z
/|
~ |

Colloquium

Immunotherapy for Alzheimer’s disease
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The utility of vaccine strategies to treat neurodegenerative dis-
eases such as Alzheimer’s disease (AD) may still hold promise. Both
active and passive immunization strategies reduced AD-like pa-
thology and restored cognitive deficits in transgenic mice. These
results were initially met with considerable optimism; however,
phase lla clinical trials were halted because of a small but signifi-
cant occurrence of meningoencephalitis. Knowledge gained from
studies on amyloid-B peptide (AB) immunotherapy will allow
optimization of new-generation vaccines, targeting highly specific
epitopes while reducing undesired side effects. In harnessing and
steering the immune system, an effective response can be gener-
ated against AB. If this proves successful, AB vaccination could
provide the first definitive treatment for AD.

Izheimer’s disease (AD) is the most common cause of

age-related cognitive decline, affecting >12 million people
worldwide (1). The disease is characterized in its earlier stages
by progressive memory impairment and cognitive decline, al-
tered behavior, and language deficits. Later, patients present
with global amnesia and slowing of motor functions, with death
typically occurring within 9 years after diagnosis (2). Current
drug therapy aims at slowing cognitive decline and ameliorating
the affective and behavioral symptoms associated with disease
progression. However, these drugs provide limited symptomatic
treatment, without targeting the underlying cause of AD. Im-
munization of AD patients provides a novel means of specifically
targeting the neurotoxic effects of amyloid-B peptide (AB) and
thereby targeting disease progression.

The Amyloid Cascade Hypothesis

The main constituent of amyloid consists of a 40- to 43-aa
peptide, AB, and is derived from the proteolytic cleavage of a
family of ubiquitously expressed membrane-spanning proteins,
termed the amyloid precursor proteins (APP) (3). Under normal
conditions, the most abundant species in the brain is the AB
(1-40) peptide (ApPao); however, much of the fibrillar AB is
composed of the longer, more fibrillogenic AB (1-42) peptide
(AB42) (3). These normally soluble peptides undergo conforma-
tional change and polymerize into an aggregated and toxic form,
rich in B-structure (4). Initially, AB4, is deposited in an imma-
ture, diffuse (nonfibrillar) plaque, with little or no detectable
neuritic dystrophy.

Early studies have shown that synthetic fibrillar forms of A
are toxic to cultured neurons (5-7). Several mechanisms of
Ap-induced neurotoxicity have been proposed, including oxida-
tive stress, free-radical formation, disrupted calcium homeosta-
sis, induction of apoptosis, chronic inflammation, and activation
of complement (8). Although it has been shown that increased
levels of AB in the brain correlate with cognitive decline (9),
relatively weak correlations exist between fibrillar amyloid
plaque density and severity of dementia (10-12). Recent studies
point to other forms of AB, namely, small oligomers as the
neurotoxic species (13, 14).

Recent reports using antibodies raised against synthetic AB
oligomers detected a 70-fold increase in oligomeric species in
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AD patients over control brains (15). Moreover, Kayed et al. (16)
found that soluble oligomers display a common conformation-
dependent structure common to all oligomers independent of
their sequence, which suggests a shared mechanism of toxicity.
Functionally, it has been found that naturally secreted oligomers
inhibit hippocampal long-term potentiation in vivo (17). Taken
together, these results suggest that strategies aimed at treating
amyloid disorders should target oligomers of AB. In doing so, the
equilibrium between monomers and higher-order aggregates can
be disrupted, resulting in neutralization of soluble, toxic species.

Immunization Against A in Transgenic Mouse Models of AD

Since Schenk et al. (18) first reported that immunization of
PDAPP mice with synthetic, preaggregated AB4, reduced the
extent and progression of AD pathology (Fig. 1), much progress
has been made in designing a vaccine appropriate for human use.
Several strategies, including active and passive immunization,
have been explored (Table 1), which not only hold promise as
potential therapeutics but also address both the cognitive dys-
function and AB accumulation.

Mechanisms of Action

Although active and passive immunization strategies have
proven efficacious in mouse models of AD, it remains unclear
how antibodies elicit this effect. Several hypotheses have been
put forth to explain results observed in vivo and in vitro, but it is
important to note that these are not mutually exclusive. Any
number of these mechanisms may act under a given set of
circumstances, with factors including the epitope, isotype, and
amyloid burden likely to influence the primary means of clear-
ance or sequestration.

Microglial Mediated Phagocytosis. Bard er al. (23) presented a
model whereby peripherally administered antibodies enter the
CNS and bind A fibrils, with subsequent recruitment of mi-
croglia to phagocytose the complex by means of Fc receptor
ligation. Ex vivo assays confirm the presence of internalized A
within microglia upon incubation with anti-Ap antibodies and
tissue sections. Follow-up studies were consistent with these
observations, because the most effective antibodies (examined in
vivo and ex vivo) were of the IgG2a isotype, which exhibits high
affinity for Fc receptors on microglia (25). Microglial activation
was also found to accompany plaque clearance in vivo by both
active and passive immunization strategies (24, 26) or in contrast
to decrease activation in active immunization in the TgCRNDS
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Fig. 1.

Ap42-immunized TgCRND8 mice have a 50% reduction in plaque burden than untreated TgCRND8 mice. Representative pictures of the distribution

of AB plaques labeled by Dako 6F/3D anti-AB antibody in the hippocampus (A and B) and cortex (C and D) of control peptide-immunized (A and C) and

Ap42-immunized TgCRND8 mice (B and D). (Scale bars = 100 um.)

mouse model (Fig. 2) (20). However, recent reports suggest that
multiple clearance mechanisms may act in concert to clear
amyloid plaques (28, 32). Immunization of Tg2576 mice crossed
with Fc receptor gamma knockout mice were as efficient at
clearing plaques as Tg2576 mice alone, further supporting the
idea of multiple clearance pathways (32). Another possibility
involves internalization of AB/antibody microaggregates by mi-
croglia through the type A scavenger receptor (37). Indeed, a
recent report from Wilcock et al. (33) suggests a two-phase
mechanism of anti-Af antibody action, both independent and
associated with microglial activation. This report suggests that
down-regulation of microglial activation either through the use
of F(ab) fragments or antiinflammatory drugs severely reduces
the clearance of compact fibrillar but not diffuse plaques (38).
Therefore, microglial activation may be necessary for efficient
clearance of senile plaques from the CNS. If this is indeed the
case, then a fine balance must be struck to clear plaques without
eliciting further damage to the surrounding CNS milieu.

Peripheral Sink Hypothesis. An alternate mechanism comes from
the observation that long-term peripheral administration of a
monoclonal antibody (m266) results in a rapid increase in plasma
ApB with subsequent reduction in amyloid burden, without
binding of m266 to AB deposits in the brain (24). These results
suggested that sequestration of plasma A disrupts the AP
equilibrium between the CNS and plasma, resulting in increased
efflux of AB out of the brain, into the periphery where it is
degraded. This hypothesis is supported by a number of obser-
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vations. AB-peptides have been shown to be transported readily
between the CNS and plasma (39-41). Moreover, in nonde-
mented patients, i.v. infusion of anti-Af antibodies led to
increased AP levels in the plasma, with concomitant decreases
in AB within the cerebrospinal fluid (42). These findings are
further supported by Lemere et al. (34), who observed a 28-fold
increase in serum A after chronic, active immunization of
PSAPP mice.

Inhibition of Fibrillogenesis and Cytotoxic AB Species. Previous work
by Solomon and colleagues (43-45) predicted that antibodies
raised against the N terminus of AB could inhibit in vitro
aggregation and could bind to preexisting A fibrils, resulting in
disaggregation and protection from their neurotoxic effects. We
extended this line of evidence by demonstrating that antibodies
directed against residues 4-10 of AB1-42 inhibit both fibrillo-
genesis and cytotoxicity, without eliciting a harmful cytotoxic T
cell response in TgCRNDS mice (20). Consistent with these
results are studies by Bard et al. (25) demonstrating that plaque
clearance is only seen with antibodies directed against the
N-terminal region of AB. Furthermore, a single administration
of anti-AB3-6 IgGl was effective at plaque clearance and
resolution of neuritic lesions within 4 days and lasted up to 32
days in the PDAPP mouse (46). These results support the use of
passive immunization strategies because, once plaques are
cleared, neuronal morphology is restored and therefore may
have a direct impact on cognitive function.

We also suggested that antibodies induced by immunization of
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Table 1. Summary of vaccine studies in transgenic mouse models of AD

Model Treatment (age) Active/passive (route) Treatment schedule Effect Ref(s).
TgCRND8 Prophylactic (6 wk) Active Chronic (19 wk) | ABlevels 19, 20
| Pathology
+ Behavior
PDAPP Prophylactic (6 wk) Active Chronic (11 mo) | ApBlevels 18
| Pathology
Treatment (11 mo) Active Chronic (8 mo) | ABlevels 18
| Pathology
Prophylactic (5 mo) Active (nasal) Chronic (7 mo) | ABlevels 21, 22
| Pathology
Prophylactic (8-20 mo) Passive Chronic (6 mo) | ApBlevels 23-25
| Pathology
Treatment (11-24 mo) Passive Acute | ABlevels 26-28
+ Behavior
Prophylactic (1 and 12 mo)  Active (viral) Chronic | ABlevels 29
| Pathology
+ Behavior
Tg2576 Prophylactic (7-8 mo) Active Chronic | ABlevels 30, 31
| Pathology
+ Behavior
Prophylactic (10-11 mo) Active Chronic (4 mo) | ABlevels 31
| Pathology
Treatment (18 mo) Active Chronic (4 mo) | ABlevels 31
NC pathology
Treatment (10-18 mo) Passive (intracranial)  Acute | ApB levels 24, 26
| Pathology
Tg2576 (FCRy~/~) Treatment (11-15 mo) Active (i.p.) Chronic (3 mo) | ABlevels 32
APP + PS1 Treatment (7.5-14.5 mo) Active Chronic (5 injections) | Ap levels 33
| Pathology
NC behavior
PSAPP Prophylactic (5 wk) Active (i.p./nasal) Chronic (8 wk) | ApBlevels 34
| Pathology
APP23 Prophylactic (21 mo) Passive (i.p.) Chronic (5 mo) | ApBlevels 35
1 Cerebral
hemorrhages
C57BL/6 6-8 wk Active Acute Autoimmune 36

encephalomyelitis

Pathology is defined as amyloid plaque load. NC, no change.

TgCRNDS mice likely target only a subset of AB, namely soluble
species such as protofibrils or oligomers (20). This suggestion
seems likely because total AB brain levels do not decrease after
immunization of TgCRNDS mice (19), and several independent
studies have presented similar findings (27, 47, 48).

Ap Vaccination in Humans

After promising preclinical results in several species (mice,
rabbits, guinea pigs, and monkeys), clinical trials using Apaz
(AN-1792) in conjunction with the T helper (Th) 1 adjuvant
QS-21 were initiated (42, 49). Although results of phase I trials
showed good tolerability, phase Ila trials were halted when 18 of
298 patients immunized with AN-1792 presented with symptoms
consistent with meningoencephalitis (50, 51). Several reports
have since been published regarding the neuropathology and
clinical outcome of acute immunization, which should prove
useful in designing new generation vaccines (51-55).

Gelinas et al.

Several findings provide hope for AD patients despite the
termination of clinical trials. Postmortem examination of two
AD patients who received injections of AN-1792 revealed absent
or sparse plaques in the neocortex, lacking dystrophic neurites or
reactive astrocytes (as compared with unimmunized controls);
reactive microglia in association with areas devoid of plaques;
and decoration of plaques by IgG and C3 complement. Taken
together, these results suggest that an effective immune response
was generated that resulted in clearance of AB from the patient
(83). Moreover, Hock et al. (54) showed that patients who
generate antibodies exhibit slower rates of cognitive decline; this
effect was even observed in patients who experienced transient
episodes of meningoencephalitis. Neither case altered cerebro-
vascular amyloid; in the latter case, multiple small hemorrhages,
including acute lesions and lesions with macrophages filled with
hemosyderin, were detected in the cerebral cortex. It is unclear
whether these lesions have a direct link to immunization; how-
ever, a report of increased incidence of microhemorrhages in
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Fig. 2.

Ap42-immnized TYJCRND8 mice have reduced microglial activation in comparison with control peptide-immunized TJCRND8 mice. Representative

pictures of the distribution of activated microglia as labeled by anti-CD68 I1gG in the hippocampus (A and B) of control peptide-immunized (A and C) and
Ap42-immunized TgCRND8 mice (B and D). Higher magnification reveals that activated microglia have similar morphology under both immunization paradigms

(Cand D). [Scale bars = 75 um (A and B) and 5 um (C and D).]

APP23 mice after passive A immunotherapy was reported (35).
These studies suggested that AD patients may need to be
screened for the presence and severity of cerebral amyloid
angiopathy before initiating AB immunotherapy.

Neuropathological analysis also revealed infiltration of T
lymphocytes, predominantly of the CD4* type in one patient and
the CD8™ type in the other, and abnormalities of cerebral white
matter, including extensive macrophage infiltration and a reduc-
tion in the density of myelinated fibers (53). Although no
inflammatory reaction was observed in preclinical trials, a
recently published report demonstrates that vaccination of
C57BL/6 mice with AB and pertussis toxin induces autoimmune
encephalomyelitis, with characteristics (inflammatory foci in the
CNS containing macrophages, B and T cells, circulating anti-Af3
antibodies, and a predominantly CD4*-mediated Th1 response)
similar to those observed in humans (36).

The inflammatory response observed in human subjects is
probably attributable to a T cell-mediated event (9, 56). Infil-
tration of activated T cells had been predicted well before
commencement of clinical trials (57). T cell epitopes have been
mapped to the mid- to carboxy-terminal region (residues 15-42)
of AB (Fig. 3) (58). We subsequently showed that antibodies
directed toward the N terminus (residues 4-10) were sufficient
to inhibit cytotoxicity and fibrillogenesis without eliciting an
inflammatory response (20). Thus, immunization with the full-
length AB1-42 peptide, containing both B and T cell epitopes,
would be expected to result in extensive T cell activation. Recent
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reports of increased T cell reactivity in AD patients and older
humans, predominantly against amino acids 16-33 of AB, seem
in line with these predictions. These results become difficult to
interpret, however, in light of contradictory reports indicating
that lymphocytes from AD patients exhibit weak proliferative
responses to AB and other synthetic peptides corresponding to
parts of the APP sequence, as compared with young and aged
healthy individuals (59). Moreover, APP transgenic mice were
found to be hyporesponsive to human Ap, in terms of humoral
and cellular immune responses (60), suggesting that increased
production of AB from such a young age may induce a form of
central and peripheral T cell tolerance.

Future Perspectives

The AN-1792 trials highlighted the importance of a directed
immune response. Many factors, such as antigen, adjuvant, and
delivery systems, can be modified to elicit specific cellular and
humoral responses. Given the distinct location of B and T cell
epitopes within A3, new immunogens can be designed which lack
the irrelevant C terminus but retain those residues (4-10)
required for binding to AB (Fig. 3) (20). Sigurdsson et al. (61)

DAEFRHDSGY ,,EVHHQKLVFF ,,AEDVGSNKGA,,[IGLMVGGVV,, A
B-Cell Epitope

T-Cell Activation Sites

Fig.3. The sequence of B and T cell epitopes within the AB1-42 amino acid
sequence as determined by mathematical algorithms.
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have demonstrated that immunization with a synthetic nontoxic/
nonfibrillar AB homologous peptide could reduce AD pathology
and potentially offer a safer alternative than immunization with
AB1-42. Lemere and colleagues (62) have shown that when
administered nasally AB1-15 was not as efficient as AB1-42 at
priming an immune response but was equally efficient at boost-
ing titers. Elan’s experimental vaccine has been further exam-
ined, and it has been found that patients who developed the
inflammatory response recognized the tail end of AB, exactly the
same as patients who do not (63). These results suggest that
modifying the antigen alone may not be sufficient to avoid
encephalitogenic responses in all patients.

Immune responses will also need to be directed toward a Th2
response, which promotes antibody production, down-regulates
proinflammatory Thl responses, and results in the release of
antiinflammatory cytokines that have the potential to mitigate
chronic inflammatory conditions already present in AD patients
(64). This is particularly important given recent findings that
microglia-mediated release of nitric oxide by AB-reactive Thl
cells can contribute to AD neurotoxicity; Th2 cells, however,
were found to counterbalance the toxic effects of NO (65). Nasal
immunization paradigms have illustrated the potential to de-
crease AD pathology while inducing the expression of the
antiinflammatory cytokines IL-4, IL-10, and transforming
growth factor beta B (TGF-B) (21, 22). Wyss-Coray et al. (66)
have demonstrated that modest increases in astroglial produc-
tion of TGF-B1 results in a marked reduction in plaque burden
and overall AB load, presumably through promotion of micro-
glia. The choice of adjuvant used in a vaccine protocol will also
have modulatory effects on the Thl versus Th2 responses.
Nontransgenic mice immunized with AB1-42 mixed with Alum
induce primarily a Th2 response, whereas TitreMax Gold, com-
plete Freund’s adjuvant, and QS21 induce predominantly a Th1
response (67). Furthermore the use of costimulatory molecules
or chemokines to target effective antigen presentation by den-
dritic cells in the lymph nodes have been successful in in vivo
models of AIDS and cancer (68, 69).

Rangan et al. (70) have identified recombinant antibody
light-chain fragments with proteolytic activity, capable of hy-
drolyzing A in vitro. Although these fragments currently dem-
onstrate broad substrate specificity, they may prove therapeuti-
cally useful if the antibody could be engineered to specifically
target pathogenic forms of A, such as oligomers or protofibrils.
Also, Frenkel et al. (71) suggested a novel approach, where
intracellular expression of a site-directed single-chain antibody,
which has been shown to inhibit fibrillogenesis and cytotoxicity
in vitro, could target AR before it is released from the cell.

DNA vaccines or viral vectors may also be developed to
enhance antigen expression and ease of vaccine administration.
One report of a recombinant adeno-associated virus vaccine,
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consisting of AB1-42 fused to cholera toxin B subunit, cleared
plaques and improved behavior in the PDAPP mouse (29).
Cholera toxin B is the nontoxic subunit and has been shown to
act as a non-Th1-inducing adjuvant. DNA vaccines also contain
immunostimulatory sequences, such as cytosine-phosphate-
guanosine repeats, that act as adjuvants. Alternatively, DNA
vaccines can be constructed to express the antigen of choice
along with an immunomodulatory protein. The chimeric DNA
minigene encoding AB fused to mouse IL-4 generated a strong
humoral response in wild-type mice (72). The antibodies gen-
erated were primarily to the N terminus, of the IgG1 and IgG2a
subtype and recognize human amyloid plaques, suggesting not
only a Th2 response but also therapeutic potential. To date
clinical trials using DNA have required relatively high doses of
DNA to elicit immune responses. The development of micro-
particles and nanoparticles for DNA delivery systems may
circumvent this limitation (73). Alternatively, oral vaccines
consisting of adeno-associated viral vectors have been shown to
induce antibody production for 6 months after a single dose (63).
This approach may be safer than intramuscular injections be-
cause epithelia lining the gut have a rapid turnover and therefore
will decrease the half-life of the vector within the body.

Conclusions

Insights gained from the pathology, biochemistry, and genetics
of AD have allowed identification of a target for therapy, ApB,
and the generation of transgenic mouse models that recapit-
ulate pathological and behavioral aspects of the disease in
which to test hypotheses. The first set of evidence that
immunization with AB could reduce AD pathology and restore
cognitive deficits in transgenic mice was met with considerable
optimism; this optimism was short-lived, however, because
clinical trials of a vaccine were canceled because of a small but
significant occurrence of meningoencephalitis. Despite nu-
merous adverse events associated with clinical trials of AN-
1792, preliminary data demonstrate that vaccination can re-
duce AD pathology and mitigate progressive cognitive decline
associated with the disease. Knowledge gained from studies on
AP immunotherapy will allow optimization of the vaccine to
avoid side effects, while generating a highly specific and
effective immune response against what is now believed to be
the causative agent of synaptic loss and cognitive decline, Af.
If this proves successful, AB vaccination could provide the first
definitive treatment for AD.
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