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LOOKING AHEAD

Although interrupted, the phase II clinical trial of AN-1792 provides further
support for AP immunotherapy of Alzheimer's disease. Alternative vaccine
therapies, such as nonviral DNA vaccines, are being investigated to reduce

excessive immune reactions of the host brain.

Anti-AP Vaccination
as a Promising Therapy for
Alzheimer’s Disease

by Yoshio Okura
and Yoh Matsumoto

Izheimer’s disease, first re-
Aported by Alzheimer 100 years

ago, is most common cause of
age-related cognitive decline, affect-
ing more than 12 million people
worldwide.! The disease is character-
ized in its earlier stage by progressive
memory impairment and cognitive
decline, altered behavior and language
deficit. Later, patients develop global
amnesia and slowing of motor func-
tion, and finally die typically within 9
years after diagnosis. Current drug
therapies such as donepezil hydro-
chloride slow cognitive decline; how-
ever, the effect is limited. Recently, it
is generally believed that accumula-
tion of amyloid beta (AB) is the first
event in the pathogenesis of Alzhei-
mer’s disease. In other words, AP
deposition is an upstream event of tau
phosphorylation, tangle formation and

Summary

Alzheimer's  disease is the most common cause of dementia characterized by pro-
gressive neurodegeneration. Recently, a vaccine therapy for Alzheimer's disease was
developed as a curative treatment. Although clinical trials of active vaccination for
Alzheimer’s disease were halted due to the development of meningoencephalitis in
some patients, the clinical and pathological findings of treated patients suggest that
the vaccine therapy is effective. Hence, newly designed vaccines are being invented
to control excessive T-cell immune reactions after the human clinical trial. In this arti-
cle, we will review conventional vaccine therapies and newly developed vaccine ther-
apies, mainly DNA vaccines, for possible clinical application in the near future. © 2007

Prous Science. All rights reserved.

neuronal death (amyloid cascade
hypothesis).? Based on this hypothe-
sis, vaccine therapy has been devel-
oped for curative treatment of
Alzheimer disease by targeting the
underlying cause. :

Antiamyloid immunotherapy
Schenk et al. for the first time
demonstrated the effect of AR vac-
cines. Monthly inoculation with syn-
thetic AB in complete Freund’s adju-
vant (CFA) could lead to high anti-Ap
antibody titers (Fig. 1A), and dramat-
ic reductions of amyloid deposition in

Copyright © 2007 Prous Science. CCC: 0214-0934/2007. DOL:

PDAPP transgenic mice.’ The vaccine
was able to slow or reverse amyloid
deposit formation, even if administrat-
ed after amyloid deposition occurred.
Neuritic plaques and astrocytic reac-
tions were also decreased by the vac-
cination. They speculated that acceler-
ation of Fc receptor-mediated micro-
glial phagocytosis plays a major role
in plaque reduction. Subsequent stud-
ies demonstrated that clearance of Ap
depositions following immunization

Correspondence: Y. Matsumoto, matyoh@
tmin.ac.jp
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A) Active immunization

o Bo

ApB peptide
with adjuvant

B) Passive immunization

<« anti-AB
g‘ g‘ antibody

Intake of the vaccine into cells

DNA vaccine

AB pep'tide B cell
production

anti-Ap
antibody

anti-Ap antibody
production

Fig. 1. Types of vaccine therapies for Alzheimer’s disease. A) Active immunization: AB; .4,
peptides are administered with an adjuvant to induce anti-AB antibodies. B) Passive immu-
nization: anti-Af antibodies are administrated directly. C) DNA vaccination: plasmid vectors
encoding AB,.4, gene are injected to generate AB peptides and subsequent anti-Ap anti-

bodies. AP peptide production is continued for a certain period.

protected APP-Tg mice from develop-
ing memory deficits.*> Clearance of
AP depositions and improvement of
memory were also observed after pas-
sive administration of antibodies
against AB (Fig. 1B).57

Mechanisms of amyloid
reduction with vaccine
therapies

Although A peptide vaccination
has effects on AP reduction in the

mouse model, the mechanisms of AP
clearance remain unclear. There are
three hypotheses to explain how anti-
AP antibodies reduce AP depositions
in the brain (Fig. 2). One possible
mechanism is that anti-Af antibodies
enhance Fc receptor-mediated phago-
cytosis of AR by microglial cells (Fig.
2A). Following peripheral administra-
tion of anti-Af antibodies, activated
microglia were found surrounding the
plaques.® The culture of microglial

cells with anti-AP antibodies on brain
slices from Tg mice induced the clear-
ance of AB.°

The second mechanism is a direct
effect of antibodies on AP leading to
dissolution of amyloid fibrils or neu-
tralization of AP oligomers (Fig. 2B).
Direct injection of F(ab"), antibodies
into the brain equally mediated a
decrease in AB.'° Antibodies raised
against the N-terminal region (1-28) of
the AP peptide binded to in vitro-
formed AP assemblies, leading to dis-
aggregation and increased solubility
of AP fibrils.!!

The third mechanism, the periph-
eral sink hypothesis, postulates that
administration of anti-Af antibodies
to the circulation results in a net efflux
of AP from the brain to the plasma
(Fig. 2C).” Rapid improvement in cog-
nition was observed in animals after
intravenous injection of antibodies
and increased plasma concentrations
of AB.!? Injection of an agent that has
high affinity for AB (gelsolin or GM1)
reduced the level of Af in the brain."

A clinical trial of amyloid
vaccination

Based on the promising results
obtained using transgenic mice, clini-
cal trials with Af},, (AN-1792) in con-
junction with the T helper (Th) 1 adju-
vant QS-21 were initiated. The phase I
studies using single or multiple doses
of the vaccine demonstrated good
immunological responses and tolera-
bility to the vaccine. However, a phase
Ila study performed in 375 patients at
several sites was halted because

- meningoencephalitis developed in 18

patients.!* It was suggested that vacci-
nation with the AP peptide vaccine in
a Thl type adjuvant induced T-cell
responses against AB. However, the
autopsy case showed apparent clear-
ance of AP plaques from large areas of
the neocortex as well as a decrease in
plaque-associated astrocytes and neu-
ritic dystrophy.!> Thus, the clinical
trial clearly demonstrated benefits of
vaccine therapy. Taken together, the
results indicate that the vaccine thera-
py is potentially effective for human
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Fig. 2. Mechanisms of amyloid reduction with a vaccine treatment. A) Phagocytosis by
microglia: anti-Af antibodies traverse blood-brain barrier (BBB) and attach to AB deposits,
which leads to Fc receptor-mediated phagocytosis by microglia. B) Dissolution and neu-
tralization of Ap plague: antibodies bind N-terminal end of AR depositions and dissolve
amyloid fibrils or neutralize AB oligomers. C) The peripheral sink hypothesis: anti-AB anti-

bodies in the circulation induce a net efflux of AB from the brain to the plasma.
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Alzheimer’s disease if excessive
immune reactions are minimized to

avoid unwanted neuroinflammation.

After further improvement of pep-
tide vaccines, there are two phase I
clinical trials of active immunization
with minimum side effects using
ACC-001 (Elan and Wyeth), which
contains AP 1-7 derivatives, and
CAD-106 (Novartis), which consists
of an AP fragment coupled to a carri-
er.! However, there is still the possi-
bility of meningoencephalitis in active
immunization because adjuvants are
necessary for peptide vaccination.

Passive immunization

Passive transfer of anti-Af anti-
bodies is an alternative strategy (Fig.
1B), which is as effective as active
immunization in the mouse model of
Alzheimer’s disease. Peripheral ad-
ministration of antibodies against AP
peptide was sufficient to reduce amy-
loid burden. Despite relatively modest
serum levels, the passively adminis-
tered antibodies were able to enter the
central nervous system, decorate
plaques and induce clearance of pre-
existing amyloid.® Direct injection of
antibodies into the brain induced rapid
parenchymal AP clearance.!® Passive
immunization is more acceptable than
active vaccination because it does not
need adjuvant injection and does not
elicit the hazardous cellular responses
observed in the clinical trial of active
immunization. Moreover, the dose can
be controlled easily. However, this
approach will require caution in the
conduct of human trials. Long-term
adoptive transfer of the antibodies in
old APP transgenic mice reduced amy-
loid loads, but doubled the number of
microhemorrhages in 27-month-old
APP mice treated for 5 months with an
N-terminal specific anti-Af mono-
clonal antibody.!” Moreover, after pas-
sive immunization, in vivo production
of neutrizing antibodies such as anti-
idiotype antibodies must be consid-
ered. A serious disadvantage of pas-
sive immunization is the cost of
monoclonal antibodies. An enormous
number of patients cannot afford the
expensive medical costs.
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Although there are some problems
to be solved, passive administration of
an AB-specific humanized monoclon-
al antibody (bapineuzumab; Elan and
Wyeth) is currently in a phase II clini-
cal trial in patients with Alzheimer’s
disease.!6

Development of new vaccine
therapies for the next
generation (DNA vaccines)
Among alternative vaccine thera-
pies, DNA vaccination may open up a
new avenue for the treatment of
Alzheimer’s disease because it is sim-
ple, easily modified and can be used
without adjuvant (Fig. 1C).'81° The
immune responses of the host induced
by DNA vaccination are generally Th2

type. 18,20.21

Initially, AR DNA vaccines were
developed using adeno-associated
virus (AAV) vectors?22 or adenovirus
vector.* A single administration of the
_ AAV vaccine induced a proionged and
strong production of AB-specific
serum IgG in Tg mice and resulted in
improved ability of memory and cog-
nition, decreased AP depositions in
the brain, and a resuitant decrease
in plaque-associated astrocytosis.??
Much higher titers of antibodies
against A3 were obtained when an
adenovirus vector encoding granulo-
cyte-macrophage colony-stimulating
factor (GM-CSF) was co-administered
with the vector encoding 11 tandem
repeats of AB,_¢.2* However, the abili-
ty to scale up the AAV vector produc-
tion severely restricts the commercial-
ization and use of AAV vectors.?’
Moreover, a viral replication could not
be completely excluded when the ade-
novirus vector is used for vaccines.
Thus, the clinical application of DNA
vaccines with virus vectors seems to
be difficult at present.

We and others have focused on
plasmid vectors. DNA vaccines with
plasmid vectors have many advan-
tages over those with virus vectors
because the vaccines can be mass pro-
duced at a low cost!®!® and have no
possibility of viral infection or trans-
formation.?5?” Ghochikyan et al.
developed an AB,4, DNA vaccine

with Th2 cytokine sequence (IL-4) and
confirmed the generation of anti-Af
antibodies after vaccination in wild-
type B6 mice.?® Schulz et al. developed
and Af} DNA vaccine with a secretary
signal, tissue-type plasminogen activa-
tor (tPA). With simultaneous use of low
dose AP peptide, DNA vaccine therapy
reduces amyloid plaque in a mouse
model.?® However, significant reduc-

tions of Al deposition were not ob-
tained with these DNA vaccines alone.

We also focused on the benefit of
the plasmid vector and prepared three
types of Af DNA vaccines using a
mammalian expression vector.® The
sequence of AP, 4, and additional
sequences were inserted in the plas-
mid, as shown in Figure 3A. The first
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Fig. 3. Construction of DNA vaccines (A), in vitro characterization (B) and the treatment
protocol (C). A) Three DNA vaccines were produced using a mammalian expression vec-
tor. DNA encoding the AB,.4» sequence was inserted in Xhol/Kpn! site of the plasmid (K-Af
vaccine) (A-1). In the second vaccine, the signal sequence of mouse Igx is added to the 5'
end to improve the secretive efficiency (IgL-AB vaccine) (A-2). The third vaccine possess-
es the Fc portion of human immunoglobulins to improve the stability of the secreted protein
(AB-Fc vaccine) (A-3). B) Western blot analysis revealed that translated A proteins were
detected in supematants of cultured cells transfected with IgL-Ap and AB-Fc vaccines. C)
The protocol of vaccine treatment. To examine the prophylactic effect of DNA vaccines, the
vaccines were administrated to APP23 mice from 3-4 months of age before the appear-
ance of amyloid depositions. The mixture of one of the vaccines (100 mcg) and bupiva-
caine (0.25 mg) was injected intramuscularly on a weekly basis for the first 6 weeks. Then,
the vaccine without bupivacaine was injected every 2 weeks thereafter. Mice were sampled
at7, 9,12, 15 and 18 months of age (C-1). For therapeutic treatment, the vaccines were
administered to APP23 mice from 12 months of age, after the appearance of amyloid
plaques. Samplings were performed at 15 and 18 months of age (C-2). (Reproduced from
Okura, Y., Miyakoshi, A., Kohyama, K. et al. Nonviral Abeta DNA vaccine therapy against
Alzheimer's disease: Long-term effects and safety. Proc Natl Acad Sci U S A 2006, 103:
9619-24. © 2006 National Academy of Sciences, U.S.A.)
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one contains only the AB,_4, sequence
with the Kozak sequence at the 5' end
(referred to as K-Af vaccine) (Fig.
3A-1). To the second, the Igk signal
sequence of murine immunoglobulin
was added to improve the secretion
ability (IgL-Af vaccine) (Fig. 3A-2),
and the third possesses the Fc portion
of human immunoglobulin at the 3'
end to maintain stability (Fc-Ap vac-
cine) (Fig. 3A-3). Before in vivo
administration, these DNA vaccines
were transfected to HEK295T cells
and the secretion of AP, peptide
into the culture supernatant was
assayed with Western blotting (Fig.
3B). The production of intracellular
AB,_4; peptide was confirmed in all
three vaccines by ELISA (data not
shown). It was clearly demonstrated
that the supernatants of cultured cells
that were transfected with IgL-Ap and
AP-Fc vaccines contained translated
proteins (4.5 and 35 kDa, respective-
ly), whereas K-Ap-transfected cells
did not secrete the peptide into the
extracellular space. These findings
indicate that the addition of the leader
sequence is important for transporta-
tion of the protein to the extracellular
space and that this event is critical for
the effects of DNA vaccines.

We employed two types of regi-
mens, prophylactic and therapeutic, to
examine the effect of Af DNA vacci-
nation. For the prophylactic protocol,
vaccine administration was started
from 3 to 4 months of age, before the
appearance of amyloid deposition.
APP23 mice received 6 weekly and
subsequent biweekly injections of the
vaccines and were examined at 7, 9,
12, 15 and 18 months of age (Fig. 3C-
1). At 7 months of age, granular amy-
loid depositions were recognized in
the frontal cortex in the control groups
(empty vector-administrated and
untreated mice) (Fig. 4B). At this
stage, A} plaques were not detected in
the hippocampus. In sharp contrast,
cortical AP depositions in mice treated
with AB-Fc (Fig. 4A), IgL-AP and A
vaccines were significantly reduced (p
<0.01). The AP burden was reduced to
approximately 15-30% that of the
untreated groups (Fig. 4E). At 12
months of age, amyloid depositions in

pp.

untreated mice were increased and
some of them became large (> 50 pg)
in the frontal cortex of the untreated
mice (Fig. 4D). AP depositions in the
hippocampus were also equally
decreased (p <0.01). It was shown that
the suppressive effect of AB-Fc vac-
cine was almost equal to that of IgL-
AR vaccine. However, K-Af vaccine

was less effective than the former two
(Fig. 4E and 4F) and was not used in
subsequent experiments. At 15 and 18
months of age, the plaques in untreat-
ed groups were rapidly increased.
Untreated APP23 mice showed an
age-dependent increase of amyloid
plaques in the cerebral cortex (Fig. 5,
open square) and hippocampus. The
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Fig. 4. Reduction of A8 burden in APP23 mice at 7 months after DNA vaccination starting
from 4 months (A, B and E). Immunohistochemical examinations revealed that granular
amyloid depositions were detected in the frontal cortex of untreated mice at 7 months of age
(B). In mice vaccinated with Ap-Fc vaccine, amyloid plaques in the frontal cortex were
reduced (A). Quantitative analysis demonstrated that the cortical Ap burden at 7 months was
significantly decreased (p < 0.01) after the prophylactic treatment with AB-Fc (15.5% of
untreated controls), IgL-AB (18.2%) and AB vaccine (31.4%) than those found in untreated
and empty vector-vaccinated mice (E). Reduction of Af burden in APP23 mice at 12 months
after DNA vaccination starting from 4 months (C, D and F). Many AB deposits were observed
in the frontal cortex of control mice (D), but were significantly reduced after treatment with
AB-Fc (C) vaccines. Quantitative image analysis of AS burden in the cortex at 12 months of
age revealed that AB deposits were significantly reduced (*p < 0.01) in mice with prophy-
lactic treatment with AB-Fc (33.7% of untreated mice), IgL- Af- (28.6%) and K-AB (51.3 %)
vaccines (F). K-AB vaccine was less effective than the former two. Magnification A-B x62,
C-D x24. (Reproduced from Ckura, Y., Miyakoshi, A., Kohyama, K. et al. Nonviral AB DNA
vaccine therapy against Alzheimer's disease: Long-term effects and safety. Proc Nall Acad
Sci U S A 2006, 103: 9619-24. © 2006 National Academy of Sciences, U.S.A.)
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Fig. 5. The overall quantitative analysis. The amyloid deposition was first detected in
untreated mice at 7 months of age and rapidly increased after 15 months of age (open
squares). Prophylactic administration of Fc-AB vaccine prevented the AB deposition to
10-30% of that in untreated animais before 12 months of age and to 40-50% after 15
months (closed triangles). The effects of therapeutic administration (open circles) were
almost the same as those of prophylactic administration (closed triangles).

the vaccines were administrated after
amyloid depositions appeared.

Recently, it was reported that the
intracellular AP deposition in cortical
pyramidal neurons is the first neu-
rodegenerative event in Alzheimer’s
disease.>! Therefore, we counted the
number of neurons containing intra-
cellular AB depositions in the cortex of
Ap-Fc vaccine-administered and con-
trol mice. AP-deposited neurons were
significantly decreased with both the
prophylactic (50.2% of untreated con-
trol, p <0.01) and therapeutic (59.5%,
p < 0.05) treatments at 15 months of

age (Fig. 7).

The titers of plasma anti-Af anti-
bodies after the treatment were deter-
mined by ELISA. The levels of anti-
AP antibodies were significantly
increased compared with the untreated

prophylactic protocol, using ApP-Fc
vaccine, revealed that the final reduc-
tion rate of A burden in the cerebral
cortex at 18 months of age was
approximately 38.5% that of untreated
groups (Fig. 5, closed triangles). These
results demonstrated that two of three
vaccines produced in this study were
effective in the prophylactic treatment.

When considering the clinical
applications, it is critical to know the
effects of the vaccines in therapeutic
application. For this purpose, the vac-
cination was started at 12 months of
age, 6 months after the start of AB
deposition and the brains were exam-
ined at 15 and 18 months (Fig. 3C-1).
In therapeutic treatments, amyloid
plaques in the cortex were significant-
ly decreased (p < 0.01) by AB-Fc and
IgL-AB vaccination (Fig. 6A) com-
pared with the controls (Fig. 6B). Ap
depositions in the hippocampus were
also decreased (p < 0.01) (Fig. 6D).
Although the therapeutic protocol
(Fig. 5, open circle) seemed to be less
effective than the prophylactic one
(Fig. 5, closed triangle), the difference
was not significant. Thus, AB DNA
vaccines had sufficient effects even if
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Fig. 6. A burden reduction at 18 months of age after therapeutic treatment starting from
12 months. While large A deposits (> 100 um) were observed in the frontal cortex of con-
trol mice at 18 months of age (B), significant reduction was observed after 6-month thera-
peutic administration of the IgL-Af vaccine (A). Quantitative image analysis of Af} burden
in the cortex at 18 months of age revealed that Ap deposits were significantly reduced (*p
< 0.01) in mice with therapeutic treatment of AB-Fc (47.0% of untreated mice) and IgL-AB
(49.9%) vaccines. AB deposits in the hippocampus were also significantly reduced (*p <
0.01) after AB-Fc (38.0% of the control) and iglL-AB (46.0%) vaccine treatment (D).
Magnification A and B, x24.
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Fig. 7. Quantitative analysis of intracellular AB depositions after the prophylactic (A) and
therapeutic (B) treatment with AB-Fc vaccine at 15 months of age. Microphotographs of the
cerebral cortex (8 fields/mouse) were taken and neurons containing AB depositions were
counted in a blinded manner. The numbers of positive neurons in vaccinated mice were
significantly reduced compared with those in untreated mice (*p < 0.05; **p < 0.01).

and empty vector-vaccinated mice.
Double staining with 6F/3D (anti-Af3)
and Iba-1 (antimicroglia) demonstrat-
ed the increase of phagocytizing
microglia in the cerebral cortex of vac-
cine-treated Tg mice (unpublished
data). It suggests that AP phagocytosis
by activated microglia is a major path-
way of AP clearance during nonviral
DNA vaccine therapy.

The safety of our vaccines has
been established as well as the effects.

T-cell activation and proliferation,

[*H}-thymidine incorporation of T
cells from vaccinated mice was nega-
tive in both wild-type B6 and APP23
Tg mice strain. Pathological examina-
tions using monoclonal antibodies,
CD5 (anti-T cell) and Mac-3 (anti-
macrophage) demonstrated no inflam-
matory lesion in the brain after long-
term treatments (data not shown).
Thus, our nonviral A DNA vaccines
are highly effective and safe and
promising as vaccine therapy against
human Alzheimer’s disease.

Conclusions
_ Although interrupted, the phase II
clinical trial of AN-1792 provides fur-
ther support for AP immunotherapy of
Alzheimer's disease. Alternative vac-
cine therapies have been investigated
and developed to reduce excessive
immune reactions of the host brain. As
discussed in this article, nonviral DNA
vaccines are being introduced as a

PP

promising therapy against human
Alzheimer’s disease.
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