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Summary In order to inspect the significance of the adsorbing property in the adjuvant 

activity to enhance IgE production, we immunized BALBIc mice against Kunitz-type soy

bean trypsin inhibitor (KSTI), the most potent experimental allergen among soybean pro

teins, associated with Aluminum hydroxide (alum) or DEAE-Sephadex particles. The 

production of immunoglobulin isotypes was analyzed at the various amounts, 3-3,000ƒÊg 

per mouse, of the antigen dosages. In our experiments, although alum did not adsorb KSTI 

significantly, it augmented the total and the antigen-specific IgE without affecting the opti

mal range of the antigen dosage. On the other hand, alum did not effectively enhance the 

production of the other immunoglobulin isotypes. The production of immunoglobulin iso

types other than IgE increased dose-dependently on the antigen. These results ensured our 

previous finding that another protein, ovalbumin, was used as the antigen. We also demon

strated that the adsorption of KSTI by DEAE-Sephadex in the immunizing vehicle resulted in 

the requirement of more KSTI for accomplishing the equal immunity in BALB/c mice com

pared to the control. Moreover, we demonstrated that, regardless of the inability to adsorb 

KSTI, alum exerted its adjuvant activity only when it was co-injected with the antigen. 

These results showed that some biochemical effect, other than adsorptive activity, to 

enhance the production of the antigen-specific IgE resides in alum.

Key Words alum, Kunitz-type soybean trypsin inhibitor, adjuvant, IgE

The crosslinking among high affinity IgE receptors 
on mast cell or basophil, via IgE bound to the responsi
ble allergen, is a trigger for type-I allergic disease (1). 
Thus to investigate how IgE is produced or how the pro
duction is augmented is essential for putting on the 
brakes to the prevalence of allergic disease among 
developed countries.

An adjuvant is the substance that augments immu
nity and may affect the balance between type I helper T 
lymphocytes (Thl-type) immunity and type II helper T 
lymphocytes (Th2-type) immunity. For example, oligo
deoxynucleotides containing the CpG motif, which is 
naturally present in bacterial DNA, have been suggested 
as an adjuvant to induce Thl-type immunity (2), 
whereas diesel exhaust particulate (DEP), an air pollut
ant, has been suggested as an adjuvant to enhance 
Th2-type (3). Aluminum hydroxide (alum) has often 
been used under experimental conditions to produce 
antigen specific IgE in murine cases (4), which sug
gested that alum was an adjuvant stimulating Th2-type 
immunity. Although the adjuvant activity of alum is 
partly explained by its antigen-adsorbing property (5) 
to make antigen presentation efficient, its function, 
especially how to evoke the IgE production, is not yet 
fully understood.

Previously we demonstrated that, when ovalbumin
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was used as an antigen to BALB/c mice, the adjuvant 
activity of alum did not accompany with the alterna
tion of the optimal dosage of the injected antigen (6). 
This suggests that the adjuvant activity of alum do not 

participate in the antigen presentation. In this report, 
we performed immunization against the other experi
mental antigen, Kunitz-type soybean trypsin inhibitor 

(KSTI), not only to ensure the previous result but also to 
clarify the relation between the adsorbing property and 
the adjuvant activity.

MATERIALS AND METHODS

Animals. Female BALB/c mice, 8wk old, and female 

Wistar rats, 15wk old, were purchased from SLC Japan 

(Hamamatsu, Japan). The animals were housed in our 

animal room at about 25•Ž with adequate humidity, 

and fed with a standard pellet diet and water ad lib. All 

experiments were performed in accordance with the 

Guidelines for Animal Experimentation (Japanese Asso

ciation for Laboratory Animal Science, 1987).

Particles. Aluminum hydroxide (Nacalai Tesque, 

Inc., Kyoto, Japan) was ground in a mortar thoroughly 

for using it as an alum adjuvant. DEAE-Sephadex 

(Amersham Pharmacia Biotech, Buckinghamshire, UK) 

was incubated overnight with sterile phosphate-buff

ered saline (PBS) at 4•Ž. PBS was removed just before 

use.

Adsorptive property. To determine the adsorptive
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property of alum or DEAE-Sephadex to KSTI, those par

ticles were incubated overnight with KSTI at 4•Ž. After 

the centrifugation (300•~g for 10 min, at 4•Ž), the 

supernatants were filtrated with 0.8ƒÊm membrane fil

ter (Millipore, Billerica, MA, USA). The adsorptive prop

erty for KSTI was determined by measuring protein 

concentration of filtrates. Protein concentration was 

evaluated by the method of Lowry et al. (7).

Invnmlization. Three times with 2 wk interval 3ƒÊg, 

30ƒÊg, 300ƒÊg or 3mg KSTI (Sigma; St Louis, MO, 

USA) per mouse, was subcutaneously, intraperitoneally 

in a special case, injected into BALB/c mice with or 

without alum (2 mg) in 400 ƒÊL of PBS. Each group 

contained 5 or 6 mice. Whole anti-sera were collected 

1 wk after the third immunization and stored at -20•Ž 

until use.

In one experiment we used DEAF-Sephadex particles 

(2 mg) in place of alum. In this experiment, the DEAE

Sephadex particles were pre-incubated with KSTI. After 

the removal of free KSTI, they were injected with nor

mal mice sera to BALB/c mice. For the control experi

ment, DEAE-Sephadex particles pre-incubated with 

normal mice sera were injected to BALB/c mice just 

after mixed with KSTI.

Passive cutaneous anaphylaxy (PCA) reaction. PCA

 reactions were carried out as previously described (8). 
In brief, Wistar rats anesthetized by Nembutal (Abbott, 
Chicago, IL, USA) were intracutaneously injected with 
diluted anti-sera into skin on the back. After 2d, the 
rats were again anesthetized and intravenously injected 
with 1mg of OVA and 0.5% of Evans Blue (Nacalai 
Tesque) in 1mL of PBS.Photographs of the resulting 
back skins of rats that expressed blue wheal spots were 
taken by an MP4 Instant Camera System (Polaroid, 
Cambridge, MA, USA).

Enzyme-linked inlnlunosorbent assay (ELISA). Total 
amounts of IgE were measured by Sandwich ELISA kits 

(Bethyl, Montgomery, TX, USA). Titers of the OVA-spe
cific immunoglobulin isotype were evaluated by ELISA 
with the use of antigen-coated micro-plates and detect
ing antibodies for IgG1, IgG2a or IgM (Bethyl), respec
tively. The protocol of the ELISA has been already 
described (9). In brief, plates coated with KSTI or the 
capture-antibody were incubated with BSA solution for 
1h at room temperature (RT) for blocking, with diluted 
anti-sera for 1h at RT, washed 3 times with PBS con
taining 0.05% Tween 20, and then incubated with ade

quate horse radish peroxidase-labeled antibody for 1h 
at RT for detection. After again washing 3 times with 
PBS containing 0.05%Tween 20, the plates were devel

Fig. 1. The production of KSTI-specific Immunoglobulins in BALB/c mice immunized by various doses of KSTI with or

 without alum. Sera from BALB/c mice immunized by designated doses of KSTI with or without alum were analyzed. To

 evaluate the antigen specific IgE titer of mice sera, PCA reaction was proceeded in a Wistar rat which was intracutane

 ously injected with anti-sera diluted by PBS into the back skin, followed by the intravenous injection of the antigen and a 

 pigment after 2 d (a). To evaluate the antigen specific IgGI. (b), IgG2a (c), and IgM (d), in the sera immunized by KSTI with 

(•œ) or without (•›) alum, the antigen-coated 96 well micro-plate was incubated with the immunized sera, which were di

 luted 1:200 for IgG1, 1:50 for IgG2a, and 1:50 for IgM, followed by the incubation with the enzyme-labeled responsible 

 second antibody. The immunocomplex on the wells were incubated with o-phenylenediamine (0.4mg/mL) and 0.01% 

 H2O2 as the substrate. The absorbance of the reaction mixture in the wells at 492nm were determined. Values are ex

 pressed as mean•}SD.
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Fig. 2. The production of Th2-type immunoglobulin isotypes in BALB/c mice immunized with various doses of the antigen.

 Sera from BALB/c mice immunized by designated doses of KSTI with (•œ) or without (•›) alum were analyzed. To evaluate 

the concentration of serum total IgE (a) or IgGl (b), the sandwich ELISA was proceeded with a 96 well microplate coated 

with anti mouse IgE or IgG 1. The plates were incubated with the immunized sera, followed by the incubation with the en

zyme-labeled responsible second antibody. The immunocomplex on the wells were incubated with o-phenylenediamine 

(0.4mg/mL) and 0.01% H2O2 as the substrate. The absorbance of the reaction mixture in the wells at 492nm were deter

mined. The concentration was determined based on a standard curve of IgE or IgGi. Values are expressed as mean•}SD.

oped with o-phenylenediamine and hydrogen peroxide. 
The absorbance of each well was measured by a Model 
450 micro-plate reader (Bio-Rad, Hercules, CA, USA).

RESULTS

The production of antigen specific immunoglobulin 

in BALB/c mice immunized with various dosages of 

KSTI with or without alum was analyzed by PCA reac

tion and ELISA. As for the IgE production the suitable 

dosages of the injected antigen, which ranged from 30 

to 300ƒÊg dosage per mouse, were not influenced by the 

presence of alum (Fig. 1a). This meant that alum did 

not up-regulate the efficiency of the antigen presenta

tion. On the other hand, alum actually augmented the 

titer of the antigen-specific IgE at those suitable doses.

Titers of KSTI specific IgG1, IgG2a and IgM were ana

lyzed by the antigen-specific ELISA, with plates coated 

by KSTI (Fig. lb, c, d). Different from IgE, the titer of 

antigen-specific IgG1 and IgG2a increased in the anti

gen-dose dependent manner. The production of the 

antigen specific IgM did not respond to the antigen 

dose. Alum did not enhance the immunoglobulin iso

types other than IgE significantly.

As the production of IgE and IgG 1 are both induced 

by Th2, their serum total concentrations were also 

measured by a sandwich ELISA (Fig. 2). The results 

showed almost consistent pattern with the antigen-spe

cific activities. Namely, not the concentration of serum 

total IgG 1 but that of serum total IgE was augmented 

by the presence of alum at immunization. As for the 

relation with antigen-dosage, that of IgG 1 increased in 

the dose dependent manner, whereas that of IgE had a 

peak within the range we tested.

It has been believed that the adjuvant activity of 

alum is exerted via its adsorbing activity to enhance the 

efficiency of the antigen presentation (5). To access the 

actual property that brings the adjuvant activity, we 

investigated the adsorptive activity of alum in our 

experimental condition and compared it with that of

Table 1. The adsorption of KSTI by alum or DEAE

 Sephadex.

Alum or DEAE-Sephadex particles (2 mg) were incu
bated with a designated amount of KSTI at 4°C overnight 
in a rotating cultivator. The remaining amount of the 

protein in the supernatant was measured and the per
centage of the adsorbed protein was determined by sub
traction from the total amount. The values expressed as 
adsorbing efficiencies are calculated from experiments 
repeated five times for alum and in triplicate for DEAE

-Sephadex.

DEAE-Sephadex particles (Table 1). The adsorption of 

KSTI to the particles was determined by measuring the 

residual amount of the protein in the supernatants after 

the incubation with alum or DEAE-Sephadex. More 

than 95% of KSTI was recovered from the supernatant 

of alum and, on the other hand, less than 40% was 

recovered from that of DEAE-Sephadex. We regarded 

the small percentage of alum-adsorbed KSTI as the loss 

of recovery. Thus the table showed that, different from 

DEAE-Sephadex, alum did not adsorb KSTI practically. 

In order to inspect whether the adsorption is involved in 

the adjuvant activity that brings the IgE-hyperproduc

tion, we used DEAE-Sephadex particles instead of alum 

at immunizing BALB/c mice by KSTI. The adsorption by 

DEAE-Sephadex resulted in less sensitive production of 

antigen-specific IgE to the smaller dose, 3-30ƒÊg, of the 

antigen (Fig. 3).

We finally investigated a sphere of the adjuvant activ

ity of alum. For this purpose we separately injected
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Fig. 3. The production of KSTI-specific IgE in BALB/c

 mice immunized by various doses of the antigen ad

sorbed or not adsorbed by DEAE-Sephadex. Sera from 
BALB/c mice immunized by designated doses of KSTI 
adsorbed or not adsorbed by DEAE-Sephadex were ana
lyzed. DEAE-Sephadex particles incubated with KSTI, 
followed by the addition with normal sera of BALB/c 
mice, were prepared for the immunization with ad

sorbed KSTI and DEAE-Sephadex particles incubated 
with normal sera, prior to the addition with KSTI, were 

prepared for the immunization with not adsorbed KSTI. 
Two mg of DEAE-Sephadex was injected into each 
mouse. In adsorbed KSTI immunization, overloaded 

(not adsorbed) KSTI present in the supernatant were 
removed and the injected amounts of KSTI were ad

justed as designated with the consideration of the ad
sorbing efficiency shown in Table 1. Titers of IgE were 
evaluated by PCA reaction described in Fig. 1.

Fig. 4. The production of KSTI-specific IgE in BALB/c

 mice responded to the injected portion of the antigen 
and alum. Sera from BALB/c mice immunized by 
KSTI with co-injected alum or separately injected alum 
were analyzed. KSTI was injected under the back skin 
of BALB/c mice with alum (a), KSTI was injected under 
the back skin but alum was injected ip. (b), or KSTI was 
injected ip. but alum was injected under the back skin 

(c). Titers of IgE were evaluated by PCA reaction de
scribed in Fig. 1.

alum from the antigen. When alum was injected intra

peritoneally (ip.) and the antigen was subcutaneously 
(sc.) injected the back of BALB/c mice, the production of 
IgE specific for the antigen was remarkably attenuated 
compared with the case of sc. co-injection to the back 

(Fig. 4). Moreover when alum was sc. injected the back 
and the antigen was injected ip., the production of IgE

Fig. 5. The alternative kinetics of IgE production stimu

lated by an adjuvant. The effect of the adjuvant is 
shown as an arrow. (a) The case if the sensitivity for IgE 

production to the dose of the antigen would be en
hanced by an adjuvant. (b) The case if the degree of the 
IgE production would be enhanced by an adiuvant.

specific for the antigen was under the detection limit.

DISCUSSION

Consistent with our previous results obtained by the 
immunization against a different protein, ovalbumin 

(6), alum did not influence the sensitivity of the IgE pro
duction to the antigen KSTI dosage, but enhanced the 
antigen-specific titer and the serum total concentration 
of IgE at the optimal dosages. This suggests that the 
adjuvant activity of alum is independent of the antigen 

presentation efficiency. If the activity were dependent 
on it, the optimal dosage of antigen for inducing the 
antigen-specific IgE must have shifted to the lower side 
as shown in Fig. 5A, in accordance with the adjuvant 
use. As a matter of fact, the adjuvant activity resulted in 
the pattern of Fig. 5B.

The adjuvant activity of alum has been explained by 
its adsorptive property that may effect on the antigen

presentation. Conflictingly alum did not practically 
adsorb KSTI but did work as an effective adjuvant to the 
IgE in our experiments. Strictly speaking, it is impossi
ble to deny the presence of the subtle adsorption by 
alum, which might contribute to the production of IgE. 
Thus, alternatively we immunized BALB/c mice against 
KSTI using an adsorptive particle, DEAE-Sephadex, for 
clarifying the relation between the antigen-adsorption 
and the production of IgE. The adsorption of KSTI by 
DEAE-Sephadex particle resulted in the requirement of 
more KSTI for accomplishing equal IgE production 
compared to the control, suggesting that the antigen
adsorption by a particle did not contribute to it. This 
strengthened our findings about alum that its adjuvant 
activity to augment IgE production is independent of 
the antigen adsorption.

Whereas alum did not adsorb the antigen in our 
injected solution, it requires the co-injection with the 
antigen to bring its adjuvant activity. This result 
revealed that the sphere of the adjuvant activity of alum 
was not systemic but local, in other words, limited to 
the portion where the antigen was injected. This sug

gests that only the cells that encounter both the antigen 
and the alum are affected, the most possible candidate 
of which may be the antigen-presenting cell. Such limi
tation might be a reason for the misunderstanding that
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the antigen-adsorption by alum would be necessary for 
its adjuvant activity.

The property of the adjuvant to enhance IgE produc
tion is still under controversy. The effect of a physical 

property, that is, the size of a lipid vesicle to entrap the 
antigen on the adjuvant activity was reported: the 
larger (>225nm) vesicle induced a Th1 response and 
the smaller (<155nm) vesicles induced a Th2 response 

(10). On the other hand, a recent report concerning 
DEP, which has been reported to enhance IgE produc
tion, suggests that its biochemical property, that is, 

prooxidant activity is included in its activities exhibited 
in the immune system (11). Aluminum is not an oxida
tive element by itself, but it has been reported that alu
minum was involved in redox reactions under the 
experimental conditions (12). Similar with DEP, redox
related activity of aluminum may contribute to the 
adjuvant activity. Consistent with this hypothesis, our 
recent results demonstrated that the intake of anti-oxi
dative vitamins by BALB/c mice resulted in the attenua
tion of IgE production (13). Concerning the mechanism 
of alum's adjuvant activity, the IL4 or IL13-indepen
dent adjuvant activity to initiate the antigen-specific 
Th2 response was reported (14), however, its essential 

property and the cell subjected to the direct influence 
from it remains to be elucidated.

Aluminum is a common but, in a sense, quite unique 
element. Though it is the third abundant element on 
earth, no beneficial biological property has been known 
about it. On the contrary it is well known that alumi
num accumulates in the brain of Alzheimer disease. In 
spite of such undesirable evidences, alum has been used 
as an adjuvant not only to experimental animals but 
also to humans in artificial immunization. If the adju
vant activity of alum is not due to its adsorptive prop
erty, injected alum may unexpectedly influence the 
immunity of other substances in addition to injected 
antigens. Moreover, environmental aluminum, includ
ing aluminum tableware and cans, may affect natural 
sensitization to allergens as well.

In conclusion, our experiments indicated that alum 
had the adjuvant activity independent of antigen
adsorption. This finding may be important to reveal the 
intrinsic property to cause hyperproduction of IgE.
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