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Abstract
Alzheimer’s disease (AD) is the most prevalent form of neurodegeneration; however, therapies to
prevent or treat AD are inadequate. Amyloid-beta (Aβ) protein accrues in cortical senile plaques,
one of the key neuropathological hallmarks of AD, and is elevated in brains of early onset AD patients
in a small number of families that bear certain genetic mutations, further implicating its role in this
devastating neurological disease. In addition, soluble Aβ oligomers have been shown to be
detrimental to neuronal function. Therapeutic strategies aimed at lowering cerebral Aβ levels are
currently under development. One strategy is to immunize AD patients with Aβ peptides so that they
will generate antibodies that bind to Aβ protein and enhance its clearance. As of 1999, Aβ
immunotherapy, either through active immunization with Aβ peptides or through passive transfer of
Aβ-specific antibodies, has been shown to reduce cerebral Aβ levels and improve cognitive deficits
in AD mouse models and lower plaque load in nonhuman primates. However, a Phase II clinical trial
of active immunization using full-length human Aβ1-42 peptide and a strong Th1-biased adjuvant,
QS-21, ended prematurely in 2002 because of the onset of meningoencephalitis in ~6% of the AD
patients enrolled in the study. It is possible that T cell recognition of the human full-length Aβ peptide
as a self-protein may have induced an adverse autoimmune response in these patients. Although only
~20% of immunized patients generated anti-Aβ titers, responders showed some general slowing of
cognitive decline. Focal cortical regions devoid of Aβ plaques were observed in brain tissues of
several immunized patients who have since come to autopsy. In order to avoid a deleterious immune
response, passive Aβ immunotherapy is under investigation by administering monthly intravenous
injections of humanized Aβ monoclonal antibodies to AD patients. However, a safe and effective
active Aβ vaccine would be more cost-effective and more readily available to a larger AD population.
We have developed several novel short Aβ immunogens that target the Aβ N-terminus containing a
strong B cell epitope while avoiding the Aβ mid-region and C-terminus containing T cell epitopes.
These immunogens include dendrimeric Aβ1-15 (16 copies of Aβ1-15 on a lysine antigen tree),
2xAβ1-15 (a tandem repeat of two lysine-linked Aβ1-15 peptides), and 2xAβ1-15 with the addition
of a three amino acid RGD motif (R-2xAβ1-15). Intranasal immunization with our short Aβ fragment
immunogens and a mucosal adjuvant, mutant Escherichia coli heat-labile enterotoxin LT(R192G),
resulted in reduced cerebral Aβ levels, plaque deposition, and gliosis, as well as increased plasma
Aβ levels and improved cognition in a transgenic mouse model of AD. Preclinical trials in nonhuman
primates, and human clinical trials using similar Aβ immunogens, are now underway. Aβ
immunotherapy looks promising but must be made safer and more effective at generating antibody
titers in the elderly. It is hoped that these novel immunogens will enhance Aβ antibody generation
across a broad population and avoid the adverse events seen in the earlier clinical trial.
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Introduction
Alzheimer’s disease (AD) is the most common form of dementia, affecting ~26 million people
worldwide. Currently, there are no effective treatments and no known means to prevent this
devastating neurological disease. While the major clinical symptoms include progressive
memory loss, personality changes, language problems, and confusion, it is believed that the
onset of two major pathological hallmarks of AD, extracellular amyloid-beta (Aβ) plaques,
and intracellular neurofibrillary tangles containing hyperphosphorylated tau, precedes clinical
symptoms by years. In addition, to plaques and tangles, AD brain is characterized by gliosis,
inflammation, neuritic dystrophy, neuron loss, and changes in neurotransmitter levels
(Dickson, 1997; Hardy and Selkoe, 2002). Aβ protein, a 40- to 42-amino acid protein, is
generated by proteolytic cleavage from the beta-amyloid precursor protein (β APP) by beta-
secretase at its amino-terminus and by gamma-secretase at its carboxyterminus (Wolfe,
2006). Aβ is now a major therapeutic target for AD because genetic mutations in APP and pre-
senilin proteins 1 and 2 (PS1 and PS2), part of the gamma-secretase complex, are associated
with AD in a small number of families; Aβ is deposited early in plaques and blood vessels in
the brain; and Aβ oligomers and fibrillar aggregates are toxic to neurons (Selkoe, 2001; Klein,
2002; Walsh and Selkoe, 2004). Current therapeutic strategies aim to lower production of
Aβ by inhibiting or modulating beta- or gamma-secretase, prevent formation of Aβ aggregates
and/or dissolve preformed aggregates, and enhance clearance of Aβ from the brain. Aβ
immunotherapy, one of the strategies under intense investigation, uses anti-Aβ antibodies by
either active or passive vaccination to reduce Aβ deposition in the brain and enhance Aβ
clearance.

Aβ immunotherapy in rodents, monkeys, and humans
Preclinical studies in rodents

In the mid-1990s, anti-Aβ antibodies were shown to dissolve Aβ aggregates and prevent
monomers from aggregating in vitro (Solomon et al., 1996, 1997). In 1999, it was demonstrated
for the first time that active vaccination with Aβ1-42 synthetic peptide resulted in anti-Aβ
antibody generation and a significant reduction in plaque burden in the brains of APP transgenic
mice in vivo (Schenk et al., 1999). Subsequently, we and many other groups confirmed and
extended these studies in multiple transgenic AD mouse models using a variety of adjuvants
and routes of administration, demonstrating that active Aβ immunization prevented or reduced
plaque deposition (if given early enough) (Lemere et al., 2000; Weiner et al., 2000; Das et al.,
2001; Sigurdsson et al., 2001; McLaurin et al., 2002), increased peripheral Aβ in blood (Lemere
et al., 2003), and prevented or improved cognitive deficits (Janus et al., 2000; Morgan et al.,
2000). The resulting antibodies recognized B cell epitopes within the first 15 amino acids of
Aβ (Lemere et al., 2000, 2001; Town et al., 2001; McLaurin et al., 2002; Cribbs et al., 2003;
Seabrook et al., 2004). T cell epitopes were mapped to the Aβ mid-region and carboxy-terminus
(Monsonego et al., 2001; Cribbs et al., 2003).

Passive immunization was investigated by directly injecting Aβ monoclonal antibodies into
AD transgenic mice, thereby bypassing a cellular immune response. Intraperitoneal injections
of Aβ monoclonal antibodies decreased cerebral Aβ levels (Bard et al., 2000), increased
peripheral Aβ levels in blood (DeMattos et al., 2001), and improved behavior (Kotilinek et al.,
2002; Wilcock et al., 2004). In very old APP transgenic mice, passive Aβ vaccination improved
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cognitive performance within days, without reducing plaque burden, suggesting that removal
of soluble oligomers may be enough to rescue cognition (Dodart et al., 2002). Direct application
of Aβ monoclonal antibodies demonstrated plaque clearance and enhancement of microglial
phagocytosis of Aβ using multiphoton imaging (Bacskai et al., 2001). Intrahippocampal
injection of an Aβ monoclonal antibody into 3xTg-AD mice that develop both plaques and
tangles cleared extracellular and intracellular Aβ as well as early tau aggregates but not
hyperphosphorylated tau, a late-stage pathogenic marker (Oddo et al., 2004).
Microhemorrhage was observed in very old APP transgenic mice with abundant vascular
amyloid, although the mice still showed some cognitive benefit from the vaccine (Pfeifer et
al., 2002; Wilcock et al., 2004; Racke et al., 2005). In addition, both active and passive Aβ
vaccination was shown to protect against Aβ oligomer-induced long-term-potentiation (LTP)
deficits in rats (Klyubin et al., 2005).

Preclinical studies in nonhuman primates
Small Aβ immunization studies have been undertaken in nonhuman primate monkeys. For
example, Gandy et al. (2004) (including our lab) immunized two 15-year-old rhesus monkeys
with full-length Aβ peptide and adjuvant, resulting in anti-Aβ antibody generation and
increased Aβ levels in blood. However, cerebral Aβ levels were unchanged, possibly because
the animals were too young for plaque deposition in the brain and/or the trial was too short to
show an effect. In another trial, we immunized four Caribbean vervets (African green monkeys
from St. Kitts in the Eastern Caribbean) 16–25 years of age with full-length Aβ and complete
and incomplete Freund’s adjuvant (Lemere et al., 2004). Vervets naturally develop cerebral
Aβ plaque pathology and vascular amyloid with aging, similar to other nonhuman primates.
The immunized vervets generated anti-Aβ antibodies that recognized Aβ1-7 and bound
monomeric, oligomeric, and fibrillar Aβ but not APP or APP C-terminal fragments. Plaque
deposition was absent while insoluble Aβ42 levels were significantly reduced in the brains of
the 4 immunized vervets compared to 13 age-matched archived brain samples, as shown in
Fig. 1. Plasma Aβ was elevated in the immunized animals. No adverse events were observed.

Clinical Aβ immunotherapy trials in humans
The first clinical trial of Aβ immunotherapy, sponsored by ELAN/Wyeth, involved an active
vaccine, AN1792, that contained Aβ1-42 synthetic peptide and a strong, T helper 1 (Th1)-
biased adjuvant, QS-21. Although the Phase I and IIa trials were deemed safe, the multisite
Phase IIb trial was halted in 2002 due to the occurrence of meningo-encephalitis in ~6%
(18/300) of AD patients worldwide (Schenk, 2002). The cause of these adverse events is
unknown, but many have speculated that they may have been due to an autoimmune-like T
cell response to Aβ, a self-antigen (Orgogozo et al., 2003; Gilman et al., 2005). Other
possibilities include reformulation of the vaccine in polysorbate 80 and a strong pro-
inflammatory Th1 response due to the adjuvant, QS-21. Only 19% of the immunized patients
generated an Aβ antibody response, perhaps due to the limited dosing (1–3 inoculations).
Importantly, the occurrence of meningoencephalitis was independent of antibody response.
The Aβ antibodies generated by AN1792 were shown to bind to the amino-terminus of Aβ
(Lee et al., 2005) and to human Aβ plaques and vascular amyloid but not soluble Aβ42 (Hock
et al., 2002). Tau levels in CSF were lower in antibody responders (Gilman et al., 2005).
Transient cortical shrinkage was observed by MRI in these same patients, although brain
volumes resumed baseline levels after ~1 year following vaccination (Fox et al., 2005). In most
of the patients who have come to autopsy since the initiation of the trial, plaque deposition was
focally and regionally reduced (Nicoll et al., 2003, 2006; Ferrer et al., 2004; Masliah et al.,
2005; Holmes et al., 2008). Some slowing of cognitive decline has been observed in antibody
responders (Gilman et al., 2005; Hock et al., 2003; International Conference on Alzheimer’s
Disease, Chicago, IL, 2008). However, two patients from an earlier Phase I AN1792 trial who
came to autopsy several years later, generated Aβ antibodies, had very few plaques (suggestive
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of plaque clearance, and yet had severe dementia (Holmes et al., 2008). A possible explanation
for this finding may be that at the time of vaccination, the patients may have had substantial
cerebral pathology, including neuron loss and neuritic plaques, which could not be reversed
by the removal of Aβ plaques. Thus, the need for early intervention, possibly before the onset
of symptoms, is critical in moving forward with Aβ-lowering treatments.

Several passive Aβ immunization trials are currently underway. The ELAN/Wyeth Phase II
clinical trial results were reported at the 11th International Conference on Alzheimer’s Disease
(ICAD) in Chicago in July 2008. Intravenous administration of a humanized monoclonal
antibody, Bapineuzimab, recognizing the amino-terminus of Aβ showed a nonsignificant trend
for cognitive stabilization in mild-to-moderate AD patients. Post hoc analysis demonstrated
significant cognitive benefits in multiple tests in Apo E4 noncarriers but only a trend in Apo
E4 carriers, possibly due to accelerated pathogenesis in E4 carriers (ICAD, 2008). A Phase III
trial is currently underway. Eli Lilly is currently testing a humanized monoclonal antibody that
recognizes the mid-region of Aβ, and binds soluble Aβ protein.

Possible mechanisms of Aβ clearance via immunotherapy
Several mechanisms have been proposed based on in vitro and in vivo studies. First, Aβ
antibodies may prevent Aβ aggregation and/or dissolve preformed Aβ aggregates (Solomon
et al., 1996, 1997). Second, upon binding of the Aβ antibodies to Aβ, the Fc portion of the
antibodies may bind the Fc receptor on microglia, inducing phagocytosis of Aβ (Bard et al.,
2000). This would require that Aβ antibodies cross the blood-brain barrier (BBB) and bind
Aβ within the central nervous system (CNS). While some evidence has been reported to support
this mechanism, two studies have demonstrated that Fc-mediated phagocytosis is not required
for immunotherapy-induced Aβ clearance, as Fab fragments of Aβ antibodies (missing the Fc
region) cleared Aβ when applied to the surface of APP transgenic mouse brain (Bacskai et al.,
2002), and Aβ vaccination in APP transgenic mice lacking the FcR lowered cerebral Aβ (Das
et al., 2003). A third mechanism proposes that the presence of Aβ antibodies in the periphery
(i.e., blood) causes a shift in the gradient of Aβ transport across the BBB resulting in an increase
in efflux from the brain to blood (DeMattos et al., 2001; Lemere et al., 2003). A fourth
mechanism proposes that certain antibodies bind Aβ oligomers, thereby neutralizing the toxic
effects of this Aβ species on synapses (Klyubin et al., 2005). These mechanisms are not
mutually exclusive and may overlap under certain conditions. In addition, the mechanism of
action may be disease state dependent. For example, a prevention vaccine may not require that
the antibodies cross the BBB to induce Aβ phagocytosis, whereas a therapeutic vaccine (once
plaque deposition is well underway) would likely benefit from the transport of Aβ antibodies
into the CNS.

Novel short Aβ immunogens for active vaccination
Although the first clinical trial for an active Aβ vaccine ended prematurely due to adverse
events, preclinical and, to some degree, clinical studies indicate potential for this therapeutic
strategy to prevent AD or stop it in early stages. A modified active vaccine would be less costly
to prepare than humanized monoclonal antibodies, would require fewer doctor visits, and
would be more feasible than passive immunization for the large population of individuals with
or at risk for AD. The effects of an active vaccine would be longer lasting than passive
administration of anti-Aβ antibodies whose half-life is typically around 30 days. However, the
cellular immune response to an active vaccine may be difficult to stop, should problems arise,
once it is underway. Thus, going forward, many labs, including our own, have sought to develop
second-generation active Aβ vaccines that target the B cell epitope in the Aβ amino-terminus
and avoid an Aβ-specific T cell response directed at the mid-region or carboxyl-terminus of
Aβ. Examples of three such vaccines being tested in our lab are described below. A more
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complete listing of novel immunogens under investigation for active Aβ immunization may
be found in our recent review article (Lemere et al., 2007).

In an attempt to design a vaccine that would generate strong Aβ titers while avoiding an adverse
T cell-mediated response, we first constructed a dendrimeric immunogen, dAβ1-15, consisting
of 16 copies of Aβ1-15 peptide on a branched lysine tree (Seabrook et al., 2006). Weekly
intranasal vaccination with dAβ1-15 with a mucosal adjuvant, mutant Escherichia coli heat-
labile enterotoxin LT(R192G) (Dickinson and Clements, 1995), in J20 hAPPFAD transgenic
mice (Mucke et al., 2000) 6–12 months of age resulted in a robust, predominantly Th2-biased
(IgG2b) anti-Aβ antibody response and a significant reduction in cerebral plaque burden.
Splenocytes from the immunized mice recognized and proliferated upon incubation with
dAβ1-15 but only minimally upon incubation with full-length Aβ, providing evidence that this
immunogen avoided an Aβ-specific cellular immune response.

Next, we tested two novel short Aβ immunogens by synthesizing two linear tandem-repeat
copies of Aβ1-15 linked by two lysine residues, with or without an RGD motif at the amino-
terminus of the peptide (Maier et al., 2006). RGD has been shown previously to
immunogenicity of other antigens, such as Streptococcus mutans epitope (Yano et al., 2003),
and may act as an adjuvant. In our study, intranasal immunization of wild-type mice (B6D2F1)
with 2xAβ1-15 and R-2xAβ1-15 (with the RDG motif) and adjuvant LT(R192G) led to a strong
humoral response, that is, high levels of anti-Aβ antibodies, primarily of Th2-biased IgG1 and
IgG2b antibodies. Splenocytes from the immunized animals recognized and proliferated upon
incubation with 2xAβ1-15 or R-2xAβ1-15 but not with full-length Aβ, suggesting that these
vaccines avoided an Aβ-specific cellular immune response. The addition of the RGD motif did
not provide sufficient adjuvant activity to induce a strong antibody response.

Each vaccine was tested in J20 hAPPFAD transgenic mice at an age when the mice first begin
to show cerebral Aβ deposition. Weekly intranasal vaccination with R-2xAβ1-15 and adjuvant
LT(R192G) in mice 6–12 months of age resulted in strong Aβ antibody production in the
absence of an Aβ-specific cellular immune response. Aβ42- and Aβ40-immunoreactive plaques
and thioflavin S fibrillar amyloid deposits were significantly reduced in the hippocampi of
immunized mice (Fig. 2A–D), indicating an effect on both diffuse and compacted plaques.
Insoluble Aβ levels were nonsignificantly reduced while soluble Aβ40 and Aβ42 were increased
in brain homogenates, and Aβ levels were elevated in plasma (Fig. 2F). Weekly immunization
with 2xAβ1-15 of J20 transgenic mice 4.5–12 months of age also resulted in high anti-Aβ titers
but preferentially cleared Aβ42-immunoreactive diffuse plaques and not Aβ40-immunoreactive
or compacted amyloid plaques (Fig. 2A–C and E). While there was a trend for reduced insoluble
Aβ42, soluble Aβ levels were unchanged and plasma Aβ42 was elevated (Fig. 2G).

J20 mice immunized with 2xAβ-15 were subjected to cognitive evaluation using a reference
memory test, the Morris water maze (MWM). After training, immunized mice were able to
find the platform in the pool more efficiently than their vehicle control counterparts, indicating
faster learning acquisition (Fig. 3A), and had better spatial memory retention of the platform
location when the platform was hidden (Fig. 3C and D). In general, the mice with the highest
anti-Aβ titers performed the best in the MWM tasks.

Conclusions
Aβ immunotherapy has been shown to lower cerebral Aβ levels, especially if given prior to or
in the early stages of pathology, in AD-like transgenic mouse models, nonhuman primates, and
human AD patients. Thus far, human clinical trials with active Aβ immunization have shown
limited efficacy and resulted in adverse effects in 6% of immunized patients (AN1792 trial),
possibly due to T cell-mediated inflammation in the brain. Passive immunotherapy trials
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involving the direct administration of humanized monoclonal antibodies should avoid T cell-
mediated side effects but are costly and less feasible for a very large population. Several human
trials are underway currently. Active Aβ immunotherapy remains under investigation, as it
would be less costly and would provide a long-lasting immune response, thereby reducing
travel to the doctor’s office. Many active Aβ vaccines now target the amino-terminus of Aβ to
generate a strong humoral response and avoid an Aβ-specific T cell response, thought to
account for the adverse effects in the AN1792 trial. As more and more preclinical and clinical
data are collected, it appears that Aβ immunotherapy, like other Aβ-lowering therapies, may
have its best efficacy if given before or in the early stages of cognitive decline, prior to massive
neuritic dystrophy and neuronal loss. Thus, identifying those at risk and in the earliest stages
of the disease, through genetics, biomarkers, and/or imaging, is crucial to early intervention.
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Fig. 1.
Cerebral Aβ levels. (i) Aβ ELISA was used to detect differences in soluble and insoluble Aβ
levels in brain homogenates. No differences were observed between immunized (dotted) and
control (solid) vervet soluble Aβx-42 or Aβx-40 cerebral levels. However, insoluble Aβx-42
was reduced 66% ( p < 0.035, 2-tailed Alternate Welch’s T test) in the 4 immunized vervets
compared to 13 aged age-matched controls. Insoluble Aβx-40 was much less abundant and
was no significantly different between the two treatment groups. (ii) Aβ42
immunohistochemistry using Mab 21F12 on paraffin frontal sections revealed plaque labeling
in 11 of 13 age-matched control vervets (a, 22 years; b, 21 years; c, 23 years; d, 17 years).
Aβ IR plaques were not detected in the frontal cortex of any of the four immunized vervets
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(e, 22 years; f, 18 years; g, 16 years; h, 16 years); five additional cortical regions per immunized
vervet were also devoid of plaque labeling. Scale bar, 50 microns. (iii) Aβ deposition into
cerebral plaques was quantified by visually counting the number of Aβ42 (Mab 21F12-
immunoreactive) plaques occupying four 4x fields (~2.4 × 3 mm) in the frontal cortex from
each of the 4 immunized (open squares) and 13 control (solid diamonds) vervets. Although the
two youngest controls (15 years each) did not show any Aβ plaque labeling, all of the older
animals (aged 16–24 years) showed some plaque labeling. Adapted from Lemere et al.
(2004) with permission from the American Society for Investigative Pathology.
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Fig. 2.
Neuropathological and biochemical analysis of R-2xAβ1-15 (B, D) or 2x-Aβ1-15 (C, E)
immunized animals compared to their corresponding group of adjuvant-treated control
hAPPFAD animals (A, D, E). (A–C) Sections representing the median Aβ plaque load are shown
for each group (A, B, C). (D and E) Quantitative image analysis of Aβ42- and Aβ40-specific
immunoreactive and thioflavin S-positive plaque load. Aβ42-, Aβ40-, and thioflavin S-positive
areas were significantly reduced in the hippocampus after immunization with R-2xAβ1-15+LT
(R192G) (D, p < 0.05, MWU). 2xAβ1-15+LT(R192G)-immunized mice showed a significant
reduction of Aβ42-specific immunoreactivity (E, p < 0.05, MWU) compared to vehicle-treated
controls. (F and G) Insoluble (guanidinium-soluble) brain Aβ, TBS-soluble brain Aβ, and
plasma Aβ levels were analyzed by capture ELISA [absolute values of controls in R-2xAβ1-15
immunization experiment (F) were plasma Aβx–tot 0.03±0.01 pmol/ml, Aβ42 insoluble 2052
±417 pmol/g, Aβ40 insoluble 485±100 pmol/g, Aβ42 TBS soluble 1.6±0.1 pmol/g, and Aβ40
TBS soluble 0.3±0.1 pmol/g; and in the 2xAβ1-15 immunization experiment (G, measured in
a different ELISA run), Aβ40 plasma 0.9±0.6 pmol/ml, Aβ42 plasma 0.3±0.1 pmol/ml, Aβ42
insoluble 3590±800 pmol/g, Aβ40 insoluble 132±32.5 pmol/g, Aβ42 TBS soluble 2.1±0.8 pmol/
g, and Aβ40 TBS soluble 4.6±0.5 pmol/g]. Asterisk indicates a significant difference (MWU,
p < 0.05). Adapted from Maier et al. (2006) with permission from the Society for Neuroscience.
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Fig. 3.
The effect of immunization with 2xAβ1-15+LT(R192G) was assessed in a reference memory
version of the Morris water maze (MWM). (A) 2xAβ1-15+LT(R192G)-immunized
hAPPFAD mice (n = 6) showed significantly faster learning acquisition during the first four
training sessions of a 12-day test as compared to adjuvant-only-treated control hAPPFAD
animals (n = 7; p < 0.05, day 1 to day 5). Both cohorts of mice showed comparable spatial
memory as evaluated by the annulus crossing index (ACI, defined as average frequency of
swims over the platform site in the target quadrant minus average of swims over sites in other
quadrants of the pool) at the end of training (inset, legend see C). (B) During the learning
reversal task, 2xAβ1-15+LT(R192G)-immunized hAPPFAD mice showed a trend of faster
initial acquisition of the new platform location as compared to control hAPPFAD mice during
the first three training sessions (p = 0.09, day 1 to day 3). During the reversal stage (day 4 and
5), both cohorts of mice showed a comparable response to platform displacement. (C) ACI
during probe trials administered 1 h after training on day 3 and day 5 in the platform reversal
task. 2xAβ1-15+LT(R192G)-immunized mice (black bars) show a positive ACI for the
platform location on day 3 or day 5, whereas control hAPPFAD mice (gray bars) show a
significantly lower and negative ACI. (D) Quadrant dwell time of probe trial on day 5 indicates
that control hAPPFAD mice (gray bars) persevered with their search in the original, previous
location of the pool. Asterisks indicate significant results ( p < 0.05). Adapted from Maier et
al. (2006) with permission from the Society for Neuroscience.
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