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Abstract
Over the last 10 years, promising data has emerged from both animal and human studies that both
active immunization with amyloid-β (Aβ) as well as passive immunization with anti-Aβ antibodies
offer promise as therapies for Alzheimer’s disease (AD). Data from animal models suggests that
antibodies to Aβ through several mechanisms can decrease Aβ deposition, decrease Aβ-associated
damage such as dystrophic neurite formation, and improve behavioral performance. Data from
human studies suggests that active immunization can result in plaque clearance and that passive
immunotherapy might result in slowing of cognitive decline. Despite this, a recent analysis from a
phase I trial that involved active immunization with Aβ42, while not powered to determine efficacy,
suggested no large effect of active immunization despite the fact that plaque clearance was very
prominent in some subjects. An important issue to consider is when active or passive immunization
targeting Aβ has the chance to be most effective. Clinicopathological and biomarker studies have
shown that in terms of the time course of AD, Aβ deposition probably begins about 10–15 years prior
to symptom onset (preclinical AD) and that tau aggregation in tangles and in neurites does not begin
to accelerate and build up in larger amounts in the neocortex until just prior to symptom onset. By
the time the earliest clinical signs of AD emerge, Aβ deposition may be close to reaching its peak
and tangle formation and neuronal cell loss is substantial though still not at its maximal extent. Since
immunization targeting Aβ does not appear to have major effects on tangle pathology, for
immunization to have the most chance for success, performing clinical trials in individuals who are
cognitively only very mildly impaired or even in those with preclinical AD would likely offer a much
better chance for success. Current work with AD biomarkers suggests that such individuals can now
be identified and it seems likely that targeting this population with immunization strategies targeting
Aβ would offer the best chance of success.
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INTRODUCTION
The aggregation, buildup, and deposition of the 37–43 amino acid peptide amyloid-β (Aβ)
predominantly in the extracellular space of the brain in diffuse and neuritic plaques as well as
in cerebral arterioles in the form of cerebral amyloid angiopathy (CAA) is one of the main
pathological features of Alzheimer’s disease (AD). The premise underlying the amyloid
hypothesis is that Aβ accumulation and toxicity is a primary upstream driving event in AD
pathogenesis. This idea which is based on genetic, biochemical, and animal model data, has
provided a theoretical background for many attempts to develop disease -modifying therapies
for AD, aiming to decrease Aβ production, inhibit its aggregation, or promote its clearance
from the brain. Immunotherapeutic approaches targeting Aβ gained major international interest
after the publication of promising results of studies in transgenic mouse models that develop
Aβ accumulation and other changes in the brain. Despite some positive results that have come
from the first human trial of Aβ immunotherapy on amyloid plaque clearance, long-term follow
up from the first phase I study showed no major effect on survival or disease progression. While
there are many issues and caveats to consider in regard to the AN1792 trial, several lines of
evidence suggest that many of the pathological processes that characterize the early stages of
AD may become self-propagating elements in cell destruction and degeneration in the
advanced pathological stages of AD, independent of the presence of amyloid deposition.
Importantly, the advanced pathological stages of AD are almost always present by the time
that AD patients have reached the clinical stages that are termed mild to moderate dementia.
Based on these results, it remains unclear whether targeting amyloid pathology in the presence
of significant tau pathology, synaptic dysfunction, or neuronal loss which are present by the
mild to moderate clinical stages of AD, will be effective. These results have highlighted the
importance of early disease detection to maximize the efficacy of disease-modifying therapy
targeting Aβ and amyloid-associated pathology. This has translated into significant research
efforts in search of biological or radiological biomarkers that can correlate with the presence
of AD-like pathology that may be detectable prior to the onset of significant cognitive
impairment, especially if such changes can be used to predict clinical outcome. The utilization
of such antecedent biomarkers for AD has the potential to be critical in the design of future
clinical trials for passive and active immunotherapy approaches targeting Aβ, and for the
identification of subjects who are most likely to benefit from such disease-modifying therapies.
Moreover, such information has the potential to greatly influence decisions in clinical trial
enrollment, initiation of treatment, and assessment of treatment outcomes.

PATHOLOGICAL HALLMARKS OF AD
The characteristic pathological features of AD include Aβ-containing amyloid plaques,
dystrophic neurites, neurofibrillary tangles (NFT), and neuropil threads [1]. Plaques consist
predominantly of abnormal insoluble extracellular aggregates of the Aβ peptide; a normally
soluble 4 kDa peptide of 37–43 amino acids in length, which is derived from the proteolytic
cleavage and processing of a larger protein, amyloid precursor protein (APP) by β and γ
secretases [2]. “Neuritic” plaques are mainly composed of extracellular deposits of Aβ in a β-
pleated sheet conformation (i.e. they bind to dyes such as Congo red and thioflavin-S) as well
as cellular components that include degenerating neuritic processes (referred to as dystrophic
neurites), astrocytes, and microglia [3]. “Diffuse” plaques consist of Aβ deposits that contain
little to no fibrillar Aβ and lack prominent neuritic or glial changes [4]. Approximately 80–90
% of patients with AD also have evidence of amyloid deposition in the walls of small-to-
medium blood vessels in the meninges and cerebral parenchyma, referred to as CAA [5,6].

Tau is a cytoplasmic, microtubule-associated protein that plays a major role in the assembly
and stabilization of microtubules. In normal circumstances, tau is soluble and there is
equilibrium between the phosphorylation and dephosphorylation of tau. Hyperphosphorylation
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and conversion of tau to insoluble forms inside the neuronal cytoplasm is thought to be one of
the earliest changes in AD, and impairs the ability of tau to bind to and stabilize microtubules
[7,8]. Paired helical filaments are generated by the self-aggregation of tau, which subsequently
assemble in the neuronal perikarya leading to the formation of neurofibrillary tangles or in the
neuronal dendrites leading to the formation of neuropil threads [8,9].

TEMPORAL PATTERN OF THE PATHOLOGICAL PROCESSES IN AD
There has been a large amount of evidence, from both animal and human studies, supporting
a crucial role for Aβ in the pathogenesis of AD. Based on genetic and biochemical studies, it
is strongly believed that the deposition of insoluble forms of Aβ in the form of both oligomers
and amyloid plaques is a pivotal step in the pathogenesis of AD, later culminating in neuronal
loss, synaptic loss, and synaptic dysfunction. In addition, while tau aggregation may initiate
as an independent process, there is evidence that Aβ accumulation exacerbates tau
accumulation [10–12]. The “amyloid hypothesis” of AD [13] represents an attempt to explain
the neurodegenerative substrates of AD as direct consequences of accumulation, and increased
deposition, of insoluble extracellular, and perhaps, intracellular Aβ [14] with neurotoxic
properties. This idea was first introduced after the isolation of Aβ from AD plaques in 1984
and has since been supported by multiple lines of evidence. Aβ is produced by the proteolytic
cleavage of the full length amyloid precursor protein (APP) by the action of β and γ secretases
[2,15]. Point mutations in APP, presenilin -1 (PS-1), or presenilin-2 (PS-2) can cause familial
forms of AD, most likely due to a common mechanism of increased Aβ production (particularly
of the more aggregation -prone form of Aβ, Aβ42) leading to early onset of Aβ aggregation
[16,17]. There are some mutations in APP that appear not to increase Aβ production, but rather
alter its propensity to aggregate and/or slow its clearance from the brain [15]. Trisomy 21 or
Down syndrome is associated with early onset of AD pathology and dementia in affected
individuals due to an extra copy of the APP gene [18] which leads to increased levels of APP
and Aβ that probably promote early onset of Aβ aggregation in the brain [19]. In addition,
duplication of the APP gene leads to CAA and AD [20].

The amyloid hypothesis has provided the first link to the cascade of destructive events that
characterize this disease, and has stimulated interest in understanding the temporal pattern and
relative contribution of pathological events implicated in the disease process. Multiple studies
of molecular and pathological indicators of disease progression have proposed models for the
temporal pattern of biochemical and pathological changes in AD. Data from these studies,
studies of familial cases of AD, and mouse models of AD support the notion that amyloid
deposition is an early occurrence in AD that begins many years prior to the appearance of
clinical signs of cognitive decline that characterize AD. In fact, amyloid deposition has been
estimated to begin 10–15 years prior to any clinically detectable signs of dementia [21],
progress with time, and reach what many refer to as a “ceiling” effect. There is evidence to
suggest that Aβ accumulation achieves a high steady state by the early clinically evident stage
of disease, with only little increase afterwards. In other words, amyloid deposition has already
reached or is close to reaching its peak by the time there is evidence of even very mild dementia,
as sometimes termed mild cognitive impairment (MCI) or in terms of staging of disease, a
clinical dementia rating (CDR) of 0.5, very mildly impaired [21,22].

Results from neuropathological studies of non-demented elderly, individuals with mild
cognitive impairment (MCI), and early stage Alzheimer’s disease have shown that individuals
with MCI or very mild dementia (CDR 0.5) have profuse numbers of senile plaques in all
neocortical regions [21]. In addition, such individuals have increased NFT densities in the
hippocampus and entorhinal cortex. These studies suggest an important notion: by the time
dementia is minimally apparent clinically, the histopathological changes of AD have already
been established with substantial numbers of both diffuse and neuritic plaques distributed
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widely throughout the cerebral cortex. In fact, even cases with the mildest stages of dementia
(CDR 0.5) have sufficient plaques and tangles that usually meet pathological criteria for a
diagnosis of AD [23]. Since these lesions are believed to accumulate relatively slowly, it has
been proposed that the disease process must begin at an even earlier stage. These studies have
changed our thinking of the pathological time course of AD, and along with other studies in
this field, have introduced the concept of the preclinical stage of AD (i.e. neuropathological
evidence in the absence of clinical signs) [24]. Such stages have long been described in Down
syndrome [25].

The identification of significant AD neuropathology in individuals with even the mildest stages
of the AD dementia syndrome has raised interest in identifying the pathological correlates of
cognitively intact elderly, with the hope of detecting preclinical stages of pathology.
Interestingly, these studies have demonstrated the presence of significant AD pathology in a
subset of cognitively intact elderly, with quantitative and qualitative differences from what can
be attributed to normal aging [21]. Although previous reports have suggested that the
neuropathological distinction between aging and AD is based on higher densities of senile
plaques in the neocortex of AD [26], there also appear to be qualitative differences in the type
of plaques in AD compared to aging. While a few diffuse plaques can be seen in the neocortex
of healthy elderly, the neuritic plaques are generally not part of ‘healthy aging”.
Neuropathological reports from a subset of non-demented elderly have indicated the presence
of diffuse and to a lesser extent neuritic plaques distributed extensively across the neocortex.
Furthermore, there was evidence of predominantly neuritic plaques in the limbic structures,
particularly the entorhinal and perirhinal cortex, resembling those changes seen in MCI/very
mild AD (CDR-0.5). Based on these results, it has been suggested that previous reports
attributing the presence of neuritic plaques in non-demented individuals to normal aging were
very likely contaminated by cases of unrecognized pre-clinical AD [21].

NFT formation differs both spatially and temporally from plaque pathology. At least a few
NFTs can be seen in the brains of virtually all non-demented elderly with or without plaques,
including vulnerable brain regions such as the entorhinal cortex and the hippocampus.
Moreover, there appears to be an exponential increase in the rate of NFT formation with normal
aging [21]. Some studies have suggested that tau pathology occurs very early, even preceding
any signs of amyloid deposition by decades [27]. However, in the absence of plaques,
neurofibrillary changes are relatively slow and appear to be confined to the medial temporal
lobe structures. On the other hand, their more extensive buildup in the neocortex appears to
occur later than Aβ deposition, and in fact, there is correlative evidence that it may be driven
by the presence of extensive Aβ pathology in preclinical AD. The presence of amyloid plaques
is correlated with a significantly larger amount of NFT formation compared to elderly with
few or no plaques. In other words, while early and slowly progressive NFT formation can be
seen in the limbic structures with normal aging, independent of amyloid pathology, this is
thought to occur at a too indolent rate to produce AD. It appears that early Aβ deposition is a
key process that promotes NFT formation at higher rates and results in the formation of
dystrophic neurites, and subsequently neuritic plaques. This is supported by recent genetic data
in which single nucleotide polymorphisms in the tau gene are associated with both tau levels
in the cerebrospinal fluid (CSF) as well as earlier onset of dementia of the Alzheimer’s type,
but only in individuals who have evidence of brain amyloid deposition [28]. This presumed
role for Aβ in inducing tau accumulation is supported by the observation that tau-containing
dystrophic neurites tend to form around Aβ plaques [29]. In addition, animal studies show that
Aβ accumulation appears to exacerbate tau accumulation [11,12]. Further accumulation of
neuritic plaques and tangle pathology progresses over time, and in the absence of sufficient
neuronal, axonal, and synaptic damage to cause clinically detectable dementia, marks the
preclinical stages of AD. Supportive of the fact that Aβ accumulation generally drives early
events in AD, we have recently found that reduction in CSF Aβ42, that reflects Aβ aggregation
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in the brain, is associated with brain atrophy in the pre-clinical phase of AD [30]. In contrast,
CSF tau levels were not correlated with brain atrophy in cognitively normal elderly but the
levels were negatively correlated with brain atrophy in individuals with very mild and mild
dementia of the Alzheimer’s type [30]. This suggests that increases in CSF tau (and ptau181),
probably reflecting overall levels of neurofibrillary- linked neurodegeneration, are later events
that correlate with further structural damage and occur with clinical onset and progression of
disease [30].

The earliest clinical signs of dementia are thought to occur when a threshold of neuronal loss,
axonal loss, and loss of synaptic integrity is reached in several areas of the brain such as the
hippocampus, entorhinal cortex, and specific neocortical regions. This is suggested by studies
comparing tissue volumes and neuronal numbers in the entorhinal cortex and hippocampal
field CA1 in healthy brain aging, preclinical AD, and very mild AD (MCI) [31]. These results
indicated that measures of tissue volume and neuronal numbers in cases with preclinical AD
were comparable to those of the healthy elderly. On the other hand, both of these measures
decrease substantially in cases with MCI/very mild AD. These results suggest that a threshold
of neuronal loss and synaptic dysfunction must occur prior to the appearance of the first clinical
manifestations of AD (CDR-0.5), despite the presence of amyloid plaques, and to a lesser
degree NFT, in the preclinical stage.

Following the first clinical signs of cognitive impairment, further disease progression is
associated with progressive neuronal loss, synaptic loss, and progressive increase in NFT
pathology, on a background of maximally elevated Aβ [29]. A decrease in synapse density,
altered synaptic signaling, and synaptic composition are seen in the early stages of AD, even
prior to the occurrence of synaptic degeneration [32]. Although these changes may be driven
by amyloid deposition in the early stages, there is evidence to suggest that these processes may
have a more immediate effect on the severity and progression of dementia. This has been
supported by many studies suggesting that clinical progression correlates well with the extent
of neuronal loss [33,34], with decreasing levels of synaptophysin (a synaptic marker), and with
increasing numbers of NFTs in the hippocampus, entorhinal, and association cortices [29].

Other mechanisms implicated in the pathogenesis of AD include oxidative stress, calcium-
mediated toxicity, microglial activation and neuroinflammation (Interleukin-1 [IL-1],
Interleukin-10 [IL-10], and Tumor Necrosis Factor [TNF-α]) [7]. Inflammation observed in
the brains of patients with AD is thought to be secondary to the presence of amyloid plaques
as well as neurofibrillary changes. The inflammatory reaction in AD includes the activation
and recruitment of microglia and astrocytes, and upregulation of immune mediators such as
IL-1, IL-10, and TNF-α. Astrocytosis, evidenced by increased glial fibrillary acidic protein
levels (GFAP), is also commonly observed in pathological studies of patients with AD, and
seems to correlate with longer disease duration [29]. As the numbers of plaque-associated
microglia and cytokines vary with plaque evolution [35], gliosis is thought to reflect a plaque
and tangle-associated event to some extent.

In summary, preclinical AD is characterized by significant Aβ deposition and lesser degrees
of tau aggregation, with only minimal synaptic and neuronal loss. MCI or very mild dementia
that marks the first clinically detectable stage of AD occurs when neuronal, axonal, and synaptic
loss and dysfunction has reached a threshold, and is associated with further increases in tau
and Aβ42 aggregation. By the time patients have mild or moderate dementia (e.g. CDR-1 or
--2), Aβ deposition has likely already peaked while tau aggregation, neuronal and synaptic
loss, and inflammation continue through the more advanced stages of disease (Fig. 1).
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SUMMARY OF THE IMMUNOTHERAPY TRIALS IN HUMANS
Immunotherapy, including both active and passive immunization targeting Aβ, has been
extensively studied as a potential target for AD therapy. The promising results of the animal
experiments with immunotherapy led to the launching of the first human trial with active
immunization with Aβ42 in 2000 (Elan/Wyeth). The phase I component of this trial was
designed to assess the safety of active immunization with multiple doses of Aβ42 in adjuvant
(AN1792 and QS-21) in 80 patients with mild to moderate dementia. A significant percentage
of patients developed antibodies to Aβ (53%) and no adverse events were reported. Therefore,
a subsequent larger phase IIa trial of 372 patients was started in 2001 to assess efficacy. This
trial was halted prematurely when 18/298 patients (6%) developed a subacute encephalopathy
due to meningoencephalitis [36]. Subsequent postmortem pathological evaluation of patients
enrolled in this trial showed a remarkable reduction in Aβ deposition in some patients [37,
38], similar to what might have been expected based on the animal models [39]. There was a
significant reduction and clearance of plaques from different cortical regions, and residual
plaques were surrounded by microglia and demonstrated a moth eaten appearance probably
due to Aβ phagocytosis. Evidence of microglial activation and localization of Aβ inside
microglia was observed [37]. Tau -containing plaque-associated dystrophic neurites were
removed from areas where plaques had been removed [37]. Long term follow up of some of
these patients for 6 years after initial immunization showed that immunization was associated
with a long-term reduction in Aβ load in some immunized individuals. The effect of
immunization on other pathological correlates of AD was less evident; there were no significant
changes in quantitative measures of tau immunoreactive tangles, neuropil threads, or CAA
even in areas where amyloid plaques had been removed [37].

Despite the premature termination of the trial and the lack of significant effects on other forms
of pathology, this human trial provided a proof of principle for what animal studies had shown
regarding the efficacy of this approach in reducing plaque load. However, data from different
studies are conflicting as to whether active immunotherapy actually translated into functional
benefits in cognitive and behavioral terms. Previous reports suggested that there was no
evidence of statistically significant improvement in cognitive function on several measures or
survival even in patients who had almost complete plaque removal at autopsy [40]. No
differences were observed in five individual cognitive tests (including the mini-mental state
examination [MMSE] and the Alzheimer’s Disease Assessment Scale-Cognitive Subscale
[ADAS-cog]). However, it is important to consider that this study was not powered to detect
small differences in the rate of progression and that many patients were lost to follow up. It is
also important to consider that only about half of the patients produced antibodies and in
variable titers [41]. On the other hand, analysis of the z-score of the Neurological Test Battery
that focuses on tests of episodic memory showed less progression and even some improvement
in certain domains. Also, a few subgroup analyses of the initial trials suggest there may be
some beneficial effect [40,42], and the results remained significant even after patients with
meningoencephalitis were excluded.

More recently, a six-year follow up study of 80 subjects from the phase I of Aβ42 immunization
trial by Holmes et al showed evidence of persistently raised Aβ antibodies in some subjects
and significant reduction in the brain amyloid plaques in a subset of subjects even 5 years after
the last injection [43]. Despite plaque reduction in some individuals, the study reported no
significant difference in survival or the time to severe dementia in the AN1792 and the placebo
groups, even after correction for age and cognitive stage at the time of enrollment [43].
Moreover, there was no difference in the rate of decline over the 6 year follow up period
between the immunized and placebo groups.
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Why this analysis did not show a slowing of progression is not clear. These findings may be
at least partially explained by the possibility that this study was not designed to detect small
but significant changes in disease progression between the immunization and placebo groups
as this was a phase I study. In addition, while Aβ immunization reduces insoluble amyloid
plaques in some people, its effect on other putatively toxic soluble forms of Aβ, such as
oligomers, remains unclear. In addition to these considerations, results from this trial have
potentially very important implications regarding the lack of obvious benefit of amyloid
reduction on delaying disease progression. All study subjects enrolled in this study had mild
to moderate dementia believed to be due to AD at the start of the study. As mentioned earlier,
amyloid deposition probably begins to occur 10–15 years prior to the first clinical signs of
dementia. While active immunization may be able to clear existing amyloid deposits, it seems
unlikely that it will result in reversing or even halting NFT, synaptic loss, inflammation and
neuronal loss which have already been set to motion and have reached substantial levels.

Passive immunization has also been the subject of several human trials. Passive immunization
with a humanized recombinant Aβ monoclonal antibody directed against the N terminus of
Aβ (AAB-001 or Bapineuzumab) has recently entered phase III clinical trials
[http://clinicaltrials.gov/ct2/show/NCT00574132?term=Bapineuzumab&rank=1]. Again, it is
important to note that this large phase III trial is being carried out in individuals with mild to
moderate dementia of the Alzheimer’s type. As the AAB-001 antibody is a humanized version
of mouse monoclonal antibody m3D6 directed against the first 8 amino acids at the N-terminus
of Aβ that has been shown to be able to decrease amyloid plaques in mouse models of AD
[44], it is hoped that the beneficial effects of reducing amyloid burden and potentially
improving cognition will be reproduced. In a phase II trial of AAB-001, two-hundred-thirty-
four (234) patients were randomized to receive one of four doses of bapineuzumab or placebo
by intravenous infusion every 13 weeks. Findings were reported for 229 patients in a modified
intent-to-treat (MITT) analysis. The pre-specified primary efficacy endpoints were change
from baseline in Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-cog) and
Disability Assessment Scale for Dementia (DAD) in the treatment versus placebo groups.
Preliminary findings of the phase II trial were reported at the 2008 International Conference
on Alzheimer’s Disease. While the primary end-point was not met, post-hoc analysis suggested
a beneficial effect in the ApoE4 non-carrier group. In the ApoE4 non-carrier patients,
statistically significant differences from baseline to week 78 were observed in favor of
bapineuzumab -treated patients on both cognitive and functional efficacy endpoints.
Additionally, MRI results showed significantly less brain volume reduction compared to
placebo in the non-carrier patients. On the other hand, no statistically significant changes were
observed in any of the cognitive or functional efficacy endpoints in the ApoE4 carrier patients.

There are now several trials of passive immunization targeting Aβ including a trial of
LY2062430 (Eli Lilly and Co.), which involves passive immunization with an Aβ central
domain antibody. This compound just completed phase II testing
(http://clinicaltrials.gov/ct2/show/NCT00329082?term=LY2062430&rank=1). A very similar
monoclonal antibody in mice (m266) has been shown to improve behavior [45] and reduce
amyloid plaques [46] in an APP transgenic mouse model. Other ongoing trials for passive
immunization with humanized monoclonal antibodies directed toward Aβ include RN-1219
(PF-04360365) (http://www.clinicaltrials.gov) and R-1450 (http://www.centerwatch.com).
Results from these trials have not yet been published.

It is interesting to note that studies of passive immunization in mouse models have also
highlighted the importance of early immunization. Passive immunization of 3xTg-mice that
develop Aβ and tau-accumulation with the monoclonal antibodies 4G8 and 1560 not only
resulted in the clearance of intracellular and extracellular amyloid, but also of early tau
aggregates in the somatodendritic compartment. On the other hand, there was no effect on
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hyperphosphorylated tau or neurofibrillary tangles, which are indicative of more advanced
stages of tau pathology [10]. These findings support the notion that while Aβ may drive tau
pathology in the early stages, the neutralization of Aβ does not seem to affect tau deposition
as tau pathology advances [10].

The recognition of the neuropathological processes that characterize preclinical AD has
important implications for future therapies in AD. This becomes relevant in designing trials
and developing potential disease modifying therapies for AD. Since most attempts at
therapeutic strategies for AD target different steps of the amyloid cascade, it is critically
important to understand that amyloid deposition is an early process in the pathogenesis of AD
that may then prime or trigger a cascade of secondary events (such as inflammation, tau
deposition, production of free radicals, alteration of calcium metabolism, and cell death) that
may contribute significantly to further damage and cognitive decline despite the clearance of
amyloid. By the time these secondary changes become prominent and there is significant
synaptic and neuronal loss, reducing amyloid burden is unlikely to be of any benefit.

Our improved understanding of the spectrum and temporal pattern of the neuropathological
changes that characterize AD highlights the importance of early detection of disease, prior to
the appearance of any clinical signs. Intervention at an early stage should improve our ability
to target disease pathology, such as amyloid deposition, at a relatively reversible stage, and
prior to the occurrence of irreversible neuronal and synaptic loss. The success of current and
future trials of disease-modifying therapies for AD will be significantly influenced by
improving preclinical detection. This requires the identification of surrogate markers of disease
pathology including CSF and blood biomarkers, as well as imaging markers. In other words,
using these “antecedent” markers offers the possibility of preclinical intervention of AD.

EARLY DETECTION OF AMYLOID PATHOLOGY: BLOOD AND CSF
BIOMARK-ERS

There has been vast expansion in our knowledge of many CSF markers that might aid in the
detection, early diagnosis, and prediction of disease progression of AD [47]. A large variety
of potential markers in the blood and CSF have been studied [48,49], including proteins
involved in inflammation, oxidative stress, apolipoproteins, and markers of neurodegeneration,
with conflicting results [50]. Plasma levels of Aβ40 and 42 have been an area of interest;
baseline levels or the ratio of Aβ40/42 appear to be related to the subsequent risk of developing
AD [51–54], though the levels are low and difficult to measure and the methods have not been
standardized across studies. However, other studies have shown that plasma Aβ40 and 42 levels
are not altered in AD vs control subjects [55,56]. Further search for plasma markers is underway
with the exploitation of genomics, proteomics, and metabolomics [57,58]; categories such as
cytoskeletal maintenance, cellular trafficking, cellular stress response, redox homeostasis,
transcription, and DNA repair show unique gene expression in patients with AD compared to
age matched controls [59].

Much more promising results have been achieved to date with studies of CSF biomarkers, as
the CSF appears to be more reflective of underlying pathological processes occurring in the
brain. The CSF biomarkers with the highest diagnostic potential are CSF tau, phosphorylated
forms of tau (p-tau), and Aβ42. This is based on the finding of marked elevations of tau in AD
CSF, and its ability to discriminate AD from normal aging in ~80% of the cases [49]. More
importantly, tau elevation seems to occur at the early stages of dementia, suggesting its utility
in early detection. CSF tau seems to be an indicator of the intensity of neurodegeneration,
phosphorylated tau (p-tau) has been hypothesized as a marker of tangle formation, and CSF
Aβ42 is persistently decreased as it is deposited in AD plaques [49]. The use of the Aβ42/37
ratio [60] has been shown to differentiate AD from non-demented controls and from other
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forms of dementia. More recently, CSF biomarkers of neuronal injury such as visinin-like
protein 1 (VLP-1) have gained some interest. In one study, VLP-1 was higher in AD compared
to age matched controls, and correlated with CSF tau levels as well with MMSE scores [61].

Despite these major advancements in the area of CSF biomarkers for the differential diagnosis
and prognosis of dementia, until recently, little was known about the ability of these markers
to predict conversion to very mild dementia or MCI in asymptomatic elderly or predict
progression from MCI to AD. Our improved understanding of the pathological changes that
characterize MCI and preclinical AD has highlighted the importance of early detection of AD
at preclinical stages, and has translated into significant research efforts in search of biological
or radiological surrogate markers that can detect it prior to the onset of cognitive impairment.
Since only 15% of MCI or very mild dementia patients progress to mild to moderate dementia
per year and not all people with MCI have AD or clinically progress, biomarkers or radiological
markers are needed to accurately determine the presence or absence of underlying AD
pathology and predict rate of progression of disease. These patients are the most likely to benefit
from disease- modifying therapies, as intervention is applied prior to the development of
significant degrees of irreversible neuronal and synaptic damage. The utility of CSF markers
in predicting progression has gained even more attention with the publication of promising
results from the first longitudinal studies in this field. Not surprisingly, these studies have
focused on patients with the earliest stages of cognitive impairment (MCI) and patients with
identifiable risk factors for AD (pre-senilin or APP mutations).

CSF BIOMARKERS PREDICT THE PROGRESSION FROM MCI TO AD
A few studies have addressed the utility of biomarkers in predicting the conversion from MCI
(very mild dementia) to AD with mild to moderate dementia. High CSF tau was found to predict
progression from MCI to AD with 90% sensitivity and 100% specificity in one study [62].
These results were later reproduced in another study that showed that CSF tau was markedly
increased in the CSF of MCI patients who later progressed to AD compared to those MCI cases
with no evidence of progression [63]. Similar results were obtained with the combination of
CSF tau and Aβ42: increased tau and low Aβ42 was found in 90% of cases that later progressed
to AD compared to only 10% in stable MCI patients [64]. These findings have now been
confirmed in a large longitudinal study of MCI patients, who were followed for 4–6 years
[65]. This study demonstrated that the relative risk of progression from MCI to clear-cut
dementia typical of Alzheimer’s disease was substantially increased in patients with MCI who
had elevated concentrations of tau, phosphorylated forms of tau, and low Aβ42 at baseline.
The association between pathological CSF and progression to Alzheimer’s disease was much
stronger than, and independent of, established risk factors including age, sex, education, ApoE
genotype, and plasma homocysteine. The combination of total tau and Aβ42/P-tau181 ratio
yielded closely similar results in the same study. The ratio of CSF tau/Aβ42 has also been
shown to predict progression from mild cognitive impairment (MCI, CDR-0.5) to AD [65].
By 5 years, of those with MCI with a normal tau/Aβ42 ratio, less than 10% progressed to
dementia of the Alzheimer’s type while greater than 90% progressed to mild to moderate AD
if there was a high tau/Aβ42 ratio.

CSF BIOMARKERS IN PREDICTING PROGRESSION FROM COGNITIVELY
NORMAL TO VERY MILD DEMENTIA/MCI

While MCI/very mild dementia patients can be identified clinically, the detection of preclinical
cases poses challenging questions as to how can we identify patients at risk for developing the
clinical signs and symptoms characteristic of AD. Clinical diagnostic evaluations, including
neuropsychological tests, have not been useful in predicting future progression from normal
to MCI/very mild dementia in cognitively intact individuals. With the recognition of the
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importance of detecting preclinical changes to potentially improve therapeutic efficacy, many
studies have recently focused on the utility of CSF biomarkers for detection of pre-symptomatic
or so called “pre-clinical” AD. The ability to identify such individuals should have a major
impact on the identification of appropriate candidates for disease modifying therapies and
better characterization of subjects one might enroll in disease-modifying clinical trials such as
immunization targeting Aβ.

The increased ratio of tau/Aβ42 and p-tau/Aβ42 in cognitively normal individuals was reported
to be associated with an increased risk for conversion from normal to mild cognitive
impairment/very mild dementia (CDR-0.5) in 2 recent studies [56,66]. Li et al. reported that
over the follow up period of 42 months, while no conversions to MCI occurred in the normal
CSF tau/Aβ42 subgroup [56,66], all subjects who converted to MCI had elevated tau/Aβ42
ratios. In the Fagan et al. study, using a tau/Aβ42 cutoff, ~70% of those with a high ratio
converted from normal to very mild dementia over a 3 year period while only ~10% of those
with a normal ratio converted to very mild dementia. Since the high tau/Aβ42 subgroup of non-
demented elderly is clinically indistinguishable from the subgroup of non-demented elderly
with normal tau/Aβ42 ratios, it has been suggested that the subgroup with abnormal ratio
represents a subgroup that has developed Aβ accumulation as well as tau aggregation in the
brain. If such results are replicated across large sample sets, it may be possible to design clinical
trials involving immunization in such individuals who are at very high risk to convert from
normal to dementia over a relatively short period of time.

RADIOLOGICAL MARKERS FOR IN VIVO AMYLOID IMAGING
The introduction of positron emission tomography (PET) imaging using compounds such
as 11C labeled Pittsburgh compound B (11C-PIB) ligand has revolutionized imaging in
dementia and opened new avenues for advanced diagnostic tools in AD. 11C-PIB is a Carbon
11 derivative of the thioflavin-T amyloid dye which binds with high affinity and high
specificity to neuritic Aβ plaques [67]. Human 11C-PIB studies have shown robust binding in
several brain regions in cases of AD, with a significant 1.5–2 fold increase of 11C-PIB binding
compared to controls [68]. 11C-PIB binding correlates with the regional distribution of amyloid
in the frontal, parietal and temporal cortex in postmortem cases [69]. These areas also
correspond to areas with reduced FDG (2-fluoro-2-deoxy-D-glucose)-PET activity [70]. In
contrast, no differences in 11C-PIB retention between AD and normal controls were observed
in areas of the brain not typically affected in AD [68]. Some studies have suggested that the
initial 11C-PIB load is indicative of disease progression in the next 2 years [67,71]. However,
no significant change in amyloid load was observed over the two year course of the study, in
association with disease progression. This is not surprising based on the notion that amyloid
deposition most likely has peaked and stabilized by the time cognitive deficits become
clinically detectable.

Since amyloid deposition is known to precede clinical signs of dementia by many years, 11C-
PIB imaging may allow early detection of amyloid during preclinical AD. Importantly, it has
been shown that up to 30% of cognitively normal elderly by their mid ‘70s have
substantial 11C-PIB retention in the cortex, similar in extent to the amounts observed in subjects
who have mild to moderate dementia of the Alzheimer’s type [72]. Further longitudinal studies
are needed to determine how well this imaging change predicts eventual progression to
dementia. Since 11C-PIB does not detect tangles, it may be that 11C-PIB positivity will begin
to occur many years prior to dementia and some measurements of other markers such as tau
accumulation (as marked by CSF tau) will be needed to accurately predict dementia onset. One
imaging marker, FDNNP (18F-2-(1-(6-[(2-fluoroethyl(methyl)amino]-2-naphthyl)
ethylidene), appears to bind to both plaques and tangles and it will be interesting to determine
its usefulness in predicting cognitive decline in cognitively normal elderly [73]. Global 18F-
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FDDNP retention differentiated patients with MCI from AD or non-demented controls in one
study of 28 patients. Although it was superior to FDG-PET or MRI volumetry in differentiating
AD, MCI, and normal individuals from each other, its use may be limited by its narrow range
of binding [47,73]. Studies have not yet been done correlating CSF biomarkers with FDNNP.

COMBINED USE OF CSF BIOMARKERS AND PIB
The utility of the combined assay of CSF Aβ42 with in vivo amyloid imaging (using 11C-PIB)
in both demented and non-demented individuals as an antecedent marker for AD has recently
been reported by Fagan et al. [56,74]. Subjects fell into two non-overlapping groups: subjects
with low Aβ42 levels and positive 11C-PIB retention, and subjects with high CSF Aβ42 and
no 11C-PIB retention. Among the first group were three subjects who were cognitively intact
(CDR-0), consistent with observations from pathological studies indicating the presence of
amyloid deposition in a subset of cognitively normal elderly (as described previously). These
non-demented 11C-PIB-positive subjects with low CSF Aβ42 levels performed comparably
with the non-demented 11C-PIB -negative subjects on neuropsychological testing. In other
words, the combination of Aβ42 and 11C-PIB allowed a detection of amyloid deposition in
individuals, who appeared normal clinically and via neuropsychological testing. The
combination of CSF Aβ42 and 11C-PIB imaging may be very useful in selecting individuals
with preclinical AD or with very mild dementia for entry into future immunization trials. In
addition, 11C-PIB or similar agents may be useful to determine if certain immunization
strategies are removing amyloid over time.

STRUCTURAL AND FUNCTIONAL IMAGING
In addition to the exciting results of studies using novel markers for in vivo amyloid imaging,
structural imaging such as volumetric MRI has also been shown to offer benefit in predicting
progression to MCI or AD. Measures of hippocampal volume have recently gained interest as
anatomical measurements useful in predicting the transition from normal to MCI and from
MCI to AD [75]. These results have been seen in studies of hippocampal volume [76] and
hippocampal perfusion [77]. In addition, qualitative estimates of hippocampal atrophy in
patients with MCI have been shown to predict cognitive decline and progression to AD [78,
79]. In addition to hippocampal volume, the inclusion of the fusiform gyrus volume
significantly improved the ability to discriminate subjects with MCI from AD [80]. Moreover,
findings have suggested that the reduction in the size of the entorhinal cortex (EC) can
discriminate MCI from cognitively intact elderly as well as predict progression from MCI to
AD [76].

Functional imaging studies suggest that glucose metabolism in the temporal neocortex and
posterior cingulate gyrus can predict conversion from MCI to AD. Promising results were also
reported with the use of FDG-PET in predicting decline to MCI in “normal” patients; baseline
reductions in glucose metabolism in the entorhinal cortex (EC) accurately predicted decline to
MCI with a sensitivity and specificity of 83% and 85% respectively. Normal subjects who
progressed to MCI had significant reductions in glucose metabolism in the hippocampus and
temporal neocortex as compared with non declining normal elderly on follow up [75]. What
is not clear is how well structural and functional imaging measures compare to CSF biomarkers
in predicting cognitive decline and whether if one used a combination of structural imaging
and CSF biomarkers, this would improve diagnosis and prognosis to an even greater extent. It
is possible that results from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) as well
as studies from individual groups will greatly assist in answering these questions.
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CONCLUSION/FUTURE DIRECTIONS
Despite the success of the first human trial with active immunization with Aβ42 (AN1792) in
reducing and even clearing amyloid plaques in AD, the long term effects on dementia
progression have been less compelling to date. Many factors should be taken into consideration
in the design of future trials in AD, such as choice of immunogen and adjuvant, routes of
administration, and duration of the immune response. Importantly, the success of future trials
of immunotherapy for AD will be greatly influenced by the selection of the study population.
It seems likely the earlier the treatment starts, the more likely it will be to get a positive clinical
effect. Consideration should be given to including subjects with preclinical AD as well as very
mild dementia of the Alzheimer’s type (MCI). Clinical evaluation and neuropsychological
testing cannot differentiate cognitively intact subjects who do have latent AD pathology from
those who do not. While MCI is a description of a clinical syndrome, there is a lot of
heterogeneity within this diagnostic category. For example, many of these individuals have
very mild dementia due to AD while others do not have AD but have other diagnoses. This
results in variable cognitive profiles and rates of progression. Prediction of what subgroup of
very mild dementia/MCI will clinically progress to mild to moderate dementia on clinical
evaluations alone is probably not possible. Use of CSF biomarkers as well as neuroimaging
can greatly assist in picking out those people with MCI/very mild dementia who are highly
likely to progress. Preclinical detection of AD will depend on the utilization of biomarkers and
radiological markers for selection of patients likely to benefit from amyloid-targeting therapies.
In addition to its role in therapeutic trial design, there is no doubt that preclinical detection of
AD pathology will have major impacts on entry criteria into trials as well as assessment of the
efficacy of current and future treatments.

Finally, with the knowledge that amyloid deposition has almost peaked by the time dementia
is clinically detectable, it becomes important to address the other pathological substrates when
evaluating the efficacy of an immunotherapeutic agent or designing future trials for AD. More
recently, the effects of immunization strategies on downstream effects of Aβ on the geometry
of neuronal processes, early tau pathology, loss of synaptophysin immunoreactivity, and
neuritic dystrophy have become more active areas of interest. This mechanistic understanding
of the pathology that underlies AD, combined with the ability to detect preclinical stages of
disease with CSF and radiological markers will pave the way to the development of a safe and
effective therapy to this disease, and give us hope to detect and prevent the progression of this
devastating and multifaceted disease.
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ABBREVIATIONS

AD Alzheimer’s disease

ADAS-cog Alzheimer’s Disease Assessment Scale-Cognitive Subscale

APP Amyloid precursor protein

Aβ Amyloid β

CAA Cerebral amyloid angiopathy

CDR Clinical Dementia Rating
11C-PIB 11C labeled Pittsburgh compound B

CSF Cerebrospinal fluid
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DAD Disability Assessment Scale for Dementia

EC Entorhinal cortex

FDG 2-Fluoro-2-deoxy-D-glucose

FDNPP 18F-2-(1-(6-[(2-fluoroethyl(methyl) amino]-2-naphthyl)ethylidene

GFAP Glial fibrillary acidic protein

IL-1 Interleukin-1

IL-10 Interleukin-10

MCI Mild cognitive impairment

MMSE Mini-mental state examination

NFT Neurofibrillary tangles

PET Positron emission tomography

PS-1 Presenilin-1

PS-2 Presenilin-2

TNF-α Tumor necrosis factor-α

VLP-1 Visinin-like protein 1
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Fig. 1.
Time course of the development of Alzheimer’s-type pathology in the brain. Approximately
10–20 years prior to the onset of cognitive decline that is recognized as dementia due to
Alzheimer’s disease (AD), deposition of the amyloid-β (Aβ) protein begins in the cerebral
cortex. It is likely that the accumulation of Aβ in the brain peaks by the stage of very mild
dementia due to AD. High levels of tau protein deposition in the cerebral cortex (in the form
of neurofibrillary tangles), inflammatory changes, and both neuronal and synaptic loss, also
likely begin several years prior to the onset of cognitive decline due to AD. These pathologies
then probably increase throughout the course of the disease. The Phase I clinical trial of active
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immunization with Aβ42, called AN1792, was performed on individuals with mild to moderate
dementia due to AD. Reprinted with permission from Nature, 2008, 454, 418–420.
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