatory T cells would
bring about the suppressive effect. Takata et al. (47)
reported that regulatory T cells and a soluble factor
derived from these cells suppressed the growth of spleen
cells from mice sensitized by treatment with antigen.
On the contrary, So et al. (48) have reported that the
reduced immunogenicity of PEG-lysozyme conjugates
was not due to the induction of lysozyme-specific sup-
pressor T cells but to low susceptibility to endosomal/
lysosomal enzymes in antigen-presenting cells (APC).

Figure 6. B cell epitope profiles of â-LG and â-LG-CMD conjugates. The common regions of at least two overlapping peptides
which showed reactivity greater than the average value plus three standard deviations below the median absorbance in reactions
between anti-â-LG antisera and the peptides, and which showed reproducibility in two of three individual experiments, were
identified as epitopes according to the method of Gammon et al. (41).
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In addition, So et al. (49) showed that the low suscep-
tibility of lysozyme derivatives to endosomal/lysosomal
enzymes led to a decrease in the generation of T cell
epitopes. The induction of regulatory T cells upon
immunization of the mice and the decrease in genera-
tion of T cell epitopes as a result of low susceptibility to
endosomal/lysosomal enzymes in APC, as well as the
masking of B cell epitopes by CMD, may be involved in
the reduced immunogenicity of the â-LG-CMD conju-
gates. Further studies focusing on these aspects should
be carried out. We intend to clarify the change in T cell
response to â-LG after conjugation with CMD.

In conclusion, we were able to clearly demonstrate
that conjugation with CMD of higher molecular weight
was effective in reducing the immunogenicity of â-LG
without inducing novel immunogenicity and that the
effective shielding of epitopes by CMD was responsible
for the reduced immunogenicity. Together with our
previous results (16), conjugation with high saccharide
content using polysaccharides of higher molecular weight
is considered to be the most effective in reduced immu-
nogenicity of proteins. This conjugation method is
superior to other hypoallergenic methods in that the
reduced immunogenicity of proteins can be achieved
irrespective of the haplotype of the mice used. In
addition, various functional improvements of proteins
can be achieved by this method. In fact, we have
reported that Conj. 40 and Conj. 162 showed excellent
emulsifying properties with high thermal stability (18).
Our work is the first study to clarify the changes in the
B cell epitope profiles of a protein after conjugation with
polysaccharides differing in molecular weight. Further
studies on the mechanism responsible for the reduced
immunogenicity by this method would lead to practical
use of protein conjugates. â-LG-CMD conjugates pre-
pared in this study have a potential for hypoallergenic
formulas and hypoallergenic emulsifying agents, and it
is strongly hoped that such conjugates will contribute
to the development of novel foods with low allergenicity.

ABBREVIATIONS USED

APC, antigen-presenting cells; â-LG, â-lactoglobulin;
RCM-â-LG, reduced and carboxymethylated â-lactoglo-
bulin; CD, circular dichroism; CMD, carboxymethyl
dextran; mAb, monoclonal antibody; PBS, phosphate-
buffered saline; EDC, 1-ethyl-3-[(3-dimethylamino)pro-
pyl]carbodiimide; ELISA, enzyme-linked immunosor-
bent assay; PBS-Tween, PBS containing 0.05% Tween
20; PEG, polyethylene glycol.
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