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Alzheimer disease (AD) is the most common cause of dementia. Currently available
therapies only provide symptomatic relief. A number of therapeutic approaches are un-
der development that aim to increase the clearance of brain A peptides. These include
immune mediated clearance of AB and the inhibition of the interaction between Af and
its pathological chaperones. Both active and passive immunization has been shown to
have robust effects in transgenic mouse models of AD on amyloid reduction and behav-
ioral improvements. However, a human trial of active immunization has been associat-
ed with significant toxicity in a minority of patients. New generation vaccines are being
developed which likely will reduce the potential for cell-mediated toxicity. In addition,
the recent development of anti-chaperone therapy opens a new therapeutic avenue
which is unlikely to be associated with toxicity.

INTRODUCTION

Alzheimer disease (AD) currently affects
approximately 4.5 million Americans. It
is an age-associated disease that typically
starts insidiously with progressing memory
and learning impairments, with a clinical
course lasting 10 to 15 years. Currently
no treatment that significantly modifies
the pathological mechanisms of Alzheimer
disease is available. The current clinical
standard is to treat with anticholinester-
ase inhibitors (12), which are designed to
increase the level of the neurotransmitter
acetylcholine. These drugs primarily offer
symptomatic therapy and are capable only
of providing temporary maintenance of
clinical function (11). A more recently in-
troduced treatment is memantine, which is
an N-methyl-D-aspartate (NMDA) recep-
tor antagonist thought to act on abnormal
glutamatergic activity; however, this drug
also provides only symptomatic relief (55).
If no highly effective treatment for AD is
introduced, the incidence is projected to
double and triple within the next 10 and
20 years, respectively, as a function of the
increasing average age of US society (9).

The major neuropathological features of
AD patients are neuronal loss, neurofibril-
lary tangles (NFTs) and the deposition of
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B-amyloid (AB), a 39 to 42 amino acid long
hydrophobic peptide, both in the walls of
meningocephalic arteries and in the form
of plaques in the gray matter of the brain
(43, 44, 77). The AP peptide exists as a
constituent of serum and other physiologi-
cal body fluids called soluble AR (sAB); it
is only when it undergoes a conformational
change containing high (3-sheet content in
the form of oligomers, protofilaments or
plaque deposits that this peptide becomes
neurotoxic. Accumulation of AR in AD
brains is associated with increased produc-
tion and/or impaired clearance which have
been both observed with advancing age and
in sporadic AD (63). The high -sheet con-
tent renders AP insoluble, resistant to pro-
teolytic degradation and toxic to neurons.
Initially, the process of AP peptide deposi-
tion is difficult to detect and clinically silent
(27). Extensive AR deposits can be detected
in clinically asymptomatic individuals (24);
however, with time the deposits of A be-
come more compact and extensive, lead-
ing to synaptic damage that correlates with
clinical dysfunction. sAB circulating in the
serum may also cross the BBB and co-de-
posits on existing plaques increasing the

load of deposited fibrillar A .

The process of the conformational trans-
formation of sAR toward fibril formation
can be accelerated by the presence of path-
ological chaperones (79). AB can interact
with a group of proteins and proteoglycans
that modulate the conformational transfor-
mation of sAP to a more proamyloidogenic
state (37, 59, 78). This action contrasts
with the role of physiological chaperones
which act to promote normal, functional
protein folding. The best example of AR
pathological chaperone is apolipoprotein
E (ApoE) (80). Humans possess 3 isoforms
of this protein: E2, E3, and E4, which dif-
fer at residues 112 and 158. These minor
differences in the sequence result in a sig-
nificant structural differences (75). The
presence of the ApoE4 isoform, in an allele-
dose dependant manner is associated with
an increased occurrence of sporadic AD
(8). So far the presence of the ApoE4 allele
is the best characterized genetic risk factor
for sporadic AD, which by some estimates
accounts for the vast majority of sporadic
AD risk (13). The risk for sporadic AD is
increased among E4 heterozygotes by 3- to
4-fold and up to 14-fold for homozygotes,
with an earlier age of onset, on average by 5
and 10 years, for heterozygotes and homo-
zygotes respectively, comparing to non-E4
carriers (38, 40, 40, 56).

Hence, at least 2 processes that can en-
hance AR deposition in the brain are de-
creased clearance and pathological chaper-
ones that increase fibrillization. Therefore
potentially therapeutic approaches for AD
are the increase of AR clearance by induc-
tion of an immune response to this peptide
and by blocking the interaction of AR with
its pathological chaperones. Both of these
approaches are further discussed below.
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VACCINATION APPROACHES FORAD
Vaccination was the first treatment ap-
proach which has been shown to have
genuine impact on the disease process, at
least in animal models of AD. Vaccination
of AD Tg mice with AB1-42 or AB ho-
mologous peptides co-injected with Freund
adjuvant prevented the formation of AR
deposition and as a consequence eliminated
the behavioral impairments that are related
to AP deposition (26, 46, 61, 65). Similar
effects on AR load and behavior have been
demonstrated in AD Tg mice by injecting
anti-AB monoclonal antibodies into the
blood stream indicating that the therapeu-
tic effect of the vaccine is based primarily
on eliciting a humoral response (5, 10).
The striking biological effect of the vaccine
in preclinical testing and the apparent lack
of side effects in AD Tg mice encouraged
ELAN Pharmaceutical to launch clinical
trials with a vaccine designated as AN1792.
AN1792 contained pre-aggregated AP1-42
and QS21 as an adjuvant. This type of vac-
cine design was aimed to induce a strong
cell mediated immune response, since
QS21 is known to be a strong inducer of
Th-1 lymphocytes (30). The initial safety
testing of AN1792 in Phase I did not dem-
onstrate any adverse effects. The phase II
of the trial was prematurely terminated
when 6% of vaccinated patients manifested
symptoms of acute meningoencephalitis
(49). An autopsy performed on one of the
affected patients revealed an extensive cy-
totoxic reaction surrounding some cerebral
vessels, however analysis of the AB load in
the brain cortex suggested that AP clearance
had occurred (48). It appeared that the im-
mune reaction triggered by AN1792 was a
double-edged sword, where the benefits of
a humoral response against A3 were over-
shadowed in some individuals by uncon-
trolled cytotoxicity (39). Not all patients
who received AN1792 responded with an-
tibody production. The majority mounted
a humoral response and showed a modest
but statistically significant cognitive benefit
demonstrated as an improvement on some
cognitive testing scales comparing to base-
line and a slowed rate of disease progres-
sion comparing to the patients who did not
form antibodies (21). The follow-up data
from the “Zurich’s cohort,” who are a sub-
set of the Elan trial followed by Dr Nitsch’s
group (20, 21), indicated that the vaccina-
tion approach may be beneficial for human
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Figure 1. AP peptide dynamics in Alzheimer disease. In AD the levels of AP peptides increase locally in
the brain related to either increased production or decreased clearance. In the common late-onset forms
of AD the primary mechanism appears to be related to decreased clearance. This leads to formation
of oligomeric AB, which over time deposits in the form of amyloid plaques. ApoE promotes the
conformational change from normal sA{ to fibrillar AB. Some potential therapeutic approachesinclude: 7)
blocking the binding between sA{ and its pathological chaperones such as apoE (using compounds such
as AB12-28P); 2) a humoral anti-AB peptide immune response which clears AP peptides in the systemic
circulation. This acts as a “peripheral sink” drawing out AR peptides from the brain; and 3) a humoral
and cell mediate immune response within the brain which clears Ap deposits. However, this clearing
mechanism has the potential to induce innocent bystander neuronal damage and inflammation.

AD patients, but the concept of the vaccine
has to be redesigned.

It appears that a humoral response elicit-
ed by the vaccine has at least 2 mechanisms
of action and both of these are thought to
be involved in amyloid clearance (Figure
1) (21). Conformational specific anti-A3
antibodies may target AR deposits in the
brain (20) leading to their disassembly (2,
68) and elicit Fc mediated phagocyosis by
microglia cells which is associated with
a strong cell mediated response (60). The
second mechanism by which anti-Ap an-
tibodies likely prevent AB deposition is the
creation of a “peripheral sink” effect, where
the removal of excess sA circulating in the
blood stream leads to sAB being drawn out
from the brain (10, 66). This peripheral
sink mechanism is likely to be the domi-
nant means of reducing AB peptides in the
brain.

The cause of the toxicity in 6% of the
Elan trial patients is not entirely known;
however, it is thought from the clinical and
limited autopsy data that an excessive Thl
cell mediated response within the brain was
to blame (57). The concept of a redesigned
AD vaccine puts emphasis on avoiding this
cell mediated response in the following
ways: ) avoiding stimulation of Th-1 lym-
phocytes so the vaccine could potentially
elicit a purely humoral response; ii) using
a non-toxic and non-fibrillogenic AR ho-
mologous peptides, so that the immunogen
can not produce any direct toxicity; and #)
enhancing the peripheral sink effect rather
than central action.

Passive transfer of exogenous monoclonal
anti-AR antibodies appears to be the easiest
way fulfilling the goal of providing anti-Af
antibodies without risk of uncontrolled Th-
1 mediated autoimmunity. AD Tg model
mice treated this way had a significantly re-
duced AP level and demonstrated cognitive
benefit (5, 10). Major drawbacks of this
approach are the high cost, limited half-
life of monoclonal antibodies (2-21 days
depending on class and isoform) and the
potential for inducing serum sickness with
resultant complications such as renal failure
or lymphomas. Nevertheless, clinical trials
for passive immunization trials are under
development. Alternative approaches for
passive immunization which are less likely
to be associated with toxicity, are use of Fv
fragments or mimetics of the active anti-
body binding site.

Understanding the antigenic profile of
AR peptide, allows engineering of modifi-
cations that favor a humoral response and
reducing the potential for a Th-1 mediated
response. This approach has been termed
altered peptide ligands. Computer models
have predicted that AB1-42 has one major
antibody binding site located on its N-ter-
minus and 2 major T-cell epitopes located
at the central and C-terminal hydropho-
bic regions encompassing residues 17-21
and 29-42 respectively (25, 45). Therefore,
their elimination or modification provides a
double gain by eliminating toxicity, as well
as the potential for T-cell stimulation. Sig-
urdsson et al (64) immunized AD Tg mice
with K6AB1-30E (E |, a non-toxic AB-ho-
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mologous peptide, where the first above
mentioned T-cell epitope was modified and
the second removed. Polyamino acid chains
coupled to its N-terminus was designed to
increase the immunogenicity and solubil-
ity of the peptide. AD Tg mice vaccinated
with this peptide produced mainly IgM
class antibodies and low or absent IgG titer.
These animals showed behavioral improve-
ment and a partial reduction of AP deposits
(64). One of the advantages of this design
is that IgM, with a molecular weight of 900
kDa, does not penetrate the BBB and is
therefore unlikely to be associated with any
immune reaction in the brain. Like passive
immunization, this type of vaccine focuses
its mechanism of action on the peripheral
sink and furthermore is reversible. There-
fore, this vaccine method may potentially
be safer than typical active immunization.

Mucosal vaccination can be an alterna-
tive way to achieve a primarily humoral
response. This mechanism is based on the
presence of lymphocytes in the mucosa of
the nasal cavity and of the gastrointestinal
tract. This type of response produces primar-
ily S-IgA antibodies but when the antigen
is co-administrated with adjuvants such as
cholera toxin subunit B or heat-labile Esch-
erichia Coli enterotoxin significant IgG ti-
ter in the serum may be achieved (34, 83).
A marked reduction of AR burden in AD
Tg mice immunized this way using AR as
an antigen has been already demonstrated
(74, 83). Interestingly this type of mucosal
immunization has been shown to be highly
effective for prion infection recently (16).
This promising approach requires further
exploration, especially using non-fibrillar
and non-toxic AP homologous peptides as
an antigen. Mucosal immunization offers
a great potential advantage in that a more
limited humoral immune response can be
obtained, with little or no cell mediated im-
munity.

Further modification of the vaccine de-
sign involves the use of specific adjuvants.
Freund adjuvant, which has been used in
most preclinical studies on Tg animals, is
not feasible for human use due to the like-
lihood of inducing local granulomatous
inflammation. QS-21 which was used for
AN1792 is associated with strong stimula-
tion of Th-1 lymphocytes (29, 30). Anoth-
er group of adjuvants with great potential
for use and an excellent safety record are
the FDA-approved aluminum-based min-

eral salts (aluminum hydroxide and alu-
minum phosphate). These show only weak
stimulation of cell-mediated immunity
(17, 18). An alternative way of enhancing
antibody production may be encapsulat-
ing the peptide antigen in biodegradable
nanoparticles (42). Genetically engineered
filamentous phages displaying the AB3-6
motif (EFRH) have shown to be capable of
inducing a strong humoral response against
AR (67) and more recently has been shown
to reduce the amyloid burden and improve
cognitive behavour in AD Tg mice (33).

INHIBITION OF A FIBRILLIZATION

Formation of AR fibrils and deposition of
AR in the brain parenchyma or in the brain’s
vessels occurs in the setting of increased lo-
cal AB peptide concentrations (6). Initially,
conditions do not favor aggregation of fi-
brils; however, once a critical nucleus has
been formed, conditions change to favor
aggregation with fast kinetics. Any available
monomer becomes instantly entrapped in
an aggregate or fibril. Several compounds
such as Congo red (35), anthracycline
(41), rifampicin (73), anionic sulphonates
(32), or melatonin (50) can interact with
AR and prevent its aggregation of into fi-
brils in vitro reducing toxicity. It has been
further identified that certain non-fibrillo-
genic, AR homologous peptides can bind
to AR and break the formation of B-sheet
structure (19, 70, 71). Therefore these pep-
tides were termed B-sheet breakers. Several
modifications were used to extend serum
half-life and increase BBB permeability of
these peptides. Permanne et al (51), us-
ing a BBB permeable 5 amino-acid long
peptide (1AB5), were able to demonstrate
a reduction of AR load in AD Tg mice
who received this peptide comparing with
age-matched control group which received
placebo. Of interest, a similar concept of 8-
sheet breakers appears to be applicable to
another protein conformation disorder, the
prion disease (69).

AP homologous peptides can aggregate
and form fibrils in vitro spontaneously;
however, in vivo this process appears more
dependant on the presence of AR patho-
logical chaperones. This is a group of pro-
teins promotes conformational transforma-
tion at certain concentrations by increasing
the B-sheet content of these diseases spe-
cific proteins and stabilizes their abnor-
mal structure (53, 79). Examples of such

proteins in AD include apolipoprotein E
(apo E), especially its E4 isoform (59, 78),
al-antichymotrypsin (ACT) (37) or Clq
complement factor (7, 28). In their pres-
ence, the formation of AP fibrils in a so-
lution of sAB monomers becomes much
more efficient (37, 78). These “pathological
chaperone” proteins have been found his-
tological and biochemically in association
with fibrillar AR deposits (15, 52, 79, 82)
but not in preamyloid aggregates which are
not associated with neuronal toxicity (31,
76). Inheritance of the apo E4 isoform
has been identified as the major identified
genetic risk factor for sporadic, late-onset
AD (62) and correlates with an earlier age
of onset and greater AR deposition, in an
allele-dose-dependent manner (54, 62). In
vitro all apo E isoforms can propagate the
B-sheet content of AR peptides promoting
fibril formation (15), with apo E4 being
the most eflicient (78). The critical depen-
dence of AR deposition in plaques on the
presence of ApoE has also been confirmed
in AD Tg APPY"F/ApoE” mice which
have a delayed onset of AR deposition, a
reduced AR load, and no fibrillar AR de-
posits. Compared to APPV"7F/ApoE** Tg
mice, APPY""F/ApoE*" mice demonstrate
an intermediate level of pathology (3, 4,
22, 23). Neutralization of the chaperon-
ing effect of ApoE would therefore poten-
tially have a mitigating effect on AR accu-
mulation. ApoE hydrophobically binds to
the 12 to 28 amino acid sequence of AP,
forming SDS insoluble complexes (47, 72,
81). Ma et al (36) have demonstrated that
a synthetic peptide homologous to 12-28
amino-acid sequence of AP can be used as a
competitive inhibitor of the binding of full
length AR to apo E, resulting in reduced fi-
bril formation in vitro and increased surviv-
al of cultured neurons. Introduction of sev-
eral modifications to AB12-28 by replacing
a valine for proline in position 18 make this
peptide non-toxic and non-fibrillogenic, as
well as end-protection by amidation and
and acetylation of the C- and N-termini,
respectively to increase serum half-life have
allowed us to use this peptide in vitro in
the APPKO7ON/ME7IL/PSIMI46L doyble Tg mice
model. Tg mice treated with AB12-28P for
one month demonstrated a 63.3% reduc-
tion in AP load the cortex (p=0.0043) and
2 59.5% (p=0.0087) reduction in the hip-
pocampus comparing to age matched con-
trol Tg mice which received placebo (58).
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No antibodies against AR were detected in
sera of treated mice, therefore, the observed
therapeutic effect of AB12-28P cannot
be attributed to an antibody clearance re-
sponse. This experiment demonstrate that
compounds blocking the interaction be-
tween AR and its pathological chaperones
may be beneficial for treatment of B-amy-
loid deposition in AD (58).

A similar treatment concept is being de-
veloped based on inhibiting the interaction
between glycosaminoglycans (GAGs) and
AR fibrils (32). Neurochem Inc. is testing
several drugs aiming at prevention of amy-
loid fibrils formation and deposition in AD
(Alzhemed™), cerebral amyloid angiopa-
thy (Cerebril™), and systemic amyloidosis
A (Fibrillex™). These compounds are syn-
thetic sulphated GAGs mimetics which are
designed to compete with naturally occur-
ring GAGs in binding to AP and prevent-
ing AB deposition. Only limited preclini-
cal data regarding the effectiveness of these
compounds have been published; however,
the company has moved to clinical trials
that demonstrate the safety and tolerability
of these drugs (14). Recently, results of a
12-month treatment trial in patients with
mild to moderate AD with Alzhemed™
were presented (1). Alzhemed™ appears to
reduce AB1-42 concentration in the CSF
and stabilize cognitive decline (monitored
using mini mental state examination and
ADAS-cog) compared to the placebo re-
ceiving group.

SUMMARY

In familial AD the pathogenesis is re-
lated to overproduction of total sAB or the
more fibrillogenic AB1-42. However, in
the most common sporadic AD, the major
pathogenic process appears to be impaired
clearance of brain AP peptides. Inducing a
humoral immune response to AR appears
to be a promising method of enhancing A3
peptide clearance, provided toxic side-ef-
fects can be reduced. Immunization via a
mucosal route, as well as use of nontoxic,
non-fibrillogenic AB homologous peptides
as altered peptide ligands are current meth-
ods under investigation to specifically in-
duce a humoral immune response without
associated cell mediated immunity, which
has been linked to toxicity in the Elan trial.
Another approach is to block the interac-
tion of AP peptides with its pathological
chaperones such as ApoE. This method also

aims to increase the clearance of AR pep-
tides, and in animal studies is not associated
with toxicity. Extensive further animal test-
ing and evaluation in non-human primates
will be needed to determine if the promise
of these therapeutic approaches will trans-
late into safe patient use in the future.
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