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Amyloid b peptides with an additional cysteine residue can enhance
immunogenicity and reduce the amyloid b burden in an Alzheimer’s
disease mouse model

Jun-ichi Matsuda *, Kazuyoshi Kaminaka, Chikateru Nozaki
Applied Research Department, Kikuchi Research Center, The Chemo-Sero-Therapeutic Research Institute, 1314-1 Kawabe, Kyokushi, Kikuchi, Kumamoto 869-1298, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 February 2009
Available online 3 March 2009

Keywords:
Alzheimer’s disease
Amyloid b
Peptide
Cysteine
Animal model
Immune therapy
Vaccine
0006-291X/$ - see front matter � 2009 Elsevier Inc. A
doi:10.1016/j.bbrc.2009.02.153

* Corresponding author. Fax: +81 968 37 3616.
E-mail addresses: matsuda-ju@kaketsuken.or.jp, p

Matsuda).
For the development of a safe vaccine for Alzheimer’s disease (AD), we studied the immunogenicity of
amyloid b (Ab) peptides without adjuvant. Addition of a cysteine residue (Cys) to Ab peptides enhanced
immunogenicity in mice compared to those without Cys. Vaccination with the Ab-Cys peptides reduced
Ab deposits in AD model mice. From these results, the Ab-Cys peptides, administered without adjuvant,
are considered candidates for vaccine therapy for AD.

� 2009 Elsevier Inc. All rights reserved.
In 1999, Schenk et al. showed that Ab peptide vaccination with
adjuvant in an AD mouse model reduced the Ab deposits [1], and
other groups subsequently reported similar results, in which AD
model mice were protected from cognitive impairment [2,3].
Thereafter, a Phase II clinical trial was conducted of an AN-1792
vaccine consisting of Ab peptide and saponin adjuvant QS21, but
6% of the vaccinated patients suffered meningoencephalitis during
the trial, and it was therefore suspended. However, in the course of
observing the patients after AN-1792 vaccination, it was reported
that, while only a slight decline in cognitive function occurred in
patients with elevated anti-Ab antibodies, patients with no such
elevation experienced the usual decline [4]. When the brains of de-
ceased patients were analyzed, senile plaques had disappeared in
the neocortex [5]. MRIs revealed greater brain volume decreases
in antibody responders compared to placebo, and this was attrib-
uted to the alleviation of edema, and a decrease in brain volume,
due to the removal of Ab from the brain [6]. The AN-1792-induced
meningoencephalitis was attributed to the use of a potent adjuvant
and a T cell-mediated immunological response by the T cell epi-
tope present in the Ab sequence itself [5,7–12]. Therefore, we
investigated the immunogenicity of Ab peptides without an adju-
vant to develop an AD vaccine that does not cause such side effects.
ll rights reserved.
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As a result, it was determined that a high level of anti-Ab antibody
production is achieved by adding Cys to the C terminus of the Ab
peptides.

Materials and methods

Mice. Male C57BL/6 mice from Charles River Laboratories Japan
were used in the immunization study. Immunization was initiated
at 8–9 weeks of age. Female TG2576 mice from Taconic (German-
town, NY) were used as the AD model.

Peptides. Peptides having a variety of lengths in their C termini
(Ab1–6 to Ab1–40) and Ab peptides with a Cys conjugated to their
C termini (Ab1–6-Cys to Ab1–40-Cys) were synthesized based on
the human Ab sequence DAEFRHHDSGYEVHHQKLVFFAEDVG-
SNKGAIIGLMVGGVVIA (Ab1–42) at Sigma–Aldrich. These peptides
were dissolved in physiological saline at a concentration of 5 mg/
mL and stored at less than �80 �C until use.

Immunization. The peptides were administered at 100 lg/
200 lL/body subcutaneously. Immunization was performed three
times at 2-week intervals.

Adjuvant. MPL + TDM (monophosphoryl lipid A [MPL]/trehalose
dicorynomycolate [TDM]) emulsion produced by Corixa Corpora-
tion was used as adjuvant. MPL + TDM emulsion was mixed with
Ab peptide, and administered to the mice at 17 lg/body.

Collection of blood samples and serum separation. On day 7 after
the final immunization, blood samples were collected from the
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Table 1
Effects of addition of cysteine to the C termini of Ab peptides.

Peptides Anti-Ab antibody (ng/mL)
No. of animals

1 2 3 4 Average

Ab1–39 257 1614 509 1544 981.1
Ab1–39-Cys 447,512 196,147 85,137 13,445 185,560.2
Ab1–37 23,421 222 16,477 4442 11,140.5
Ab1–37-Cys 19,005 377,257 65,174 127,649 147,271.3
Ab1–35 34 3584 1745 23,739 7275.7
Ab1–35-Cys 382,533 37,390 88,795 257,920 191,659.5
Ab1–31 56,582 158 18,302 1171 19,053.2
Ab1–31-Cys 110,312 377,757 5809 51,904 136,445.4

Table 2
Effects of addition of cysteine to the C termini of 6- to 40-residue Ab peptides.

Peptides Anti-Ab antibody (ng/mL)
No. of animals

1 2 3 4 Average

Ab1–6-Cys 16 9 16 8 12.2
Ab1–7-Cys 25 27 47 42 35.2
Ab1–8-Cys 27 14 13 17 17.7
Ab1–9-Cys 15 31 21 50 29.2
Ab1–10-Cys 24 12 15 11 15.5
Ab1–11-Cys 13 14 20 11 14.4
Ab1–12-Cys 28 35 28 35 31.4
Ab1–13-Cys 12 14 12 10 11.9
Ab1–14-Cys 21 34 12 11 19.7
Ab1–15-Cys 13 11 10 17 12.5
Ab1–16-Cys 24 28 18 14 20.8
Ab1–17-Cys 15 11 19 15 15.0
Ab1–18-Cys 62 23 22 31 34.5
Ab1–19-Cys 17 14 23 15 17.3
Ab1–20-Cys 7 8 14 11 10.0
Ab1–21-Cys 29 17 19 19 21.0
Ab1–22-Cys 21 31 18 19 22.3
Ab1–23-Cys 23 25 23 73 35.8
Ab1–24-Cys 16 17 22 32 21.7
Ab1–25-Cys 7 16 6 5 8.5
Ab1–26-Cys 39 19 21 19 24.5
Ab1–27-Cys 15 19 24 19 19.0
Ab1–28-Cys 3120 2191 115,618 86,736 51,916.1
Ab1–29-Cys 143,754 5545 74,235 114,322 84,464.2
Ab1–30-Cys 10,705 72 7335 1414 4881.5
Ab1–32-Cys 27 18 213 19 69.4
Ab1–33-Cys 44 28 35 27 33.4
Ab1–34-Cys 24 25 74 18 35.3
Ab1–36-Cys 36,535 16,261 44,439 13,262 27,624.4
Ab1–38-Cys 4963 952 478 4371 2684.3
Ab1–40-Cys 22,998 15,102 204,464 25,604 67,041.8
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abdominal vena cava of all mice under anesthesia with pentobarbi-
tal sodium (Somnopentyl) (Kyoritsu Seiyaku). After the blood sam-
ples were left to stand for one hour at 37 �C and adequate clotting
had occurred, serum was separated by centrifugation for 10 min at
3500 rpm.

ELISA. ELISA plates (Immobilizer Amino) (Nunc) were coated
overnight with human Ab peptide (Ab1–40) (BioSource) at 4 �C.
Serum samples were diluted 50- to 10,000-fold with 0.05% Tween
20/PBS (PBST) and 100 lL/well was added. After incubation for an
hour at 37 �C, each well was washed with PBST three times at
300 lL/well. HRP conjugated goat anti-mouse IgG (FC) (American
Quax) that had been diluted 2000-fold was then transferred to
each well at 100 lL/well. After incubation for an hour at 37 �C, each
well was washed as described above. Bound antibody was detected
by measuring the optical density at 450 nm (OD450 value), devel-
oped with TMB peroxidase substrate (TMB+) (Dako). A commercial
monoclonal antibody to human Ab (MS � Amyloid Beta Protein)
(Chemicon) was used as the standard and the anti-Ab IgG antibody
titer of each serum sample was calculated from the standard curve
obtained.

Evaluation using an AD mouse model. Ab1–35-Cys was adminis-
tered to the TG2576 AD mouse model, and the level of human Ab
(hAb) in the brain was evaluated. Administration to TG2576 mice
at four months of age was performed at 2-week intervals for the
first four times, and thereafter at one-month intervals. Blood sam-
ples were collected at 15 months of age.

Sampling of hAb deposited in the brain. Sampling was performed
according to the method of Kawarabayashi et al. [13]. After blood
collection, the brains were isolated via craniotomy. Part of the
frontal lobe was sectioned and weighed. TBS (20 mM Tris,
137 mM NaCl, pH 7.6; CP/TBS) that contained protease inhibitors
(complete protease inhibitor cocktail) (Boehringer Mannheim)
was added to achieve a concentration of 150 mg (brain wet
weight)/mL, and the mixture was homogenized in a Teflon homog-
enizer. Thereafter, centrifugation was performed at 12,000g for
10 min at 4 �C and the supernatant was used as the TBS fraction.
The precipitate was resuspended in 1% Triton X-100/CP/TBS (the
same amount as the CP/TBS added above) and shaken on a vortex
mixer for 1 min. The supernatant obtained by centrifugation again
at 12,000g for 10 min at 4 �C was used as the Triton X-100 fraction.
The precipitate was again resuspended in 2% SDS/CP/TBS (the same
amount as the CP/TBS added above) and shaken on a vortex mixer
for 1 min. The supernatant obtained by centrifugation at 12,000g
for 10 min at 4 �C was used as the 2% SDS fraction in the
measurements.

Measurement of hAb deposited in the brain. Measurement was
performed using the b-amyloid (1–42) Elisa Kit Wako (Wako Pure
Chemicals), per the procedures specified in the Kit.
Results

Immunogenicity of Ab-Cys peptides

We evaluated the immunogenicity in mice of Ab peptides
having an additional amino acid residue on their C termini. Higher
levels of anti-Ab antibody production were achieved by adding Cys.
Table 1 shows the titers of anti-Ab antibodies when the Ab pep-
tides Ab1–39, Ab1–37, Ab1–35 and Ab1–31, and those with Cys
added to their C termini, were administered to mice. Anti-Ab anti-
body production was enhanced by several to several hundred fold
by the addition of Cys to the C termini of these Ab peptides. The
addition of amino acids other than Cys to Ab peptides did not result
in such enhancement of immunogenicity (data not shown). In
order to clarify at what sequence length anti-Ab antibody produc-
tion is enhanced by Cys, Cys was added to the C termini of Ab1–6 to
Ab1–40 peptides (Table 2). Enhancement of anti-Ab antibody pro-
duction was observed when Cys was added to the Ab1–28, Ab1–29,
Ab1–30, Ab1–31, Ab1–35, Ab1–36, Ab1–37, Ab1–38, Ab1–39 and
Ab1–40 peptides. The addition of Cys had no enhancement effect
on shorter peptides.

Comparison with adjuvant

The MPL + TDM adjuvant is widely used experimentally as a
potent adjuvant, along with alum, Freund’s complete adjuvant
and Freund’s incomplete adjuvant. We compared the immunoge-
nicity of our Ab1–28-Cys with or without the conventional potent
adjuvant (Table 3). Anti-Ab antibodies could not be detected
following vaccination with Ab1–28 without adjuvant, while high
levels of anti-Ab antibodies were observed with an MPL + TDM
emulsion. Ab1–28-Cys without adjuvant exhibited about the same
antibody production enhancement effect as that seen with Ab1–28
plus the potent adjuvant.



Table 4
Antibody generation of Ab-Cys peptide in TG2576 mice.

Peptides Anti-Ab antibody (ng/mL)
No. of animals

1 2 3 4 5 Average

4 M treateda 43,085 159,564 308,485 170,378.0
7 M treatedb 125,039 7997 22,727 51,921.0
Non-treatedc 242 105 660 932 510 489.6
Non-TGd 78 213 145.2

a Administration started from 4 months of age.
b Administration started from 7 months of age.
c Untreated.
d Non-TG mice, untreated.

Table 5
Intracerebral hAb values in TG2576 mice.

Groups na hAb concentration (pmol/mL)

TBS 1% Triton-100b 2% SDSc

4 M treat 3 71 ± 15.9 21 ± 2.7* 1353 ± 935.2*

7 M treat 3 85 ± 67.4 34 ± 23.7* 3008 ± 1966.9
Non-treated 5 111 ± 29.1 92 ± 17.5 5031 ± 1523.8
Non-TG 2 0 ± 0.0 0 ± 0.0 0 ± 0.0

a Number of animals.
b Soluble fraction.
c Insoluble fraction.
* Significantly different at p < 0.05 with ANOVA followed by post hoc Tukey’s test

among 4 M treated, 7 M treated and non-treated.

Table 3
Comparison of antibody generation effects of Ab-Cys peptide and Ab peptide plus adjuvant.

Peptides Anti-Ab antibody (ng/mL)
No. of animals

1 2 3 4 Average ±SD

Ab1–28 37 72 37 27 43.2 ±19.94
Ab1–28 + MPL + TDM emulsion 20,602 25,442 14,814 8832 17,422.6 ±7188.6
Ab1–28-Cys 8847 9458 10,446 48,224 19,243.7 ±19,331.3
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Brain hA clearance by administration of A-Cys peptide to TG2576

The TG2576 mouse is a transgenic mouse expressing hAb and is
used as an AD mouse model that exhibits the accumulation of hAb
in the brain and kinetics similar to those in human AD. The Ab1–
35-Cys peptide was administered to this AD model mouse and
antibody production and intracerebral hAb were examined (Tables
4 and 5). Ab1–35-Cys peptide showed potent antibody production
even in the homozygote system. Both the soluble and insoluble
fractions of the hAb in the brains of mice with antibody elevations
exhibited low values compared with those in the brains of the un-
treated groups (Table 5). Intracerebral hAb decreased in the dosing
groups at 4 months and 7 months of age, while administration at
4 months of age resulted in a greater percentage decrease than that
at 7 months of age. The results indicated that earlier treatment
with Ab-Cys peptide is effective for reducing the accumulation of
hAb in the brain.

Discussion

This study showed that anti-Ab antibody production induced by
immunization without any adjuvant is greatly enhanced by the
addition of Cys to Ab peptide. The level of enhancement is about
the same as that when a commercially available potent adjuvant
is used for the original peptide. Therefore, those Ab-Cys peptides
need no adjuvant in inducing antibody responses without
adjuvant-induced side effects. Antibody production can also be
enhanced by the addition of Cys even to an Ab peptide with a short
C-terminal region sequence possibly missing a T cell epitope. T
cell-mediated immunity caused by the T cell epitope present in
the C-terminal segment may be escaped. Because intracerebral
hAb clearance in TG2576 mice by administration of Ab-Cys peptide
has been confirmed, this peptide is a promising candidate for AD
vaccination.

Recent reports have shown that soluble Ab oligomers mainly
cause the neurotoxicity in AD [14,15]. In the present study, both
the soluble and insoluble fractions of hAb in the brains of AD model
mice were reduced by the administration of Ab-Cys peptide. There-
fore, vaccination with Ab-Cys peptides may reduce the neurotox-
icity in AD.

It is not clear why Ab-Cys peptides exhibited high immunoge-
nicity. Change of antibody response by a point mutation to Cys in
antigen molecules was indicated for factor VIII [16,17]. The
enhancing effect of Cys addition on antibody response to Ab pep-
tides was recognized for larger Ab peptides (28 and larger residues)
except for Ab1–32, 1–33 and 1–34. Cys addition to shorter peptides
(6–27 residues) did not also increase antibody response. Thus,
although the effect of Cys addition was dependent upon Ab peptide
length or sequence, this dependence was not simple. It has been
shown that different glycosylation of a common peptide can both
increase and decrease antibody binding ability through conforma-
tional change [18]. The limited enhancing effect of Cys addition on
antibody response to some but not all Ab peptides may be ex-
plained by conformational differences of Ab1–32, 1–33 and 1–34
peptides from other Ab peptides. The C-terminal region of Ab has
the b-sheet structure [19]. The enhancing effect of Cys addition
on antibody response may be related to formation of this structure.
No enhancing effect for shorter Ab peptides can also be explained
by missing such conformational characteristics in shorter length
of peptides.

It is necessary to investigate cellular immunity to those pep-
tides compared to conventional adjuvants. Ab1–28-Cys peptide at
least could avoid the side effects induced by the cellular immunity
originating from the T cell epitopes in the C-terminal segment.

Ghochikyan et al. confirmed antibody production without adju-
vant by conjugating mannan to the N terminus of Ab1–28 peptide,
and also demonstrated Th2 type immunity [20]. Cao et al. also re-
ported antibody production without adjuvant using a peptide pro-
duced by introducing point mutation to a 42-residue peptide [21].
Since Ab-Cys peptides examined in this study can be produced by a
simple method,—that is, the addition of Cys to a shorter Ab peptide
than conventional Ab—they can be expected to be widely used in
research into an effective and safe AD vaccine.

Research into the use of anti-Ab antibodies as immunotherapy
for AD has been progressing apace. Antibody therapy is accompa-
nied by little risk of the adverse reactions caused by cellular immu-
nity that have been seen in a previous clinical trial of an Ab peptide
vaccine. However, with antibody therapy, it is possible that anti-
idiotype and neutralizing antibodies to the antibodies used will
be produced. According to a report by Wilcock et al., in a mouse
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model, antibodies disappeared on about day 7 when anti-Ab anti-
body was administered directly into the hippocampus, and fre-
quent administration was required to maintain the antibody
effects, which can cause an economic burden for the patients
[22]. Pfeifer et al. reported on the risk of cerebral amyloid angiop-
athy-related vasculitis and cerebral hemorrhage in a study using a
mouse model, noting that the risk of these diseases was increased
by frequent administration [23].

Since Ab-Cys peptides (e.g., Ab-1–28-Cys) are shorter than con-
ventional Ab peptide (1–42) and are prepared using a simple meth-
od by adding Cys to the C-terminal segment, it is possible to select
less invasive routes of administration, such as oral or percutane-
ous. It should be possible to develop this method as an extremely
economical therapy for Alzheimer’s disease, provided the efficacy
and safety thereof can be assured.
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