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Reduced T Cell Response to  f-Lactoglobulin by Conjugation
with Acidic Oligosaccharides
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We have previously reported that the conjugation of S-lactoglobulin (5-LG) with alginic acid
oligosaccharide (ALGO) and phosphoryl oligosaccharides reduced the immunogenicity of 5-LG. In
addition, those conjugates showed higher thermal stability and improved emulsifying properties than
those of native -LG. We examine in this study the effect of conjugation on the T cell response. Our
results demonstrate that the T cell response was reduced when mice were immunized with the
conjugates. The findings obtained from an experiment using overlapping synthetic peptides show
that novel epitopes were not generated by conjugation. One of the mechanisms for the reduced T
cell response to the conjugates was found to be the reduced susceptibility of the conjugates to
processing enzymes for antigen presentation. We further clarify that the 3-LG—ALGO conjugate
modulated the immune response to Thl dominance. We consider that this property of the f-LG—
ALGO conjugate would be effective for preventing food allergy as well as by its reduced
immunogenicity. Our observations indicate that the method used in this study could be applied to
various protein allergens to achieve reduced allergenicity with multiple improvements in their properties.

KEYWORDS: p-Lactoglobulin; acidic oligosaccharides; allergenicity; protein conjugation; susceptibility
to enzymes

INTRODUCTION to make novel proteinsaccharide conjugates and have dem-
onstrated multiple functional improvements in the conjugates
élO). B-LG conjugated with carboxymethyl dextran (CMD)
showed a higher thermal stability and improved emulsifying
properties than those of natiyeLG (11, 12). In addition, the
immunogenicity of the conjugate was significantly lower than
that of native-LG (13). We have also clarified that conjugation
with CMD of a higher molecular weight was more effective
for reducing the immunogenicity ¢f-LG (14, 15). However,

we used water soluble carbodiimide for conjugatfhgG with

p-Lactoglobulin -LG) is a major whey protein that is widely

used as a food additive because it has such useful functions a
emulsifying, foaming, and gelling properties, ). However,
B-LG is a potent allergen of milk allergy3). Food allergy, a
major allergic disease for children, is elicited through the type
| allergic reaction. Reduction of the allergenicity of allergenic
proteins has been attempted by several methods involving
enzymatic digestiord), denaturationg, 6), genetic modification

(9), and chemical modification of the proteir& 9). Enzymatic - . ) .
digestion and denaturation are useful for destroying those CMD in those studies. Although conjugation was easy to

structures in an allergen that are recognized by the immune chieve, however, the safety of the conjugates produced with
system, because they can be easily achieved for any type ofVater soluble carbodiimide has not yet been established for
protein. However, the methods also have such defects as@Pplication to food materials.
generating peptides that taste bitter and the loss of other valuable We therefore next prepared conjugatesfefG that were
functional properties for food applications. Genetic modification covalently bound with two types of acidic oligosaccharides,
of allergenic proteins can be expected to effectively achieve alginic acid oligosaccharide (ALGO) and phosphoryl oligosac-
reduced allergenicity without any major loss of valuable charide (POs), by the Maillard reactiohg 17). ALGO is the
functions. However, considerable cost and time are involved, lyase-lysate of alginic acid obtained from seaweed or algae, and
because the modification must be individually performed on many physiological functions of ALGO have been reported
each protein. (18—20). POs were obtained from potato starch by enzymatic
The conjugation of proteins with carbohydrates has been well- digestion 1) and have also been reported to have some
investigated in previous studie8, @). We have also attempted ~ physiological functions22). We found that these conjugates
showed improved properties as good as thosg-b&—CMD

*To whom correspondence should be addressed. Tel and F&i- conjugates. Furthermore, _the immunogenicity of the conjugates
42-367-5879. E-mail: makoto@cc.tuat.ac.jp. was lower than that of natiye-LG, as we had expected. These
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observations demonstrated that we could successfully obtain two The composition of the conju_gates_ determined acc_ord_ing to the
edible neoglycoconjugates ¢8-LG, which had improved Bradford @6) and phenotsulfuric acid methods 2(7) indicated

properties with respect to their allergenicity and function for respective molar ratios gf-LG to ALGO and POs in the conjugates
food applications. of 1:6 and 1:8, respectively.

The mechanism for the reduced immunogenicitpfG by Immunization. We used two strains of mice, BALB/c and C57BL/

. . . . . . 6, for this study. Our previous study had indicated that the immuno-
conjugating with ALGO or POs s considered to involve the genicity of the conjugates was lower than that of nafivieG in these

shielding effect on the epitopes of-LG by the bound  gyains. The contribution of the shielding effect of epitopes or another
oligosaccharides. We have previously reported that the conjuga-mechanism for the reduced immunogenicity of the conjugates could
tion of -LG with high molecular weight CMD was more  be separately evaluated by using these mice, because each strain has
effective than with low molecular weight CMLCL{), indicating completely distinct T cell epitopes againgtLG. We therefore

that covering the epitopes by the CMD chain might be critical considered that it would be beneficial to use these different strains of
for reducing the immunogenicity. However, the affinity of the mice in this study. The mice were subcutaneously immunized in the
conjugates for some monoclonal antibodies indicated that hind footpads and base of the tail wjiiLG or a conjugate (100g as
recognition of the8-LG—ALGO and 8-LG—POs conjugates protein) emulsified in Freund’s complete adjuvant (H37Ra; Difco

by antibodies was not altered at several sites, suggesting that qb?]?;:a;%geez V?;téor'gm'\geé(f fter 7 days, the inguinal and popliteal

,mEChams,'m other than shleldlng of t_h? epitopes ml_ght also be In the experiment for antibody production, the mice were intraperi-
involved in the redgceql immunogenicity of the conjugates. toneally immunized with3-LG or a conjugate (100ig as protein)
We further examine in the present study the mechanism for emulsified in Freund’s complete adjuvant (Difco Laboratories). These

the reduced immunogenicity of edible conjugate-afG with mice were boosted with the same antigen (£9@s protein) emulsified
acidic oligosaccharides, focusing on the T cell response. Ourin Freund’s incomplete adjuvant (Difco Laboratories) 14 days after the
results demonstrate that the conjugationfefG with acidic first immunization. The mice were then bled 7 days after the second

oligosaccharides successfully reduced the immunogenicity with immunization. The blood sample§ were centrifuged, and the sera were
respect to both the T cell response and the antibody production.collécted and stored at30 °C until needed. - _

One of the mechanisms for the suppression of T cell response | Cell Proliferation Assay and T Cell Epitope Scanning. AT
seemed to involve the low susceptibility of the conjugates to cell proliferation assay and T cell epitope scanning were performed in

o .~ 96 well culture plates with 20@L/well of an RPMI 1640 medium
those enzymes that are necessary for processing in the an'“genﬂ\lissui Pharmaceuticals, Tokyo, Japan) supplemented with 0.03%

presenting cells (APC). It is expected that the conjugation of g tamine, 0.296 NaHC§2-mercaptoethanol (2-ME; 50M), penicillin
protein allergens will be useful for preparing novel food (100 u/mL), streptomycin (10@g/mL), and 1% autologous normal
materials with improved functions. mouse serum. T cell epitope scanning involved synthesizing a series
of overlapping 15-mer peptides and moving one amino acid residue at
a time in accordance with the amino acid sequencg-b6, with a
five-in-one B cell and T cell epitope scanning kit (Chiron Mimotopes,
Mice. Female BALB/c and C57BL/6 mice (Clea Japan, Tokyo, Clayton, Victoria, Australia) as previously describeiB)( The con-
Japan) at 6 weeks of age were used. These mice were maintained angentration of each synthesized peptide was approximately 1 amol/
used in accordance with the guidelines for the care and use of from the results of an amino acid analysis. The Iymph node cells were
experimental animals of Tokyo University of Agriculture and Technol- suspended at & 10° cells/well in the culture plates and then stimulated
ogy. with protein (3-LG or a conjugate) at various concentrations or by a
Preparation of -LG. Crude bovineB-LG (genotype AA) was synthesized peptide solution (&). Cultures were set up in triplicate
prepared from fresh milk of a Holstein cow according to the method for stimulation with the proteins, while one well for each peptide was
of Armstrong et al. 23). This crudes-LG was purified in a DEAE- tested for the peptide series. After the cells were cultured in a humidified
Sepharose Fast Flow column (2.5 cm id. 50 cm; Amersham atmosphere of 5% C£On air for 3 days at 37C, the T cell proliferation

Pharmacia Biotech, Buckinghamshire, United Kingdom) by the method Was measured with a BrdU proliferation kit (Roche Molecular Bio-

MATERIALS AND METHODS

previously described1(l). The purity of 3-LG was confirmed by chemicals, Basel, Switzerland). In short, the inguinal and popliteal
polyacrylamide gel electrophoresis (PAGE) performed by the method YMPh node cells fronf-LG-immunized mice in the culture plates were
of Davis (4). pulsed with a 10@:M BrdU solution (20uL/well) for 2 h. The culture

.- . . _— . plates were centrifuged at 1250 rpm for 10 min af@ and the
Acidic Oligosaccharides. ALGO (DP = 4) was supplied by Meiji - g normatant was removed, before the plates were drietl foat 60
Seika Co. Ltd. (Tokyo, Japan). POBR = 4) were prepared from  oc A FixDenat solution (20QiL) was added to each well, and the
potato starch as previously describes)( plates were incubated fd. h at 25°C. The FixDenat solution was
Preparation and Purification of the -LG —Acidic Oligosaccha- removed, and a peroxidase-labeled anti-BrdU mAb solution was added,
ride Conjugates. The -LG—acidic oligosaccharide conjugate was pefore the plates were incubated @ h at 25°C. The peroxidase-
prepared by the Maillard reaction according to the method previously labeled anti-BrdU mAb solution was then removed, and each well was
described16). In brief, ALGO (1 g) ang3-LG (1 g) were dissolved in  washed three times with PBS (200 each). A tetramethylbenzidine
600 mL of distilled water, and the solution was lyophilized. The mixture solution (100uL/well) was added, and the plates were incubated for
was incubated at 50C in a relative humidity of 79% for 24 h. After 5—10 min. After 1 M H,SO, (25 uL/well) was added to stop the

dialyzing against distilled water and lyophilizing, a cry#G—ALGO enzymatic reaction, the absorbance at 450 nm was measured.
conjugate was obtained. The following criteria were used for the peptides adopted as positive
Thep-LG—POs conjugate was prepared by adding POs (1/5-0% in determining the T cell epitopes: (i) those that showed a response

(1.5 g), and 25 mL of penicillirrstreptomycin (5000 units/mL; Life greater than the mean value plus three times the standard deviation of
Technologies, Carlsbad, CA) to 600 mL of distilled water and then the absorbance to the peptide (PLAQGGGGGGGGGGG) in the absence
lyophilizing. The mixture was incubated at 30 in a relative humidity of the 8-LG sequence28), (ii) those that showed a positive response
of 79% for 480 h. After dialyzing against distilled water and to at least two consecutive overlapping peptides, and (iii) those that
lyophilizing, a crudes-LG—POs conjugate was obtained. showed reproducibility in two individual experimeng8(. The common

Free oligosaccharides were removed by salting out. Each crude amino acid sequences among the peptides that fulfilled these criteria
sample was dissolved in distilled water, and ammonium sulfate was were identified as the epitopes according to the method of Gammon et
added to a final concentration of 5 M. The precipitate was recovered al. (29).
by centrifuging (20000 rpm for 30 min) at 2€. The purified conjugate Serum Antibody Detection. 5-LG specific antibody titers in the
was obtained after dialyzing against distilled water and lyophilizing. sera were measured by enzyme-linked immunosorbent assay (ELISA).



T Cell Response to 5-LG Conjugated with Oligosaccharides

Maxisorp immunoplates were coated with a 0.03%G solution. After

washing and blocking, the sample sera and standards were added to

the plates. The bound antibody was detected with the biotin-labeled
rabbit anti-mouse IgG1 or anti-mouse IgG2a antibody (Zymed, San
Francisco, CA), before incubating with alkaline phosphataseepta-
vidine (Zymed). A substratep{nitrophenyl-phosphate; Wako Pure

Chemical Industries, Tokyo, Japan) was added, and the absorbance was

determined at 405 nm.

Digestion of the #-LG-Acidic Oligosaccharide Conjugates with
Cathepsin B and Cathepsin D3-LG or each conjugate [0.1% (w/v)
as the protein concentration] was dissolved in a 0.2 M citric acig/Na
HPO, buffer (pH 5.0) containing ethylenediaminetetraacetic acid (1
mM) and 2% (v/v) 2-ME, and the solution was incubated atG7#or
12 h. Cathepsin B (EC 3.4.22.1) or cathepsin D (EC 3.4.23.5) from
bovine spleen (Sigma Chemical Co., St. Louis, MO) was added to the
solution (enzyme:substrate 1:10), and the mixture was incubated at
37 °C for various times. Digestion was stopped by adding the loading
buffer for sodium dodecyl sulfate (SDS) PAGE and by heating at 100
°C for 5 min. The digested sample was applied to SDS-PAG, (
and the gel was stained with Coomassie Brilliant Blue R-250. After
destaining, the digestibility of each sample was evaluated by densito-
metry.

RESULTS

Reduced T Cell Response by Conjugatings-LG with
Acidic Oligosaccharides without the Emergence of Any
Novel Immunogenicity. We had previously prepared two
conjugates,3-LG—ALGO and S-LG—POs, to reduce the
immunogenicity of-LG. The immunogenicity of these con-
jugates was investigated by immunizing mice with them and
was found to be reduced for the induction of antibody production
in the previous study1(7). One of the mechanisms for the
reduced immunogenicity of the conjugates seemed to involve
shielding of the epitopes resulting from the conjugation. We
anticipated that the induction of regulatory T cells and the

reduced susceptibility of the conjugates to endosomal/lysosomal

enzymes in the APCs would be important. We therefore

examined the T cell response induced by these conjugates in

this study. After BALB/c and C57BL/6 mice had been im-
munized with3-LG or a conjugate, the lymph node cells from
the mice were stimulated withB-LG or the conjugate. T cells
from BALB/c mice that had been immunized with tid_G—
POs conjugate showed a lower response than thosefbG
immunized (control) miceRigure 1&). On the other hand, the
T cell response of the mice immunized with {hé.G—ALGO
conjugate was at a similar level to that of the control mice
(Figure 1a). The T cell response of mice immunized with a

conjugate against each conjugate was lower than that agains

native3-LG (Figure 1a). T cells from C57BL/6 mice that had

J. Agric. Food Chem., Vol. 53, No. 17, 2005 6853

a) BALB/c

@ p-LG
Respective conjugate

3

b) C57BL/6

w

>4

B-LG

B-LG-ALGO B-LG-POs

Antigens immunized to mice

Figure 1. Proliferative response to the antigen of lymph node cells obtained
from mice immunized with native 5-LG or a conjugate. BALB/c (a) and
C57BL/6 (b) mice were immunized with 5-LG or a conjugate. Lymph
node cells of these mice were obtained and cultured in the presence of
B-LG or the respective conjugate at 0.1 «M for BALB/c and 0.3 uM for
C57BL/6. The proliferative response of these cells was measured by BrdU
ELISA. The result is representative of two independent experiments.

2 shows the T cell epitope profiles ¢-LG and theS-LG—
acidic oligosaccharide conjugates. The horizontal axis indicates
the N-terminal amino acid residue number of each 15-mer
peptide corresponding to the position in {hd.G sequence,
and the vertical axis indicates the T cell proliferation in response
to each peptide. The T cell epitopes identified according to the
method of Gammon et al. are summarizeigure 3, in which

the horizontal axis indicates the sequence numbgrliG and

the line thickness indicates the intensity of the response to each
epitope. The T cells from BALB/c mice immunized withLG
showed a proliferative response to peptides7424-29, 62—

66, 68-69, and 73-76 (Figure 2a). Therefore, the T cell
epitopes of$-LG that had been recognized in BALB/c mice
were determined to béMet-18Thr, 29le-38Pro, %6Cys/6Thr,
£9Lys-82Phe, and®Thr-#Leu (Figure 3). In the same way, the

T cell epitopes of the conjugates recognized in BALB/c mice

been immunized with a conjugate showed a lower response tharVere determined to beThr-*Trp, “°Arg->*Asp, **Asp-"“Glu,

those from the control mice={gure 1b). The T cell response

to the respective conjugate was lower in the mice immunized
with the 8-LG—POs conjugate than in those to natj§€.G,
while being at a similar level in the mice immunized with the
B-LG—ALGO conjugate Figure 1b). These results demonstrate

"OLys-80Ala, "Lys-89Glu, and1%°Ala-15Ser for -LG—ALGO
and Thr-1Trp, "%Lys-"5Lys, 75Lys-88Asn, 193 eu-116Ser, and
13%la-159%Ser for 8-LG—POs Figure 3). No difference in the
epitope distribution was apparent for T cells from the mice
immunized with either of the conjugates, but the proliferative

that the T cell response induced by these conjugates was lowef€sponse to each peptide was lower throughout the entire amino

without generating any marked degree of novel immunogenicity.
T Cell Epitope Profiles of the #-LG-Acidic Oligosaccha-

ride Conjugates.To investigate the mechanism for the reduced

T cell response induced by thiLG—acidic oligosaccharide

conjugates, we next examined in detail the T cell epitope profiles

of these conjugates. After the lymph node cells from BALB/c

and C57BL/6 mice immunized witi-LG or a conjugate had

acid sequence than that of the control miE@(re 2a—c).

The results obtained with C57BL/6 mice are showFigure
2d—f. The T cell epitopes of;-LG were determined to be
122 eu-132Ala (Figure 3). The T cell epitopes of each conjugate
recognized in C57BL/6 mice were determined to 1B%In-
1382Ala for B-LG—ALGO and!3GIn-2%Ala and*?3_eu-131Glu for
B-LG—POs Figure 3). The epitope distribution of both these

been stimulated by the overlapping peptides synthesized on theconjugates was similar to that 8{LG, whereas the proliferative

basis of the sequence @FLG, the T cell proliferation in
response to the peptides was measured by BrdU ELIFgAwre

response to each epitope was lower throughout the entire
sequence than that of the control mice.
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Figure 2. Proliferative response to the synthetic peptides of the lymph node cells obtained from mice immunized with native 5-LG or a conjugate.
BALB/c (a—c) and C57BL/6 (d—f) mice were immunized with 5-LG (a and d), 8-LG-ALGO (b and €), or 8-LG-POs (c and f). Lymph node cells of these
mice were obtained and cultured in the presence of overlapping 15-mer peptides covering the amino acid sequence of 5-LG. The proliferative response
of these cells was measured by BrdU ELISA. The result is representative of two independent experiments.

Susceptibility of the #-LG-Acidic Oligosaccharide Con- p-sheet [l o-helix

jugates to Cathepsin B and Cathepsin DWe have previously
partially identified the binding sites of carbohydrates in the
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B-LG—ALGO conjugate to b&%Lys, 7/Lys, 199 ys, 138 ys, and
143 ys (17). However, we could not observe the preferential
reduction of T cell response to the epitopes close to the
carbohydrate-binding sites in mice immunized with fReG—
ALGO conjugate. It was considered that blocking the binding
of antigenic peptides to the MHC molecule or T cell receptor
by conjugation with an oligosaccharide was not the major reason
for the reduction in T cell response induced by the conjugates.
We therefore next examined the susceptibility of the conjugates
to cathepsin B and cathepsin D, which are both regarded as
important processing enzymes for antigen presentafibrse).

We found that about 60 and 80% GfLG was, respectively,
digested with cathepsin B and cathepsin D rafteh (Figure
4ab). On the other hand, no more than 50% of the conjugate
was digestedKigure 4a,b), and the susceptibility to cathepsin

D was significantly reduced by conjugation with the acidic
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In Vitro Antigen Presentation of the f-LG-Acidic Oli-
gosaccharide Conjugates t@-LG-specific T Cells. Our results

I COOH

Figure 3. T cell epitope profiles of 3-LG and the conjugates. The common
regions of overlapping peptides, which induced significant proliferation in

suggested that the reduced susceptibility of the conjugates tolymph node cells, are identified as epitopes according to the method of
processing enzymes might have resulted from the reduced TGammon et al. The thickness of the lines indicates the intensity of response
cell response induced by immunization with the conjugates. We to each epitope.
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Figure 4. Susceptibility of 5-LG and the conjugates to cathepsin B and
cathepsin D. -LG, B-LG-ALGO, and S-LG-POs were digested with
cathepsin B or cathepsin D for various times in the presence of 2-ME.
The digested samples were applied to SDS—PAGE, and the digestibility
of each sample was evaluated by densitometry. The intensity of the band
of each sample at 0 min is taken as 100%, and that of the samples at

obtained from mice immunized with native 5-LG. BALB/c (a) and C57BL/6
(b) mice were immunized with 5-LG. Lymph node cells of these mice
were obtained and cultured in the presence of 5-LG or a conjugate at
0.1 uM for BALB/c and 0.3 uM for C57BL/6. The proliferative response
of these cells was measured by BrdU ELISA. The result is representative
of two independent experiments.

subsequent times is relative to the value at 0 min. All results are expressed

relative to the intact protein (%). :j:: a) BALBIc o
therefore next investigated the in vitro T cell proliferation o 120

induced by the antigen presentation of the conjugates. After the g 40

two strains of mice had been immunized with.G, the lymph S 80

node cells were stimulated witB-LG or a conjugate. The oy

efficiency of antigen presentation was evaluated as the in vitro & 607

T cell proliferation by BrdU ELISA. In both strains of mice, 2 40

the proliferative response gf-LG specific T cells to the 20
conjugates was lower than that to natjg«.G (Figure 5ab). 8

The proliferation induced by thg-LG—POs conjugate was b) C57BL/6
particularly reduced in both strains. These results demonstrate 4+ ©
that the lower efficiency of the conjugates for antigen presenta-
tion, which was due to their reduced susceptibility to processing
enzymes, should be a critical mechanism for the reduced
immunogenicity of the conjugates.

Thl Dominant Response Induced by the8-LG-Acidic
Oligosaccharide ConjugatesWe have previously reported that
ALGO modulated the balance of Thl and Th2 to Th1l dominance :
(20). We therefore tested the cytokine production of T cells B.LG B.LG-ALGO  B-LG-POs
obtained from mice that had been immunized withG or a Antigens immunized to mice
conjugate. However, there was no detectable amount of IL-4, gigyre 6, Antibody production in mice immunized with native -LG or a

which is the major cytokine produced by Th2, from T cells of  conjugate. BALBI/c (a) and C57BL/6 (b) mice were immunized with -LG

the mice that had been immunized with eithf#L.G or a or a conjugate. The mice were bled after the second immunization with
conjugate (data not shown). We next investigated the antibody the respective antigen. The levels of A-LG specific IgG1 and IgG2a in
production in the sera from mice that had been immunized with the sera were measured by ELISA. The ratio of IgG1 and IgG2a is shown.
B-LG or a conjugate. The production of the IgG1 antibody is The result is representative of two independent experiments.

known to be enhanced by IL-4, whereas the IgG2a antibody is

induced by IFNy, which is a cytokine produced by Thl. Our conjugate induced a Thl dominant response. With respect to
results show that the ratio of IgG1 and IgG2a was lower in the the-LG—POs conjugate, although the ratio of IgG1 and IgG2a
sera from mice that had been immunized withfHeG—ALGO induced by theg-LG—POs conjugate tended to be lower in the
conjugate than fronp-LG-immunized mice of both strains  BALB/c mice (Figure 6a), there was no reduction in the ratio
(Figure 6ab). This result indicates that th8-LG—ALGO in the C57BL/6 mice Figure 6b).

IgG1/lgG2a ratio

P = ]
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DISCUSSION obtained similar results for the T cell response, although the
difference was not significant. We consider that this might have

thc;rpee dﬁl:n; doifn;dr]r:ir?;u?r/\igtas gfol_g\:)esé'gr?f g:ﬁ] mﬁﬁﬂi@;ﬁg for been due to the difference in the number of binding oligosac-
) . g y y conjugating . . charides of 1:6 for thg-LG—ALGO conjugate and 1:8 for the
oligosaccharides. Our results demonstrate that the conjugation

. - B-LG—POs conjugate. However, it cannot be discounted that
?;fﬁ;%g'ég;%%oeigggg; ig?;gg;rne;fﬁg%ﬁﬂg@ﬁﬁj Th another mechanism could have been involved, because there

response of T cells induced by these conjugates was significantlﬁév (?r?juggtrg_l,ytoagth?:;frE]scgn (ljnDthe susceptibility of these

suppressed for that reason. We conclude that this is at least

partially responsible for the reduced immunogenicity3ef G

by conjugating with acidic oligosaccharides. ACKNOWLEDGMENT
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