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Abstract

Therapeutic approaches to the treatment of Alzheimer's disease are focused primarily on the AR
peptide which aggregates to form amyloid deposits in the brain. The amyloid hypothesis states that
amyloid is the precipitating factor that results in the other pathologies of Alzheimer's, namely
neurofibrillary tangles and neurodegeneration, as well as the clinical dementia. One such therapy
that has attracted significant attention is anti-AR immunotherapy. First described in 1999,
immunotherapy uses anti-AR antibodies to lower brain amyloid levels. Active immunization, in
which AR is combined with an adjuvant to stimulate an immune response producing antibodies and
passive immunization, in which antibodies are directly injected, were shown to lower brain amyloid
levels and improve cognition in multiple transgenic mouse models. Mechanisms of action were
studied in these mice and revealed a complex set of mechanisms that depended on the type of antibody
used. When active immunization advanced to clinical trials a subset of patients developed
meningoencephalitis; an event not predicted in mouse studies. However, it was suspected that a T-
cell response due to the type of adjuvant used was the cause of the meningoencephalitis and studies
in mice indicated alternative methods of vaccination. Passive immunization has also advanced to
phase 111 clinical trials on the basis of successful transgenic mouse studies. Reports from the active
immunization clinical trial indicated that, indeed, amyloid levels in brain were reduced. While APP
transgenic mouse models are useful in studying amyloid pathology these mice do not generate
significant tau pathology or neuron loss. Continued development of new mouse models that do
generate all of these pathologies will be critical in more accurately testing therapeutics and predicting
the clinical outcome of such therapeutics.

Alzheimer's disease and the amyloid hypothesis

Alzheimer's disease (AD) is a neurodegenerative disorder leading to a dementia with
progressive loss of brain function. The primary risk factor for AD is age, with onset typically
in the 70s—90s. The mean life expectancy is anywhere from 7 to 15 years after the initial
diagnosis, however, rates of progression vary significantly between patients. While diagnosis
of AD may be made through a battery of cognitive tests, a definite diagnosis can only be made
at autopsy by microscopic examination of the brain tissue. According to the NIA-Reagan
criteria a diagnosis of AD requires the presence of amyloid deposits, neurofibrillary tangles
and neurodegeneration as well as dementia [1]. Amyloid plaques are insoluble, extracellular
accumulations of amyloid-beta (AB) peptides. Neurofibrillary tangles are intraneuronal
accumulations of hyperphosphorylated, aggregated tau protein (a microtubule binding protein)
that redistributes to the neuronal soma. There are many accompanying pathologies in AD
including cerebral amyloid angiopathy (accumulation of amyloid in the cerebrovasculature)
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and neuroinflammation (microglial and astrocytic reactivity to the abnormal proteins in the
Alzheimer brain). These likely play a significant role in the disease progression.

The amyloid hypothesis of AD is based upon the pathologic characteristics and the genetics
of the disease. Early onset-familial Alzheimer's disease (FAD) is a rare, genetic form of the
disease. To date, all genes known to cause FAD are involved in the production of AR, and
therefore amyloid. These genes are the amyloid precursor protein (APP) gene, and the
presenilin 1 (PS1) and presenilin 2 (PS2) genes. APP is a single membrane-spanning protein
whose exact physiological function is unknown. However, data suggest that APP may be
involved in synapse formation and stability, cell adhesion, memory and even possibly may act
as a G-protein coupled receptor (reviewed by [2]). APP can be cleaved by 3 enzymes; a, B and
vy secretase. Cleavage by B and y produces the AR peptide; the length of which is determined
by the y-secretase cleavage. Under normal conditions an o cleavage is the dominant cleavage,
which produces non-amyloidogenic fragments (reviewed by [3]). The presenilins are highly
conserved proteins with 8 transmembrane domains and are now known to be part of the y-
secretase complex. Both PS1 and PS2 are physiologically cleaved forming 2 polypeptides that
may function in the control of apoptosis. It is also known that genetic deletion of presenilins
is lethal due to alteration of Notch processing and signaling (reviewed by [4]).

Very simply, the amyloid cascade hypothesis states that deposition of AR in the brain is the
precipitating factor that then results in tau hyperphosphorylation, aggregation and, ultimately,
neurofibrillary tangles. Amyloid deposition and tau pathology are then thought to both
contribute to neuronal degeneration, which results in the cognitive decline in AD [5]. In support
of the amyloid hypothesis, all FAD mutations either increase total AR production (via APP
mutations) or shift AR production to the more fibrillogenic AR1—-42 species (via PS mutations)
(reviewed by [6]). Also supporting this hypothesis is the pathology of Down's syndrome.
Down's syndrome is caused by a triplication of chromosome 21. This chromosome carries the
APP gene, therefore, APP is triplicated along with a number of other important genes. It is well
known that Down's syndrome patients develop AD. By 40 years of age 25% of Down's patients
develop clinical AD and by 60 years of age 65% develop AD. At autopsy all Down's patients
have significant amyloid deposition in their brains [7]. Similarly, there are families carrying
duplication of the APP locus which results in autosomal dominant early-onset Alzheimer's
disease with CAA [8-10].

Overview of transgenic mice

Mouse models of Alzheimer's disease (AD) are primarily focused around the familial mutations
in APP or the PS1 and PS2 genes. Table 1 summarizes the transgenic mouse models that will
be discussed in this review. The PDAPP transgenic mouse was the first reported APP transgenic
mouse to develop amyloid deposits similar to those found in the brains of Alzheimer's disease
(AD) patients. This mouse carries the V717F APP mutation that in humans is associated with
early onset AD. An 18-fold overexpression of mutated human APP is observed, and amyloid
deposits are first detected at approximately 6 months of age. The PDAPP mice also develop
mild cerebral amyloid angiopathy (CAA) by 18 months [11]. A similar mouse, the Tg2576
mouse carries the Swedish mutation in APP, the K670M/ M671L. The overexpression of
mutant human APP in the Tg2576 mouse is 5-fold, and the rate of amyloid deposition is
moderate with amyloid deposits first detected at 6 months of age. CAA is sparse and is most
commonly observed by 18 months of age [12]. The majority of studies examining
immunotherapy have used either the PDAPP or Tg2576 mice.

Other commonly used APP transgenic mice include the APP23 mouse which carries the
K670N, M671N mutations in human APP, and has higher level of expression than the Tg2576
mouse [13] and the TJCRND8 mouse, which carries both the V717F and the K670M, M671N
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mutations in APP [14]. Because of the mutations that affect both R secretes and y secretase
activities, the TJCRND8 mouse has a very aggressive rate of amyloid deposition. Finally, the
APP:V7171 mouse carries an APP mutation at the same site as the PDAPP mouse, and it's
pathology closely resembles that of the PDAPP [15]. However, it should be noted that all of
these mouse models are most useful as models of amyloid deposition, as opposed to models
of AD, since they do not develop significant tau pathology or neuron loss (the APP23 mouse
has been shown to have some cortical neuron loss; [16]). A model of vascular amyloid
pathology is the APPSwDI mouse, which carries the K670M/N671L, E693Q and the D694N
APP mutations, corresponding to the Swedish, Dutch and lowa mutations. This mouse has a
rapid rate of amyloid deposition with a high percentage of the amyloid associated with the
vasculature [17]. This mouse was later shown to have a deficient clearance of AR across the
blood-brain barrier [18]. The mutations in presenilin alone do not result in amyloid deposition
[19]. However, when the mouse carrying the M146L mutation in PS1 [19] was crossed with
the Tg2576 APP transgenic mouse [12] it was found that the rate of amyloid deposition was
significantly accelerated, and AR production favored the more fibrillogenic AB1-42 species
[20]. The APP/PS1 transgenic mouse also do not develop significant tau pathology or neuron
loss.

More recent advances in Alzheimer's disease mouse models involve the addition of tau
pathology. Mutations in the tau protein have been found in humans diagnosed with fronto-
temporal dementia (FTD). The first transgenic mouse model incorporating a FTD human tau
mutation was the JINPL3 mouse, which carries the human tau P301L mutation. The P301L
mouse shows hyperphosphorylated tau at disease associated sites, redistribution of tau to the
dendrites and soma of neurons, and formation of neurofibrillary tangle-like structures within
neurons [21]. This mouse has provided useful information on the role of mutated human tau
in neurofibrillary tangle formation and in neuronal pathology. In 2003 Oddo et al presented a
triple transgenic (3xTg) mouse that carried the Swedish mutation in human APP (same APP
mutations as Tg2576), the M146L mutation in human PS1 and the P301L mutation in human
tau. This mouse develops significant intra-neuronal AR and parenchymal amyloid deposits, as
well as intraneuronal hyperphosphorylated tau aggregates [22]. Neuron counts from this 3xTg
mouse by stereological methods show no significant loss of neurons, even in brain regions with
high levels of tau and amyloid pathology [23].

Most recently, several novel approaches to the generation of transgenic mice modeling AD
have been significantly more successful in demonstrating progression of disease beyond
amyloid deposition. Capsoni et al (2000) showed that a mouse expressing recombinant
antibodies neutralizing nerve growth factor (NGF), develops both amyloid plaques and tau
pathology [24]. This represents a significant advance in transgenic mouse modeling as the
amyloid and tau pathologies occur with normal mouse proteins. Also, we have recently shown
in two different APP transgenic mice (the Tg2576; APPSw and the APPSwDI mice) that
genetic deletion of nitric oxide synthase 2 (NOS2) results in progression of amyloid pathology
to include normal mouse tau pathology and significant neuron loss [25;26] (NOS2 deletion is
reviewed in this issue by Colton et al).

The beginning of anti-AR immunotherapy

In 1999 an astounding publication by Schenk et al of Elan pharmaceuticals suggested that
immunization against AR peptide could be used as a potential therapeutic for AD. In Schenk's
study PDAPP mice were either immunized with fibrillar ARB1-42 in an immune adjuvant prior
to the onset of pathology or at an age when significant amyloid pathology was present. Mice
that were immunized prior to the onset of pathology and continued to be immunized monthly
had low levels of detectable amyloid. Furthermore, in those mice that were immunized at an
age when significant amyloid pathology was already present, impressive reductions in amyloid
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deposition were noted [27]. Following this publication, two additional reports demonstrated
that AR vaccination in the APP+PS1 [28] or TJCRNDS [29] transgenic mice improved
performance in learning and memory tasks. The same AR immunization protocol used by
Schenk et al was utilized in both studies, and behavioral deficits in the radial-arm water maze
task [28] and the Morris water maze task [29] were significantly reduced by vaccination.
Together, these initial data indicated that reduction of amyloid deposition could be achieved
by immunization and was sufficient alone to improve learning and memory in mice.

The early vaccination protocols in mice used an active immunization approach. Active
immunization uses an immunogen, in this case AR, combined with an adjuvant to stimulate an
immune response, in this case Freund's adjuvant. The animal / patient's immune system
generates anti-AR antibodies that are then thought to result in reductions in amyloid deposition
(Fig. 1A). Another approach of anti-AR immunotherapy was suggested that would allow greater
control of dose, and also allow a mechanism to withdraw treatment should any adverse events
become apparent. This approach was passive immunization. Passive immunization involves
the in vitro production of monoclonal anti-AR antibodies, and then direct infusion of these
antibodies into the patient / mouse (Fig. 1B).

Active immunization

Administration of an antigen plus an adjuvant is the classical approach to an active
immunization. An adjuvant is a solution that is designed to stimulate an immune response in
order to generate antibodies to the immunogen. Many times, an adjuvant consists of bacteria
fragments. For example, the adjuvant used in many of the mouse studies was Freund's adjuvant.
Freund's consists of inactivated and dried mycobacteria, usually mycobacterium
tuberculosis. The goal of this process is to generate a significant antibody response against the
antigen via activation of B cell antibody production, and increased T cell activation. However,
unregulated T cell responses, or the wrong type of T cell response (type 1 vs. type 2 for
example), is detrimental and can result in an inappropriate immune response [30]. Active
immunization against Af advanced to clinical trials in Alzheimer patients based on the initial
transgenic mouse data showing reduced amyloid deposition and cognitive decline. The trial
was called AN1792 and involved up to 5 immunizations over a 36 week period. The clinical
trial was suspended due to an occurrence of subacute meningoencephalitis (inflammation of
the brain and meninges) in approximately 6% of patients [31]. It is important to note that
meningoencephalitis had not been observed in mouse studies using the amyloid deposition
models available at that time. Following this disrupted clinical trial, subsequent active
immunization studies have focused on 1) testing various adjuvants to overcome an
inappropriate t-cell response, and 2) alternate immunization protocols (summarized in table
2).

Speculation on the reasons for failure of the initial clinical trial on active vaccination focused
on the type of adjuvant used to promote the antibody response. The adjuvant used in the
AN1792 trial was QS21, which is a Th1 type adjuvant. This type of adjuvant can initiate the
production of pro-inflammatory cytokines such as interferon-y (IFNy) [32] . QS21 likely
stimulated a T-cell reaction leading to development of meningoencephalitis. Multiple studies
using transgenic mouse models explored alternatives to the QS21 adjuvant that would stimulate
a Th2 response, as opposed to a Thl response. For example, when alum, an aluminum salt
based Th2-based adjuvant, was used to stimulate a B cell humoral response to AR1-42 in
Tg2576 mice, significant reductions in amyloid levels were observed. The effect on amyloid
levels, however, was only seen in mice treated from 11— 24 months of age. Tg2576 mice
immunized with AR1-42 from 19 to 24 months of age showed no significant changes [33].
Another elegant study compared the humoral and cellular immune responses produced by 2
different adjuvants used in subcutaneous AR vaccination. In this study monophosphoryl lipid
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A (MPL)/trehalose dicorynomycolate (TDM) was compared to Escherichia coli heat-labile
enterotoxin LT (R192G). MPL/TDM generated a much greater antibody titer than LT(R192G),
and was accompanied by a moderate splenocyte proliferation and interferon-gamma (IFNy)
production indicating a cellular response [34].

A critical study separately tested complete Freund's adjuvant (CFA), alum, TiterMax Gold
(TMG) and QS21 as adjuvants for AR1—42 vaccination. QS21 and CFA induced significantly
high antibody titers. Titers were intermediate with alum and lowest with TMG. Alum primarily
produced a Th2 biased response (IgG1 antibody production) whereas the other adjuvants
produced a Th1 biased response (IgG2a production). Because Thl-type responses have been
implicated in autoimmune disease, adjuvants that induce Th-1 responses are likely to be less
useful in AR vaccination protocols. Also, both QS21 and CFA stimulated a significant T-cell
response as indicated by IFNy production [32]. Cribbs et al have further mapped the T-cell
epitope of AR to the 6—28 sequence, while the dominant B cell epitope was found within the
1-15region [32]. Consequently, vaccines can be designed that preferentially use this identified
B-cell epitope over those regions of the AR peptide that initiate adverse T-cell responses.
Together, these data provide valuable information for the design of future clinical trials,
including improved antigen and adjuvant approaches. It is still uncertain whether, indeed, the
adjuvant in the AN1792 trial did cause meningoencephalitis. If a T-cell response was the cause
of the meningoencephalitis these mouse studies provide valuable information regarding the
importance of adjuvant selection for design of future clinical trials.

Another approach to increase the safety of active immunization is to examine alternate
approaches to administration of the vaccination as well as more sophisticated methods of
stimulating anti-AR antibody production. Lemere and colleagues from Harvard University
were the first to suggest the use of intranasal administration of AR vaccination as an alternative
to the subcutaneous route. They showed that weekly intranasal immunizations using AR1-40
alone could stimulate antibody responses in PDAPP transgenic mice sufficient for reduction
in brain AR levels (50—-60% after 7 months of treatment) [35]. Importantly, it was shown that
there was no detectable T- cell response by measuring IFNy levels. It was later shown that
addition of the LT (R192G) adjuvant produced 16-fold higher antibody titers than with no
adjuvant at all [36].

Solomon and colleagues of Tel-Aviv University have studied the use of filamentous phage
displaying 4 immunogenic residues of AR. Filamentous phage stimulate a humoral immune
response for antibody production. The phage can therefore be used to display short
immunogenic determinants fused to their surface resulting in antibody production against these
short fragments, in this case the EFRH residues of AR. Solomon et al showed in 1997 that N-
terminal anti-AR antibodies bound to preformed amyloid fibrils and caused a disaggregation
and neutralization of their neurotoxicity [37]. The EFRH residues of AR, corresponding to
positions 3—6 of AR, were found to be the epitope of the anti-aggregating properties of AR
[38;39]. A filamentous phage displaying the EFRH peptide, the sequence required for
disaggregation of amyloid, was used as antigen for immunization of wildtype [40] and
APP:V7171 transgenic mice [41]. In wildtype mice, the EFRH phage was found to generate
significant antibody titers. In APP:VV7171 transgenic mice the EFRH phage was shown to
reduce amyloid plaques levels by approximately 50% [41]. A similar approach to direct
antibody production to the N-terminal of AR is to use dendrimeric AR1—15 (therefore excluding
the T cell epitope of AR in the AR15—-42 region). AB1—-15 alone was insufficient for antibody
production [42]. However, when 16 copies of AR1-15 were assembled on a branching tree
(dAR1-15) and used as the immunogen with LT (R192G) as the adjuvant, significant antibody,
titers were produced. In J20 transgenic mice (carrying the same mutations as the PDAPP
mouse), a single AR40/42 immunization followed by dAR1-15 boosts produced robust
antibody titers, and significantly lowered amyloid plaque levels in the brain by approximately
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60% [43]. Because the B cell epitope is located in the N-terminal of AR and the T cell epitope
is located in the middle of AR, generation of N-terminal antibodies may avoid an inappropriate
T cell response resulting in adverse events.

Approaches to active immunization have recently focused on avoiding the use of classical
adjuvants, and instead employ techniques that direct the stimulated immune response to
antibody production. Both IL-4 and GM-CSF are cytokines that drive dendritic cell
differentiation and direct a Th2-type response. DaSilva et al (2006) used these cytokines in
combination to elicit a Th2-type response as a replacement for a traditional adjuvant in
TgCRND8 mice. This combination elicited high antibody titers and significantly reduced
amyloid deposition [44]. Bowers et al (2005) directly stimulated an immune response by using
herpes simplex virus (HSV)-amplicon mediated AR vaccination. HSV amplicon vectors have
been shown to elicit a vigorous transgene product-specific immune response in vivo [45]. In
this case, an amplicon vector coding for AR, with and without a tetanus toxin Fragment C
(TXFC) adjuvant, was packaged in an HSV amplicon. The HSV amplicon was then used in a
monthly vaccination protocol for 3 months in Tg2576 mice. Antibody titers were elevated and
no significant difference was seen with the TxFC adjuvant alone. HSV-AR resulted in a
significant T-cell response and some T-cell infiltration into the brain parenchyma. However,
only moderate amyloid reductions were observed with this protocol [46]. More recently, the
authors improved this approach by including IL-4 with AR in the expression vector. The
rationale for this approach was that IL-4 is a Th2 cytokine that promotes a Th2-biased immune
response. When administered to the 3xtg mice HSV-AR-IL4 initiated a Th2 response, produced
antibody titers, and reduced AR levels to undetectable levels [47].

The most recent approach to active vaccination has been to engineer a molecule that will
stimulate an irrelevant T-cell response (i.e. not directed to AR) along with AR1-11. A non-self
promiscuous epitope termed PADRE (pan HLA DR-binding epitope) was combined with AR1
—11 using a DNA vaccine approach. This vaccination study utilized a plasmid containing three
copies of the gene encoding the B cell epitope AB1—-11, and the gene for the synthetic T cell
peptide, PADRE. Also, expression of the macrophage derived chemokine (MDC/CCL22) was
included, which has been shown to both stimulate Th2-type responses and suppress Th1l-type
responses. The construct produced pMDC-3AR1-11-PADRE fusion protein in CHO cells in
vitro. In vivo, a significant humoral response was detected with a highly polarized Th2-type
response. Critically, cognitive performance of 3xTg mice was improved and amyloid
deposition was significantly reduced using the DNA vaccine protocols [48].

Passive immunization

Passive immunization describes the direct injection of antibodies, bypassing the requirement
for animmune response to generate the antibodies. The benefits of this immunization technique
include targeting of specific epitopes of the AR molecule, controlling the amount of antibody
administered, and the ability to rapidly withdraw treatment if adverse events are discovered.
The major disadvantage of this method is the expense required to produce monoclonal
antibodies. Bard et al (2000) were the first group to describe the use of passive immunization
in mice [49]. Their study used several different monoclonal anti-AR antibodies including 3D6
(19G2b ARq_15), 10D5 (IgG1 AR3_7), or 16C11 (IgG1 AR33-4) that targeted various AR
epitopes, and represented different 1gG isotypes. The antibodies were injected intraperitoneally
in 11-12 month old PDAPP mice weekly for 6 months. Amyloid deposits were significantly
reduced in mice treated with 3D6 (IgG2b AR1—15), or 10D5(IgG1 AR3_7), whereas 16C11
(1gG1 AR3z3-42) had no effect. The authors later mapped isotype and epitope specificities in
PDAPP mice using antibodies that represented various epitopes and plaque binding abilities,
as well as different 1gG isotypes. The conclusion from this series of studies was that 1gG2a
antibodies recognizing the N-terminal of AR (3D6 -1gG2b AR;_150r 10D5 -IgG1 AR3-_7), were

J Alzheimers Dis. Author manuscript; available in PMC 2009 January 9.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wilcock and Colton

Page 7

most effective at reducing brain amyloid [50]. IgG2a has the highest affinity for the Fcy receptor
in mouse, and therefore, the authors suggest that Fcy receptor mediated clearance by microglia
is a requirement for amyloid removal. The use of N-terminal antibodies, however, has been
associated with adverse events. In 2002 Pfeifer et al showed that passive immunization of aged
APP23 mice with an IgG1 N-terminal AR antibody caused a significant increase in the
occurrence of CAA-associated microhemorrhage as well as acute hematomas [51].

Epitope requirements for AR remains controversial. For example, an IgG1 antibody directed
toward the mid-domain of AR (AR13-28) was shown by DeMattos et al (2001) to significantly
reduce brain amyloid deposits in 4 month old PDAPP mice treated every other week for 5
months. Interestingly, this antibody did not bind in vivo plaques but does bind soluble,
monomeric AR with high affinity. Serum AR levels increased rapidly, and significantly,
following a single intravenous injection of the antibody (called m266). The authors, therefore,
suggested that the m266 antibody worked to reduce brain amyloid via a peripheral clearance
as opposed to a central phagocytic mechanism [52]. Later studies by this group showed that
passive immunization the m266 mid-domain antibody did not cause microhemorrhage. This
is in contrast to an N-terminal antibody that caused a significant increase in CAA-associated
microhemorrhage occurrence in PDAPP transgenic mice [53].

C-terminal antibodies were also examined in aged Tg2576 transgenic mice. The 2286 antibody
is an IgG1 that recognizes AR28—40. This antibody was administered intraperitoneally to
Tg2576 mice with a staggered start such that mice received weekly injections for 1, 2 or 3
months and were all sacrificed at 22 months of age. Unlike the C-terminal antibody included
in the 2003 Bard et al study, this antibody was found to bind amyloid plaques in vivo after
systemic administration. A transient but significant microglial reaction was observed but
resolved by the 3 month treatment time-point. Significant amyloid reductions were observed
following 2 months of treatment and cognitive improvement was also observed [54]. This same
C-terminal antibody was later shown to significantly increase CAA levels and CAA-associated
microhemorrhage [55]. An IgG2b C-terminal antibody (2H6) was shown to have the same
effects as the 2286 antibody. A deglycosylated version of 2H6 was also examined and showed
significant reductions in brain amyloid deposits, despite the absence of significant microglial
reactivity. Normally, IgG molecules are heavily glycosylated on their Fc portion. This
glycosylation is important for high affinity binding by Fcy receptors, so therefore,
deglycosylation of anti-Ap antibodies should significantly impair microglial Fcy-receptor
mediated amyloid clearance. Importantly, this deglycosylated antibody attenuated the increase
in CAA and CAA-associated microhemorrhage observed with the intact 2H6 antibody [56].

Recently, antibody therapy has been focused on oligomeric forms of AR which are small,
soluble assemblies of AR (dimers, trimers, tetramers etc.) that have been shown, both in vitro
and in vivo, to be neurotoxic at relatively low concentrations (reviewed by [57]. NAB61 is a
monoclonal antibody that recognizes a complex conformational epitope in the N-terminal of
AR oligomers. Passive immunization of Tg2576 mice with NAB61 did not alter brain amyloid
deposition or APP processing, but did, in fact, improve learning and memory [58]. Also,
another antibody (NU-6) has been developed that is specific for AR oligomers and binds
amyloid plaques in human Alzheimer's tissue. This antibody has been shown to neutralize AR
oligomers in vitro and future studies will examine this antibody as a potential passive
immunotherapeutic [59].

Uncovering the mechanisms of action in transgenic mouse models

There have been three proposed mechanisms of action of immunotherapy. These are
summarized in figure 2 and table 3.
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Mechanism 1

Microglial mediated removal—Muicroglial mediated phagocytosis was first suggested by
Schenk et al (1999) in their original description of AR vaccination. The authors suggested that
microglial Fc-receptor phagocytosis may be responsible for removal of existing plaque.
Microglia have been shown to phagocytose AR both in vitro and in vivo through several
different mechanisms involving opsonization through the complement cascade [60], or the
scavenger receptor [61]. Indeed, across a series of active immunization studies it was shown
that the reduction of compact, Congophilic amyloid deposits correlated with the degree of
microglial activation [62]. Bard's study using passive immunization methods demonstrated
that only antibodies of an isotype with high affinity for Fcy-receptors (1gG2a; [63]) were able
to lower brain amyloid deposits [49]. These data further supported the hypothesis that microglia
are responsible for the clearance of AR. Direct imaging of amyloid deposits in living mice using
multiphoton microscopy [64] was used to examine the effects of antibody application to the
brains of PDAPP mice. Three days following direct application of anti-AR antibodies to the
brain, there was significant removal of amyloid deposits accompanied by activation of
microglia surrounding the remaining deposits. Direct injection of anti-AR antibodies into the
brains of Tg2576 mice resulted in rapid removal of diffuse amyloid deposits (by 24hr), followed
by removal of compact deposits (between 2 and 3 days) accompanied by a transient microglial
reaction (peaked at 3 days) [65].

Conflicting data suggest that effective clearance of AR by anti-AR antibodies can be obtained
in the absence of Fc receptors. Das et al (2003) showed that active immunization of APP
(Tg2576) transgenic mice crossed with Fc receptor knockout mice demonstrated the same
amount of AR reductions as immunized, age-matched APP transgenic mice [66]. As shown by
live imaging using multiphoton microscopy F(ab’), fragments are capable of reducing amyloid
deposition as effectively as the complete 1IgG molecule when applied directly to the brain
[67]. F(ab’), fragments made from an anti-AR,g—_49 1gG also lowered amyloid deposits when
injected intracranially into Tg2576 mice [68]. Inhibition of microglial activation after
intracranial injection of antibody using dexamethasone had no effect on removal of diffuse
amyloid deposits. However, there was no apparent reduction in compact, thioflavine-S positive,
amyloid deposits indicating that microglial activation facilitates the removal of compact
amyloid deposits [68].

Mechanism 2

Catalytic disaggregation—Catalytic disaggregation describes the interaction between an
antibody and an amyloid deposit whereby the binding of the antibody disrupts the tertiary
structure of the plaque resulting in disaggregation. Solomon et al (1997) showed that
monoclonal anti-AR antibodies were capable of inhibiting amyloid plaque formation in vitro
[37]. Later, Frenkel et al showed that anti-AR antibodies are capable of disaggregating AR
plaques and neutralizing their neurotoxicity [38]. This indicated that antibody binding to AR
causes the AR aggregates to dissolve forming monomeric AR. Studies in which F(ab’),
fragments were applied directly to the brain [67;68] and reduce AR indicated a non-Fc mediated
clearance mechanism, possibly via a direct interaction with amyloid deposits. Also, the
reduction in diffuse amyloid deposits by intracranially administered anti-AR antibodies despite
complete inhibition of microglial activation suggested a direct interaction between the antibody
and amyloid [68].

Mechanism 3

Peripheral sink—Studies involving passive immunization have suggested that the primary
mechanism for AP clearance is peripheral, and is not due to the antibodies entering the CNS.
Instead, the AR antibodies act to reduce circulating AR levels. The peripheral sink mechanism
is derived from studies using anti-AR antibodies that were specifically designed to not bind to
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amyloid plaques in the brain (the m266 antibody). When these antibodies were administered
by intraperitoneal injection in the PDAPP mouse, a rapid 1,000-fold increase in circulating
plasma AR levels was observed. These data suggested that circulating AR antibodies bind to
plasma AR and consequently transiently reduce the circulating levels of soluble AR. In turn,
this reduction promotes the removal of soluble AR from the brain by mass action transfer across
the blood brain barrier to the vasculature, hence the term peripheral sink [52]. Dodart et al
further demonstrated that treatment of PDAPP mice with m266 antibody reversed memory
deficits one day after injection, without a reduction in amyloid burden in the brain [69]. The
authors suggested that this rapid reversal of cognitive deficits was due to removal of soluble
AP from the CNS as opposed to reducing brain amyloid plague burden. Cognitive improvement
following passive immunization was also been shown in the Tg2576 mouse with an antibody
recognizing AR1-12, which also did not reduce brain AR levels but did reverse memory deficits
[70]. In a time-course study of weekly systemic anti-AR antibody injection in Tg2576 mice
circulating AR levels in the serum were increased 100-fold following 1 month of treatment,
and remained significantly elevated following 2 and 3 months of treatment [54].

Another study which supports the peripheral sink mechanism as being a primary mechanism
of AR removal used the APPSwDI transgenic mouse, which has been shown to have deficient
clearance of AR across the blood-brain barrier. Active vaccination of these mice produced
significantly high antibody titers, however, no increase in plasma AR was observed, and no
change in brain AR levels were apparent. The authors confirmed that there were equal amounts
of IgG entering the brain by performing an IgG western blot on brain homogenates comparing
immunized Tg2576 mice (that are known to have antibody entering the brain) with immunized
APPSwDI mice [71].

In summary, evidence for each of the proposed mechanisms for amyloid removal is strong. It
is likely that all proposed mechanisms occur as a result of immunotherapy. However, the
dominant mechanism may be determined by several factors including blood brain barrier
integrity, antibody epitope and isotype and individual disease characteristics.

Clinical trials

Based on the impressive data from transgenic mouse studies active AR immunization
progressed rapidly into a clinical trial called AN1792. Although the early response of the
individuals was promising, the trial was suspended when 6% of patients in phase 2 of the study
developed subacute meningoencephalitis; a debilitating, life threatening inflammation of the
brain and meninges [31]. Many of these patients made at least a partial recovery following
treatment with a corticosteroids. Over the course of several years after cessation of the trial,
several autopsy reports were published on patients from the trial. These reports indicated that
vaccination may have lowered amyloid levels in the brain and, therefore, interest in
immunotherapy for treatment of Alzheimer's disease has remained intense.

Comparisons between data from mouse studies and data from the human clinical trials are
provided in table 4. The initial reports following the human trial focused on the patients’ ability
to generate anti-AR antibodies in response to the vaccination. Indeed, some (but not all) patients
generated significant antibody titers. Characterization of these antibodies showed that they
cross reacted with amyloid deposits in brain (including CAA and diffuse amyloid), but did not
cross react with full length APP [72]. Cognition was followed in a subset of patients from the
AN1792 clinical trial in Zurich, Switzerland after suspension of the trial. Patients who
generated anti-AR antibodies that would cross-react with amyloid plaques in Alzheimer tissue
showed a slowed cognitive decline when compared to those patients receiving placebo control
[73]. These findings are reminiscent of the multiple reports of behavioral improvement
following vaccination in various transgenic mouse models.
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The first post-mortem pathology report from a trial patient was published in 2003 [74]. This
patient received 5 vaccinations (4 AR+QS21 and 1 AR+QS21+polysorbate-80) and 6 weeks
following the final injection developed meningoencephalitis. The patient died from a
pulmonary embolism 12 months after the last vaccination. Amyloid plaques were described as
“patchy” in contrast to reasonably uniform plaques in an untreated AD control matched for
Braak & Braak staging (V-VI). Quantification of amyloid plague load in the patient compared
to 7 untreated AD controls revealed 60—70% less amyloid plaque throughout the neocortex
compared to a group of disease stage-matched untreated AD tissue. Some regions that typically
showed high levels of amyloid, such as the inferior, middle and superior temporal gyri, were
almost completely devoid of plaque. Other features of AD such as CAA, neurofibrillary tangles
and neuropil threads were described as unchanged compared to untreated AD controls.
Significant T-lymphocyte infiltration was noted, mostly CD4+ with few CD8+ T-cells.

A second pathology report in a trial patient that developed meningoencephalitis and later died
echoed many of the same findings as Nicoll et al [75]. The patient received only 2
immunizations and nine months following the final injection showed symptoms of aseptic
meningoencephalitis with both CD4+ and CD8+ t-cell infiltrates. The patient was treated but
the encephalitis reactivated resulting in death. The brain showed extensive T cell infiltration
consistent with the meningoencephalitis. CAA and cerebral microhemorrhages were also
noted. Plaques were described as “collapsed” and were surrounded by activated microglial
cells. Many areas showed significantly fewer amyloid plaques than untreated AD brains of the
same Braak & Braak staging. Examination of tau pathology showed reduction / disappearance
of neuritic tau pathology, however, there was still extensive tau pathology present. These
reductions were in comparison to disease stage-matched AD tissue.

The first pathology report from a trial patient that did not develop encephalitis was published
in 2005 [76]. The patient received 3 immunizations, developed significant antibody titers and
did not develop any obvious adverse reaction. It should be noted, despite the absence of
encephailits, B and T cell infiltrates were observed in the brain. The patient died one year after
the final injection and cause of death was described as “failure to thrive”. The brain showed
significant reductions in amyloid load, as detected by immunohistochemistry and
biochemistry. Tangle score was generally lower than the average for untreated AD tissue. CAA
score was the same as untreated controls. Astrogliosis was slightly lower and microgliosis was
unchanged. Despite low antibody titers, another autopsy report also revealed significantly
fewer amyloid deposits in the brain [77]. It was recently reported at the New York Academy
of Sciences conference that, taken together, autopsy data indeed indicates that CAA levels are
increased as well as an increased occurrence of microhemorrhage. However, 4 years after
vaccination some patients showed resolution of even the CAA. Disappointingly, however, the
patients failed to show a long term cognitive benefit of the vaccination [78].

Data from the AN1792 clinical trial suggest that immunotherapy is, indeed, effective in the
removal (or prevention of accumulation) of amyloid from the human AD brain, however, tau
pathology appeared to be relatively unaffected. It should be mentioned, however, that there
remains the possibility that the non-specific inflammatory response to the adjuvant resulted in
AR reduction. In mice, stimulation of an inflammatory response by LPS certainly resulted in
AR reduction [79;80]. It is also unclear whether there was active clearance of amyloid or,
simply, prevention of further amyloid accumulation. Further studies from the other patients
involved in this trial will determine the exact effect of vaccination on other AD pathologies.
Most recently, another setback for active immunization occurred when the trial ACC-001
failed. This trial used a 7 amino acid fragment of AR from the N-terminal conjugated to a
mutated diphtheria toxin protein called CRM 197. The vaccination was designed to avoid the
T-cell response seen in the first trial. ACC-001 caused a vasculitis (inflammation of the blood
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vessels) resulting in skin lesions (see story at
http://www.alzforum.org/new/detail.asp?id=1807) . The cause is currently unknown.

Several trials examining passive immunization are currently ongoing. While the antibodies
used in mouse studies are somewhat equivalent to those in clinical trial, the antibodies must
be humanized to avoid an immune response by the patient. Elan pharmaceuticals are in Phase
I1b continuing to Phase 111 with their antibody called Bapineuzumab in trial AAB-001. While
there has been no data published from this trial to date, the advancement to Phase I1b-111 suggest
that the antibody is well tolerated. Eli Lily pharmaceuticals are in Phase Il with their
monoclonal antibody 266 in trial LY 2062430 Patients enrolled in the phase | trial received one
or three doses of the antibody and showed increased plasma and CSF Ap as predicted from the
mouse studies. The key in these studies will be cognitive performance and avoidance of adverse
effects predicted in mice; i.e. elevated CAA levels and subsequent microhemorrhage.

Conclusion

Discovery and development of immunotherapy as a treatment for Alzheimer's disease would
not have been possible without the development of transgenic mouse models. The extensive
mouse model data has supported the clinical trials in immunotherapy. Further, studies
examining the mechanisms of action have allowed for advancement in development of types
of immunotherapy. Adverse events have been predicted by mouse model studies (CAA and
microhemorrhage effects, for example), while some adverse events were not apparent
(meningoencephalitis) in mice. Also, all immunotherapy studies in mice have shown cognitive
benefit, where tested. However, AN1792 trial failed to show any cognitive benefit over the
longer term. It is important to note here that while transgenic mouse models are valuable to
the study of Alzheimer's disease, they are generally incomplete. There are some significant
differences between mouse and human, and one example is the immune response. It has been
known for some time that human macrophages in vitro produce significantly less NO when
stimulated under conditions that produce high NO levels in mouse macrophages in vitro [81;
82]. The lack of neuron loss in APP transgenic mice suggests more subtle and reversible
pathways leading to the cognitive deficits in these mice. It is likely that in human Alzheimer's
neuron loss is the main contributor to the clinical dementia and, therefore, is an irreversible
process once initiated. This would suggest that treatments such as immunotherapy may be most
valuable in the early stages of disease to halt any further progression. Improvements on mouse
models continue, and the generation of models demonstrating amyloid plaques, normal tau
pathology and accompanying neuron loss will be critical in the future testing of potential
therapeutics to assess not only the efficacy pathologically, but also the point at which
therapeutic benefit is likely to occur. In conclusion, development of better transgenic mouse
models will result in improved understanding of the disease process and therefore improved
development of therapeutic interventions.
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Figure 1.

The two types of immunotherapy for Alzheimer's disease. Panel A depicts active immunization.
Fibrillar AR1-42 is combined with an adjuvant by emulsification. This mixture is then injected
into the mouse. The mouse produces anti-AR antibodies in response to the vaccination. Panel
B depicts passive immunization. In this case, mice are immunized with AR as with active
immunization. Hybridomas are then produced and selected for the correct antibody. This
antibody is then harvested, purified and administered to another mouse for treatment.
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A

MICROGLIAL PHAGOCYTOSIS

Circulating anti-AR antibodies
enter the brain parenchyma

Microglial recruitment
to opsonized AR

“- Fc-receptor mediated microglial
.o+ phagocytosis of amyloid deposits

CATALYTIC DISAGGREGATION

Circulating anti-AR antibodies
enter the brain parenchyma

Antibodies bind
to fibrillar AR 1

A X Solublization of AR
fibrils and efflux.

C PERIPHERAL SINK MECHANISM

Sowk= -+ mmm

Equilibrium between Circulating
brain parenchyma and anti-AR antibodies
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Sequestration of circulating AR results in increased
efflux from the parenchyma.

Figure 2.

The three major proposed mechanisms of action for immunotherapy in amyloid reduction.
Panel A shows the mechanism of microglial phagocytosis. In this case, amyloid fibers (shown
in blue) are opsonized by antibodies (shown in green) entering the brain from the bloodstream.
Microglia then recognize the opsonized AR and phagocytose the amyloid via the Fcy receptor.
Panel B shows the mechanism of catalytic disaggregation. In this case amyloid fibers are bound
by antibodies which then disrupt the tertiary structure of the amyloid deposit. This results in
solublization of the AR and efflux out of the brain. Panel C shows the peripheral sink
mechanism. In this case monomeric soluble AR circulating in the bloodstream is bound by the
circulating antibodies. This sequestration of circulating AR produces a shift in the concentration
gradient of AR between the brain and the blood causing an efflux of AR out of the brain.
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Table 2

Effect

AR + IL-4 + GM-CSF in TJCRND8 mice generated significant antibody titers and
reduces brain AR. DaSilva et al, Neurobiol Dis 2006 23:433—444.

Induces a beneficial Thl-type response and significant antibody titers. Cribbs et al,
Int Immunol 2003 15:505-514.

No evidence of Th2 response. Maier et al, Vaccine 2005 23:5149-5159. Significant
antibody titers and reduces brain AR in PDAPP transgenic mice. Lemere et al,
Neurobiol Aging 2002 23:991-100

Significant antibody titers and reduces brain AR in J20 transgenic mice. Seabrook et
al, J Neuroinflamm 2006 3:14.

Significant antibody titers, improved cognition and reduces brain AR. Movsesyan N
et al, PLoS ONE 2008 3:e2124.

Significant antibody titers and reduces brain AR in APPV:717F mice. Frenkel et al,
Vaccine 2003 21:1060—1065.

Useful for boosting, significant antibody titers and reduces brain AR. Lemere et al,
Ann NY Acad Sci 2000 920:328-331.

Dendrimeric AB1-15 (see above), AB1-42 produces significant antibody titer and
brain AR reductions. Schenk et al, Nature 1999 400:173—-177.

Plasmid containing 3 x AR1-11, PADRE epitope and CCL22 chemokine improve
cognition and reduce brain AR in 3xTg mice. Movseyan et al, PLoS ONE 2008
3:e2124. Amplicon vector containing AR and IL-4 packaged in HSV amplicon
produces significant antibody titers and lowers brain AR. Frazer et al, Mol Ther
2008:845—853.

Summary of alternate approaches to active vaccination protocols.
Component Modification
Adjuvant IL-4 and GM-CSF

Alum
LT(R192G)
Immunogen Dendrimeric AR1-15
AR1-11
AR3-6
Mode of Administration Intranasal
Mode Peptide
DNA
Phage

Filamentous phage displaying AB3—6 produce significant antibody titers and reduces
brain AR. Frenkel et al, Vaccine 2003 21:1060—1065.
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Mechanisms of action for immunotherapy and brief description of some of the studies providing evidence for the given

mechanism.

Mechanism
Microglial mediated phagocytosis.

Catalytic disaggregation.

Peripheral sink

Method

Human microglia cultures
incubated with antibody-
opsonized AR.

Intracranial injection of anti-
AR antibodies or F(ab’),

fragments in Tg2576 mice.

Passive immunization and of
PDAPP mice and ex vivo
analysis of phagocytosis.

Addition of N-terminal anti-
AR antibodies to in vitro
fibrillar AR.

Intracranial administration
of F(ab)’ fragments of
antibodies.

Inhibition of microglial
activation by dexamethasone
following intracranial anti-
AR antibody injection.

Findings
Enhanced uptake of AR by microglial
cells when antibody was present.

Inhibition of microglial activation due
to 1gG also inhibited removal of
compact plaques. F(ab’), fragments
did not result in significant compact
plaque reductions.

Those antibodies that initiated with
most robust AR reductions in PDAPP
mice were also the antibodies that
demonstrated the most robust
phagocytosis on brain slices.

Disaggregation of AR fibrils after
incubation with N-terminal antibodies
thatalso reduced their toxicity in PC12
cells.

F(ab’) fragments injected
intracranially reduce amyloid
deposition.

Diffuse (non-fibrillar) amyloid
deposits were cleared despite
complete inhibition of microglial
activation.

Systemic injection of anti-
AR antibodies.

Administration of anti-AR
antibodies to mice with
deficient blood brain barrier
AR clearance (APPSwDI)

Systemic injection of anti-AR
antibodies into PDAPP mice resulted
in a significant increase in plasma AR
levels and decrease in brain AR.
Systemic injection of anti-AR
antibodies into a mouse with impaired
blood brain barrier AR transport
APPSwDI mice does not cause
increased plasma AR or decreased
brain AR.
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Table 4

Vaccination effects reported in human clinical trial

Meningoencephalitis. 6% of patients in the phase 1l AN1792 active
immunization trial (Orgogozo et al, Neurology 61:46-54).

Reduced AR plaque density (Nicoll et al, J Neuropathol Exp Neurol 65:1040
—1048; Masliah et al, Neurology 64:129-131).

Neurofibrillary tangles and tau pathology unaffected (Ferrer et al, Brain Pathol
14:11-20; Nicoll et al, Nat Med 9:448-452, Masliah et al, Neurology 64:129
-131).

Microhemorrhage in association with CAA (Ferrer et al, Brain Pathol 14:11
—20).

Persistence of CAA (Ferrer et al, Brain Pathol 14:11-20; Nicoll et al, Nat Med
9:448-452, Masliah et al, Neurology 64:129-131).

Loss of myelin in cerebral white matter (Ferrer et al, Brain Pathol 14:11-20)
— possibly complicated by encephalitis.
Slowed cognitive decline (Hock et al, Neuron 38:547-554).

Page 22

A table summarizing the effects of vaccination in the human clinical trial and in transgenic mice. Bold font indicates
where human and mouse showed the same effects.

Vaccination effects reported in APP transgenic mice
No sickness behavior has been reported.

Reduced AR plaque density (Schenk et al, Nature 400:173-178; Das
et al, J Neurosci 25:8532—8538; Wilcock et al, J Neurosci 24:6144
—2151).

Some early tau species reduced (Billings et al, Neuron 45:675-688).

Microhemorrhage in association with CAA (Pfeifer et al, Science
298:1379; Wilcock et al, J Neuroinflamm 1:24; Racke et al, J
Neurosci 25:629-636; Wilcock et al Neuroscience 144:950-960).
Persistence and increase in CAA (Pfeifer et al, Science 298:1379;
Wilcock et al, J Neuroinflamm 1:24; Racke et al, J Neurosci 25:629
—636; Wilcock et al Neuroscience 144:950-960).

Not reported.

Improved cognition (Morgan et al, Nature 408:982—-985).
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