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Immunization with synthetic, preaggregated B-amyloid (AB) was the first treatment approach able to dramatically reduce
brain AB pathology in Alzheimer’s disease (AD) animal models. For the development of a safe vaccine, we investigated
whether 4AB1-15 (four tandem repeats of GPGPG-linked AB1-15 sequences) had therapeutic effects in the APP/PS1
transgenic mice model of AD. We described the production of anti-AB antibodies in APP/PS1 mice immunized with
4AB1-15 mixed with MF59 adjuvant. The anti-AB antibody concentrations were increased which bound to AD plaques,
markedly reduced AB pathology in transgenic AD mice and levels of intracerebral AB (soluble and insoluble), whereas
increased serum AR levels. Immunization via 4AB1-15 (mainly of the IgG1 Class) may induce a non-inflammatory Th2
reaction. Immunohistochemistry analysis of MHC Class Il and CD45 revealed that microglial cells were in a less activated
state. Of note, 4AB1-15-immunized mice showed improved acquisition of memory compared with controls in a reference-
memory Morris water-maze behavior test. The data identify the novel immunogen 4AB1-15 as a promising new tool for

AD immunotherapy.

Introduction

Amyloid plaques, deposits of the AP peptide, are defining lesions
in Alzheimer’s disease brain. Many factors might cause the dis-
ease, but converging evidence indicates a central role of aggregated
forms of AP peptide.”? The main species of senile plaques are
AB40 and AB42. AB42 is more fibrillogenic than shorter A pep-
tides, and elevated AB42 concentrations are thought to drive the
formation of the insoluble fibrils that compose amyloid plaques.?
Although the exact mechanism of AB toxicity is unknown, inter-
ventions that block AP aggregation and deposition are thought to
be promising therapeutic options. Immunotherapy accomplished
by vaccination with AP peptide has proved efficacious in AD
mouse models. Antibodies against AR are able to reduce amyloid
load and improve cognition.* These results have raised the hope
that Alzheimer’s disease could be treated by immunotherapy and
prevented by vaccination. The AN1792 clinical trial was dis-
continued because meningoencephalitis occurred in 6% of the
patient as a side effect. Adjuvant QS21 strongly induces Th1 lym-
phocytes, this vaccine design aimed to induce a strong cell-medi-
ated immune response.” Thus, there is a continuing need for a
therapy producing a mild antigen—antibody reaction, but do not
have profound disease-modifying effects.® Several trials of active
human immunization are underway. The antigenic profile of AR
peptide modifications may to favor a humoral response reducing
also the potential for a Thl-mediated response. This approach has
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been termed altered peptide ligands. The AB1-42 has one major
antibody-binding site located on its N-terminus and two major
T-cell epitopes located at the central and C-terminal hydropho-
bic regions encompassing residues 17-21 and 29-42, respectively.”
There was also expression of the major histocompatibility com-
plex (MHC) Class II molecule on some of the microglial cells
after intravitreal injection of A42 that overproduction of AR
induced neuro-degeneration.® Hence, elimination or modifica-
tion of these sites provides a double gain by eliminating toxicity
and the potential for T-cell stimulation.

Current strategies for disease modifications in AD include
therapies that interfere with AP production, enhance its degrada-
tion or cause clearance from the central nervous system. Several
active immunization strategies have been shown to dramati-
cally prevent or reduce AR accumulation in the brains of APP

19 and to protect transgenic mice from cogni-

transgenic mice
tive impairment. Subsequent studies have proved that both B-
and T-cell epitopes are located in aggregated AB42. AB1-15 or
other shorter N-terminal fragments have been identified as the
B-cell epitope-bearing fragments." In order to reduce the risk of
an adverse T cell-mediated immune response and enhance the
humoral immune response, we develop a vaccine composed of
tandem repeats of AB1-15. The 4AB1-15 also has the advantage
of increasing the number of epitopes to enhance its immuno-
genicity and the molecular weight as well as reducing degrada-

tion of the short single AB1-15 peptides. Modified 4AB1-15 plus
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in cytokine levels of IL-4 and IFN-vy after 4AB1-15 or AB42 challenge.

Figure 1. Generation of immune responses in APP/PS1 mice immunized with 4AB1-15 peptide plus MF59. (A) AB antibody titers were measured by
ELISA. Data are presented as mean + SD of AB antibodies (i.g/ml). One-way ANOVA followed by post hoc comparison revealed significant differ-

ences in anti-AB titers of 4AB1-15-immunized group when comparing week 9 to weeks 13 or 17 (n = 9, *P < 0.01). The same trend was observed in
human AB42-immunized group (n =9, #P < 0.01). (B) Detection of IgG1, IgG2a and IgG2b subclasses of anti-AR antibodies in mice immunized with the
vaccines. Isotyping in sera from immunized mice after the final immunization. (C) The results revealed significant differences of the ratio of IgG1 and
1gG2a between 4AB1-15 vs. AB42-immunized group at each week shown (n =9, *P < 0.01). (D) Lymphocytes from APP/PS1 mice immunized with AB42
or 4AB1-15 were individually isolated and cultured then stimulated with ConA (5 g/ml), 4AB1-15 or AB42 (20 n.g/ml) for 36 h. The number of IL-4 and
IFN-y positive T cells in immunized mice detected by ELISPOT. Data were presented as mean = SD of each cytokine. There was no significant difference
between vaccine-treated groups for levels of each cytokines after in vitro ConA challenge. However, there was a significant difference between groups

MF59 (the adjuvant approved for human use' that promoted
AB-specific antibody production). If communization begins
early, AB-lowering might prevent formation of neurofibrillary
tangles (NFTs), which seems to be a result of AB-related toxic-
ity,”® and thus vaccination could provide better cognitive benefits
than it has in trials to date. In transgenic mice, antibodies cleared
both AR and early, but not late, forms of hyperphosphorylated
tau aggregations.' Therefore, AR immunotherapy could prevent
formation of new tangles without affecting numbers or morphol-
ogy of those already formed. AP antibodies were produced when
the vaccine were administered to APP/PS1 mice, successfully
reducing AR accumulation in their brains.

In this study, to determine whether 4AB1-15 has therapeu-
tic effects in AD, APP/PS1 mice were immunized subcutane-
ously. Amounts of AP in the APP/PSI mice were measured by
sandwich enzyme-linked immunosorbent assay, and the effects
were assessed by improvement in memory using a Morris water
maze test. In this report immunization with 4AB1-15 resulted in
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significant decreases in cerebral AB40 and AB42 levels coincident
with increased circulating levels of AB40 and AB42, suggesting
brain-to-blood efflux of AR associated with AR plaque clearance
and a decrease in the level of microglial activation in the brain.

Results

Anti-AB antibody concentration in APP/PS1 mice. To deter-
mine whether 4AB1-15 vaccination was effective in a mouse model
of AD, we immunized APP/PS1 mice subcutaneously. Mice were
immunized biweekly over 16 weeks. Blood samples were taken at
weeks 0, 5,9, 13 and 17. Serum A antibody concentrations were
measured by ELISA. AR antibodies were first detected at week 5
in all immunized mice and dramatically increased thereafter (**P
< 0.001) in 4AB1-15 and APB42 treated mice. Thus, the 4AB1-15
epitope vaccine was at least as effective as AB42 at initiating the
antibody immune responses (Fig. 1A). Of note, transgenic mice
immunized with PBS plus MF59 adjuvant alone in parallel did
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AB-specific immune responses in
lymphocytes. To further investigate T-cell responses to vaccina-
tion, we analyzed Thl (IFNvy) and Th2 (IL-4) cytokines pro-
duction by lymphocytes from immunized APP/PS1 Tg mice
using ELISPOT assay (Fig. 1D). PBS treated mice exhibited
background levels of IL-4 and IFN-vy in the presence or absence
of 4AB1-15 and AB42 peptide in the cultures of lymphocytes.
Nonspecific mitogenic stimulation of cultured lymphocytes with
ConA resulted in high levels of IFN- and IL-4 production. No
statistically significant difference was noted between 4AB1-15
and human AB42 groups for each cytokine after restimulated
with ConA (P > 0.05). Recall stimulation of lymphocytes from
4AB1-15 immunized mice resulted in significantly increased
production of IL-4 compared with lymphocytes cultured from
mice immunized with AB42, whereas less IFN-y production
was observed. Groups of mice immunized with AB42 exhibited
significantly higher IFN-y responses in splenocytes stimulated
with AB42. Higher levels of IL-4 and IFN-y were only observed
in splenocytes that were restimulated with the corresponding
immunogens. Obviously, mice injected with the 4AB1-15 showed
a Th2 (IL-4) response on the basis of the number of lympho-
cytes producing this lymphokine, whereas mice immunized with
AB42 showed a Th1 (IFN-vy) response.

Immunization with 4AB1-15 changed the circulating and
intracerebral AP levels. Immunization of the transgenic APP/
PS1 mice were started at 4 month of age in this study, which over-
produced human A and develop significant amyloid deposits by
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8 month of age. We quantified AR levels in the sera by ELISA
and found significantly increased circulating AB40 and AB42 in
APP/PSI mice immunized with 4AB1-15 as early as 5 weeks after
immunization (Fig. 2A and B). Importantly, serum AB40 level
increased rapidly to the highest values of 927 + 65 pg/ml by week
9, and serum AB42 level reached the highest values of 164 + 25
pg/ml by week 17. Instead, there were no significant differences
between serum A levels of 4AB1-15 and human AB42 vacci-
nated groups at each time point. More specifically, detergent-
soluble AB40 and AB42 levels were reduced by 54% and 50%,
respectively (Fig. 2C). Insoluble AB40 and AB42 (prepared by
detergent-insoluble material in 5 M guanidine) levels were reduced
by 51% and 47%, respectively, in 4AB1-15-immunized APP/
PS1 mice (Fig. 2D). The same results were observed in brains of
mice immunized with human AB42, significantly less AB42 and
AB40 levels were detected in AB42-immunized animals.

In order to understand the relationships between anti-Af anti-
body concentration and intracerebral soluble and Tris-insoluble
AB42 levels, we evaluated them on a mouse-by-mouse basis
(Fig. 3A and B). Although there was a significant inverse correla-
tion between anti-Af antibody concentration and level of soluble
AB42 (r=-0.832, p < 0.0001), there was no significant correla-
tion between anti-A antibody concentration and level of insol-
uble AB42 (r = -0.472, p = 0.0478). To determine whether the
serum increase in AB40 and AB42 was associated with a reduc-
tion in cerebral A levels, we evaluated the relationship between
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Figure 3. Correlation of AR levels between sera and brains. (A) A significant inverse correlation between Anti-AB antibody concentration and brain-
soluble AB levels was revealed (r = —0.832, p < 0.0001). (B) Anti-AB antibody concentration tended to correlate with the Tris-insoluble AB42 level (r =
—0.472, p = 0.0478). (C) Serum AB42 level correlates with the brain soluble AB42 level (r = 0.649, p = 0.0035). (D) Serum AB42 level also correlates with

the brain Tris-insoluble AB42 level (r = 0.868, p < 0.0001).

serum A level and intracerebral soluble and Tris-insoluble AB42
levels (Fig. 3C and D). Serum A level was significantly corre-
lated with intracerebral soluble (r = 0.649, p = 0.0035) and Tris-
insoluble (= 0.868, p < 0.0001) AB42 levels.

4AB1-15 immunization significantly improved memory defi-
cits in AD model mice. The Morris water maze was used to deter-
mine the effect of 4AB15 on spatial memory starting at the age of
8.5 month after the mice received 4 mo vaccination. Meanwhile
nine 8.5-month-old wild-type C57BL mice (five male and four
female) as positive control (WT) were also be tested. In the vis-
ible platform tests, 4AB1-15, human APB42-treated, APP/PS1 Tg
and WT mice had similar escape latency (p > 0.05; Fig. 4A) and
path length (p > 0.05; Fig. 4B), which indicated that 4AB1-15
or AB42-treatment did not affect mouse motility or vision. In
the hidden platform-swimming test, APP/PS1 mice injected with
4AB1-15 and AB42 showed significant improvements compared
with the PBS-treated controls. The escape latency on the third
and fourth day of the hidden platform test was shorter than non-
treated APP/PS1 mice (**p < 0.01; Fig. 4C). The epitope vaccine
treated mice were able to swim significantly shorter distances to
reach the platform compared with control mice on the third and
fourth day (**p < 0.01; Fig. 4D). In the probe trial on the last
day of testing, the platform was removed. 4AB15 vaccination sig-
nificantly improved the AD mouse’s spatial memory. The num-
ber of times the mice traveled into the third quadrant, where the
hidden platform was previously placed, was significantly greater
with 4AB1-15 treatment compared with control (*p < 0.01;
Fig. 4E). These results strongly support that 4AB1-15 vaccination
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significantly improves the memory deficits seen in APP/PS1 mice.
There were no significant differences in the escape latency and
path length in the hidden platform trial of the Morris water maze
test between 4AB1-15 and AB42 treatment groups (p > 0.05).

Immunized with 4AP1-15 reduced cerebral amyloidosis.
The neuropathological changes analysis of cerebral amyloidosis
provided further evidence of the therapeutic efficacy of anti-A3
antibodies generated in response to the peptide epitope vaccine.
To demonstrate, we further analyzed AP plaques in brains of
experimental and control APP/PS1 mice by 4G8 immnunohis-
tochemistry and thioflavin T histochemistry (after 8 injections).
A significant decrease in cortical plaque burden in APP/PSI mice
immunized with the epitope vaccine (Fig. 5B and D) compared
with the control adjuvant-only injected group (Fig. 5A and C).
Additionally, we demonstrated significant reduction of ThT-
positive AR deposits in the brains of experimental mice (Fig. 5E
and G) vs. controls (Fig. 5F and H).

Quantitative image analysis of anti-Af mono-antibody
immunoreactive AP deposits revealed that there was 46% reduc-
tion in hippocampus region and 37% reduction in parietal cortex
brain region in 4AB-15-immunized vs. control mice (Fig. 5I). We
examined 39% and 35% reductions of ThT-positive AP deposits,
respectively, across hippocampal and parietal cortex brain regions
(Fig. 5]). Together, these results provide further evidence that
that immunization with 4AB-15 epitope vaccine is effective in
reducing cerebral amyloidosis in APP/PS1 mice.

Effect of vaccination on microglial activation. The same
brain regions used for AR burden studies were evaluated for
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Figure 4. 4AB15 improves memory deficits in AD transgenic mice. A Morris water maze test consists of 1 d of visible platform tests and 4 d of hidden
platform tests, plus a probe trial 24 h after the last hidden platform test. Animal movement was tracked and recorded. The 8.5-month APP/PS1 group
mice and the same age wildtype group mice (WT) were tested. (A) During the first day of visible platform tests, both the 4AB1-15-treated, control
APP/PS1 mice (Tg con) and WT mice exhibited a similar latency to escape onto the visible platform (n =9, p > 0.05 by Student’s t-test). (B) Four group
of treated and control mice had similar swimming distances before escaping onto the visible platform in the visible platform test (n =9, p > 0.05 by
Student’s t-test). (C) In hidden platform tests, mice were trained with 6 trials per day for 4 d. 4AB1-15-treated APP/PS1 mice showed a shorter latency to
escape onto the hidden platform on the third and fourth day (n = 9, **p < 0.01 by ANOVA). (D) The 4AB1-15-treated APP/PS1 mice had a shorter swim-
ming length before escaping onto the hidden platform on the third and fourth day (n =9, **p < 0.01 by ANOVA). (E) In the probe trial on the sixth day,
the 4AB15-treated mice traveled into the third quadrant, where the hidden platform was previously placed, significantly more times than controls (n =

9, *p < 0.01 by Student's t-test).

microglial activation. Representative immunoreactivity of MHC
Class II (IA/IE) positive cells (red) demonstrated significantly
decreased microglial activation in hippocampal brain regions
and the cortical region of APP/PSI mice vaccinated with the
4AB1-15 epitope vaccine (Fig. 6B and D) compared with that
in control mice (Fig. 6A and C). These data are similar to the
results obtained after immunostaining with anti-CD45 antibody
(green) (Fig. 6E~H). The quantitative image analyses indicated
that vaccinated mice had a lesser degree of microglial activation
compared with the control group and this decrease is statistically

significant (Fig. 61 and J).
Discussion
Recent advances in our understanding of the physiopathologi-

cal mechanisms of AD have led to the development of putative
disease-modifying treatments.” During the last decade, most of
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the efforts of the pharmaceutical industry were directed against
the production and accumulation of AB. The most innovative of
the pharmacological approaches was the stimulation of Af clear-
ance from the brain of AD patients via the administration of AR
antigens (active vaccination) or anti-Af antibodies (passive vac-
cination)." It has been suggested that active vaccination could
be more effective is started before the development of clinically
significant AD-related pathology. Compared with passive immu-
notherapy, active immunotherapy offers long-term advantages
owing to the continuous production and affinity maturation of
therapeutic antibodies over time and to the need for less frequent
administration.'® Many novel therapeutic strategies are being
developed, with active immunization being among the most
advanced approaches.”” The type of immune response generated
can be characterized by determining the isotype of the generated
antibodies. The subclass of IgG induced is an indirect indica-
tion of the cytokines generated by the stimulated T helper cells.
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Figure 5. Reduction of cerebral A pathology in APP/PS1 mice immunized with 4AB1-15. (A, B, E, and F) The hippocampus. (C, D, G, and H) The
parietal cortex. (left) PBS-immunized APP/PS1 mice. (right) 4AB1-15-immunized APP/PS1 mice. (A-D) Mouse brain coronal sections were stained with
monoclonal anti-human AR antibody 4G8. (I) Percentages (plaque burden, area plaque/total area) of A antibody-immunoreactive AR plaques were
calculated by quantitative image analysis and reductions for each mouse brain area analyzed are indicated. (E-H) Mouse brain sections from the indi-
cated regions were stained with thioflavin T. (J) Percentages of thioflavin T-stained plaques were quantified by image analysis, and reductions for each

brain region are indicated (n =9, *p < 0.01) (Scale bar: 200 pm.).
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Production of IgGl is in mice induced by IL-4 and IL-5 secreted
by activated Th2 cells while IgG2a is induced by IL-2 and IFN-vy
secreted by Thl cells’® and the Th2 response is characterized
as non-inflammatory. Af immunization appears to modulate
immune responses based on three major criteria:" tissue route of
delivery, antigen epitope used for immunization and properties
of the co-administered adjuvant. Recently, subcutaneous injec-
tions with a novel active AR immunotherapy, CAD106 (AB1-6
coupled to a carrier) were done to investigate the safety, tolerabil-
ity and AB-specific antibody response in patients with mild to
moderate Alzheimer’s disease.?” The subcutaneous immunization
delivery route was safe and suitable to the patients.

Here we describe our newly developed AB epitope vaccine for
AD. The majority of anti-A antibodies generated in animals and
humans recognize an epitope located within the N-terminus of
AR protein (AB-15), whereas the T-cell epitope has been mapped
to within AB15-42. These observations have been used to design
alternative immunogens. Using AB1-15 as the primary immuno-
gen for intranasal immunization did not initiate strong antibody
production.?! Therefore duplicate, triplicate even quadruplicate
tandem A31-15 repeat peptides were chosen be the candidate vac-
cines. The repeated copies of the antigen may overcome immuno-
logical tolerance, therefore in the present study, 4AB1-15 might
relatively overcome the immune hyporesponsiveness to AR in
Tg mice. The immune hyporesponsiveness could be overcome if
AP B cell epitope coupled to other T-cell epitopes. Furthermore,
the new T-cell epitopes produced among four AB1-15 fragments
might replace the T-cell epitopes of AB42.

Among various possible spacers, GPGPG was selected for
two reasons. First, GPGPG extensions around the core bind-
ing region greatly decrease binding affinity, thus suggesting that
GPGPG-containing epitopes would bind efficiently. Second, the
GPGPG spacer was selected because regions rich in G and P are
known to be associated with B turns. The presence of this spacer
at 15-20 residue intervals might help create some secondary and
possibly tertiary structure, thereby facilitating Ag expression and
potential purification.”

In this study, we used MF59 as the adjuvant and found that
it was an effective adjuvant that effectively induced an immu-
nological reaction against AB. MF59 is a safe and effective vac-
cine adjuvant, which was originally approved to be included
in a licensed influenza vaccine. We used human AB42 as a
positive control vaccine compared with 4AB1-15 immunogen,
AB42 active vaccination has previously been shown to pro-
duce anti-AB antibody titers and reduce amyloid deposition in
transgenic mice.” It has also been shown to attenuate memory
loss in APP/PS1 transgenic mice. We have also shown that
there appears to be a dependence on microglial activation for
the removal amyloid deposits following active vaccination. To
confirm the potential therapeutic efficacy of 4AB1-15 immu-
nization, 4-mo-old transgenic APP/PS1 mice were immunized
against 4AB1-15, human AB42 or MF59 alone for 16 weeks.
Results showed the serum anti-Af antibody titer was signifi-
cantly elevated in mice administered the AR vaccines compared
with controls throughout the 16 weeks immunization period.
We chose APPswe/PS1-dE9 double transgenic animals, which
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display characteristic compact, dense-cored, deposits through-
out the cortex and hippocampus, which could be stained with
ThT. The use of ThT is widespread in structural and mecha-
nistic studies of amyloid formation. Changes in its intensity are
used not only as a qualitative indicator of amyloid but also as a
quantitative measure of amyloid formation.?*! Previously it was
demonstrated that AP neurotoxicity requires insoluble fibril for-
mation. The senile plaques are the result of misprocessing of the
amyloid precursor protein, a type-1 transmembrane protein, by
B- and y-secretases to form a toxic [3-amyloid peptide of 40—42
amino acids.” A striking problem with active immunization
aimed at just the removal or prevention of parenchymal amyloid
deposition is the autopsy data from the human trial.*® Here, we
investigated the potential of AR immunization for the treatment
of AD-like cerebral amyloidosis in transgenic mice immuniza-
tion. AR deposition could simply represent a host response to an
upstream pathophysiologic process or serving a protective func-
tion? likely as a metal chelator.?® Our immunization methods
successfully decreased the burden of intracerebral AB42 and
senile plaques as measured via immunological staining. CD45
immunohistochemistry reveals microglial cells in an activated
state and microglial CD45 abundance is increased in brains of
AD patients and in mouse models of the disease. It is known that
AP is able to cause microglial chemotaxis that is mediated by the
release of soluble factors from the activated astrocytes, such as
transforming growth factor 3. Overexpression of human APP in
mice and subsequent amyloid deposition causes proliferation of
resident microglial cells. A proportion of these activated microg-
lia expressed the MHC II molecule and are able to process and
present antigens. The amyloid clearance in most cases was in
association with microglia that showed AR immunoreactivity,
suggesting phagocytosis. Given the presence of these AP anti-
bodies in the brain, it is possible that additional AP clearance
mechanisms are operating, such as mediated by the Fc receptor
on phagocytic microglia.?’

Cytokine dysregulation in AD could explain HLA DR over-
expression, since MHC Class II expression can be induced on
neutrophils by combined stimulation with interferon-y and
IL-3.203 Furthermore, amyloid reduction was accompanied by
increased expression of the subunits of the immunoproteasome
in microglial and inflammatory cells surrounding collapsed
plaques. Release of antigenic peptides derived from -amyloid pro-
cessing may enhance T-cell inflammatory responses accounting
for the meningoencephalitis following a peptide immunization.?!

Together, these results indicate that vaccination of 4AB1-15
is not only effective at inducing novel anti-Af antibody produc-
tion, but also reduces intracerebral AB. Furthermore, in support
of peripheral sink hypothesis,** we found a significant correla-
tion between the anti-AB antibody titer and the level of solu-
ble, intracerebral AB42. To determine the safety of vaccination,
we investigated the IgG isotypes, markers of inflammation, of
the anti-AB antibodies found in the serum of vaccinated mice.
Antibody isotype characterization demonstrated a predominantly
IgGl (IgGl > IgG2a > IgG2b) response in Tg mice compared
with controls. To confirm specific systemic vs. local immune cell
activation, we analyzed primary cultures of isolated lymphocytes
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from immunized mice and found that 4AB1-15 immunization
conferred AB-specific T-cell response as measured by secretion
of cytokines IFN- and IL-4 upon aggregated AB42 peptide
recall challenge. Importantly, there was a marked increase in
IL-4 secretion compared with IFN-v, further suggesting Th2
immune responses after 4Af1-15 immunization. It has been sug-
gested that AB immunotherapy may either prevent further amy-
loid accumulation or remove existing deposits. The current study
is inconclusive with regard to this issue.

These side effects were seen in vaccinated AD patients and
not in the transgenic AD mice immunized with the vaccine
candidate AN1792. This shows that results obtained in animal
models are not easily translated to humans. New active vaccines
are being engineered to drive Th2 or Th3 responses or stimu-
late innate immunity. Furthermore, a balance must be achieved
between effective prevention and clearance of amyloid deposits
and the induction of autoimmunity.

Materials and Methods

Animals. All APP/PS1 mice we used were obtained from a 5th
generation cross between heterozygous APP K670N/M671L and
heterozygous PS1 transgenic mice (line 6.2 bearing the M146L
mutation).'® The backgrounds of all offspring were an identical
mix of C57/B6/SJL/Swiss Webster. Mice were genotyped and
singly housed prior to the beginning of the study. Throughout
the study-period, animals were housed in a controlled environ-
ment (temperature 22°C, humidity 50-60%, 12-h light/12-h
dark schedules), with free access to rodent chow and water, and
their experiments were performed in accordance with our insti-
tutional guidelines.

Peptide synthesis and immunization protocol. The peptides
used in our studies, human AB42, 4AB1-15 were synthesized by
GenScript Co., Ltd., China. The purity (greater than 95%) of
the peptides was substantiated by mass spectrometry and compo-
sition analysis. 4AB1-15 peptide is a 4-fold repeat of the AB1-15
peptide bearing an interposed five-amino-acid linker GPGPG.
The peptides were diluted in distilled water at 4 mg/ml. The
APP/PS1 mice were randomly assigned to three groups (n = 9
for each group, five male and four female), and vaccination was
begun at 4.1 mo of age. MF59 (Novartis) was used as adjuvant.
The three groups are 4AB1-15-immunized group, human AB42-
immunized group and the transgenic mice vaccinated with PBS
plus MF59 served as negative control (Tg con) group. The mice
were immunized with human AB42 or 4AB1-15 subcutane-
ously. The peptides were mixed with MF59 and administered
at 50 pug/100 L/body. Immunization was performed eight times
at 2-week intervals. One week after each vaccination, blood was
regularly drawn and was utilized for hematological and biochem-
ical examinations.

Detection of anti-A42 antibodies. AP antibodies in mouse
serum were measured as described.” Plates were coated with
AB42 dissolved in 0.15 M ammonium hydroxide solution and
then washed five times with wash buffer. Next, the plates were
blocked with 1% bovine serum albumin 60 min at room temper-
ature and washed four times. Blood serum samples were diluted
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10-10°-fold. The 6E10 monoclonal anti-A antibody was diluted
10000-160000-fold and used as a positive control. Each sample
as applied to a well and incubated at 37°C for 1 h. After washing
six times, each well was blocked at room temperature for 30 min
with 1% bovine serum albumin and then washed five times. Wells
were incubated with an HRP-conjugated secondary antibody at
37°C for 1 h and washed 10 times. They were next incubated
with tetramethylbenzidine (TMB) substrate at room temperature
in the dark. After sufficient color development had occurred, 2 M
phosphate buffer was added to stop the reaction. The absorbance
of each well at 450 nm was measured with a spectrophotometer.
AR antibodies were represented as ng per ml of serum. Sera from
the vaccination were utilized for isotype determination. We mea-
sured the absorbance at 450 nm with a spectrophotometer and
calculated antibody titers using the statistics software, PRISM
version 5. The ratios of IgG1 to IgG2a were calculated for each
time point from each mouse individually by using optical density
values and then the average ratio for each group.

Production of cytokines by immune lymphocytes. Presence
and type of A specific T cells was analyzed by ELISPOT assay.
Production of proinflammatory lymphokine IFN-y (Thl) or
anti-inflammatory IL-4 (Th2) was evaluated by restimulation of
lymphocytes from experimental mice. Briefly, 96-well ELISPOT
plates (BD PharMingen) were coated with capture IFN- or IL-4
specific antibodies. Lymphocytes from individual animals were
added in tetraplicate wells (2 x 10° cells/well) and were restim-
ulated with ConA (5 pg/ml), 4AB1-15 or AB42 (20 pg/ml),
or left without restimulation in a culture medium only. After
incubation for 36 h (37°C, 5% CO,), cytokines were detected
with biotinylated detection antibodies, followed by avidin-HRP.
Substrate AEC (Sigma-Aldrich) was added to develop the reac-
tion. Spots representing cytokine-producing cells were counted
using dissecting microscope (Olympus) by three independent
investigators. Averaged data were presented as number of cyto-
kine secreting cells per 1 x 10° lymphocytes after restimulation
with ConA, 4AB1-15 or AB42 peptides.

Quantification analysis of A levels in APP/PS1 mouse
brains. Biochemical analysis of the brain tissue was processed
as described previously.”® Briefly, frozen cortices were thawed,
minced and then homogenized in 50 mM TRIS-HCI buffer
containing 2% SDS, pH 8.0 and a mixture of protease inhibitors
(Sigma). Homogenates were centrifuged (100000x g, 1 h, 4°C)
and supernatants were stored at -70°C for additional analysis of
soluble AB. After we sonicated the pellets in 5 M guanidine-Tris
buffer, the samples were incubated for 30 min at room tempera-
ture and then centrifuged (100000x g, 1 h, 4°C) and superna-
tants were stored for analysis of insoluble AB. Concentrations of
insoluble and soluble AB40 and APB42 were analyzed using AR
ELISA kits (Invitrogen) according to the manufacturer’s recom-
mendations. Plates were analyzed spectrophotometrically at 450
nm via a microplate reader, and the concentrations of AB40 and
AB42 were calculated using standard curves by comparing the
sample’s absorbance with the absorbance of known concentra-
tions of a standard. Graph-Pad Prism4 curve fitting software was
used to generate the standard curve and calculate AR concen-
tration in the samples. Using the wet weight of hippocampus
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or cortex region in the original homogenate, the final values of
AP were expressed as micrograms per gram wet weight of each
region.

Immunohistochemistry and immunofluorescence staining.
To analyze the effect of active immunization, with the epitope
vaccine on neuropathological changes in APP/PSlmice, the
brains were processed for immunohistochemistry by previously
published methods.” Two weeks after the final vaccination,
treated and control mice were sacrificed under deep anesthesia. To
ensure proper fixation and immunostaining of brain tissues, mice
were exsanguinated by transcardial perfusion with normal saline.
Then brains were removed and bisected in midsagittal plane.
The right hemisphere was snap frozen for biochemical analysis,
whereas the left hemisphere was fixed in 4% paraformaldehyde
for immunohistochemical analysis. Forty-micrometer-thick
free-floating coronal sections of fixed hemibrains were collected
using a vibratome. To assess the extent of neuropathology that
occurs in the brains of mice, the following primary antibody
was used. AP deposits were detected with anti-AB42 (dilution,
1:2000; Invitrogen). Sections were then washed and incubated
with appropriate biotinylated secondary antibodies (1 h at room
temperature). After multiple washes, the tissues were incubated
in ABC for 1 h, and color development was performed using
DAB (3,3'-diaminobenzidine) substrate. Sections were mounted
on slides. Activated microglia was detected with the anti-CD45
(1:300; Serotec) antibody and anti-I-A/I-E antibody [marker
of major histocompatibility complex (MHC) II alloantigens;
1:200; BD PharMingen]. The tissues from all animals within a
given experimental group were processed in parallel. Hydrogen
peroxide-quenched and blocked sections were incubated with
primary antibody overnight at 4°C, followed by appropriate sec-
ondary antibody conjugated with Alexa-Fluor488 (1:400) for 1
h. Sections were then washed three times in PBS and mounted
with fluorescence mounting media. AR deposits were visualized
using Thioflavin T (ThT). Briefly, mouse brain sections were
washed with Tris buffer and stained for 10 min with a solution
of 0.5% ThT in 50% ethanol. Finally, sections were washed
in 50% ethanol and Tris buffer, then dried and covered using
Vectashield (Vector Laboratories). All experiments were per-
formed in triplicate.

Quantitative image analysis. For quantitative image analy-
sis¥ of AB plaque and glial reactivity, six 8-pm coronal sections
at 40-pm intervals each mouse were immunostained to assess
plaque load. Dorsal hippocampus and cerebral cortex (parietal
association cortex) were chosen for quantitative analysis, and A
burden was assessed using Leica image analysis software inter-
faced with a Leica microscope and a CCD video camera. The
brain area (dorsal hippocampus and cerebral cortex) was out-
lined using the edit plane function, and the area of the plaques
and the brain region outlined were recorded. Hippocampal

1652 Human Vaccines & Immunotherapeutics

measurements were performed by circumscribing the entire hip-
pocampus. The cortical area analyzed was dorsomedial from the
cingulate cortex and extended ventrolaterally to the rhinal fis-
sure within the right hemisphere. The quantitative analysis was
performed at 5x magnification. Data were pooled for all six sec-
tions. The percentage of brain region covered by Af immuno-
reaction was used to measure AR burden. ThT-positive plaques
were counted by visual inspection of cortical region of all stained
sections although blind with respect to treatment condition; a
mean semiquantitative score was independently determined for
each slide by two observers.

Morris water maze test. Behavioral testing was performed
during the light period, by a researcher blind to animal or treat-
ment. The water maze test was performed in a 1.0-m-diameter
pool. The mice trained to find the submerged platform in a
1.0-m-diameter pool of white, non-toxic colored water (tempera-
ture: 23°C). The procedure® consisted of 1 d of visible platform
tests and 4 d of hidden platform tests, plus a probe trial 24 h after
the last hidden platform test. In the visible platform test, mice
were tested for 5 contiguous trials, with an intertrial interval of
30 min. In the hidden platform tests, mice were trained for 6 tri-
als, with an intertrial interval of 1 h. The movements of the ani-
mal in the maze were recorded by a video camera suspended 2.5
min above the center of the maze and connected to a video track-
ing system (Academia Sinica) and analyzed with a computer. The
data were analyzed by two-way ANOVA.

Conclusion

In summary, we have shown here an amyloid-lowering therapy
administered with 4AB1-15 and MF59 adjuvant together does
improve APP/PS1 Tg mice cognitive ability. The 4AB1-15 vac-
cination preferentially induced a Th2 response. Our results
together with reports from other researchers, demonstrate that
AB1-15 immunogens with spacer GPGPG is promising candi-
date for active immunization vaccine. These data established here
should increase concern toward the development of an epitope
vaccine leading to an effective immunotherapy for AD.
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