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Abstract

Alzheimer’s disease will reach epidemic proportions within the next 20-30 years if left unchecked.
Currently, there are no treatments that prevent or slow Alzheimer’s disease but many are being
developed. Parallel efforts to develop biomarkers to aid in disease diagnosis and prognosis, and assess
disease risk are currently underway. Clinicopathological and biomarker studies have demonstrated
that Alzheimer’s disease pathology can be detected preclinically. Using biomarkers to identify
affected individuals prior to the onset of clinical symptoms and associated synaptic/neuronal loss
should enable novel clinical trial design and early mechanism-based therapeutic intervention. This
article summarizes the most promising cerebrospinal fluid biomarkers, highlights novel applications
and current challenges, and provides a prediction on how the field may evolve in 5-10 years.
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Alzheimer’s disease (AD) is a progressive and fatal neurodegenerative disease that currently
affects approximately 10.6 million people in the USA and Europe, with projected estimates
reaching 15.4 million by the year 2030 (according to the Alzheimer’s Association) [101]. If
left untreated, AD will soon become a public health crisis with significant personal and
economic ramifications. At present, there are no effective treatments that will prevent the
disease, halt its progression or delay its onset, although several therapeutic approaches are
currently being developed and tested in clinical trials. Parallel efforts are being channeled into
developing biomarkers (e.g., fluid and imaging) that would aid in disease diagnosis and
prognosis, and assessing disease risk. Together, these combined endeavors have the potential
to provide physicians with the tools to effectively diagnose and treat the disease, preferably
even before the onset of cognitive decline.
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AD pathologic hallmarks, clinical diagnosis & ‘preclinical AD’

At present, a definitive diagnosis of AD can only be obtained at autopsy via the histological
quantification of two AD hallmarks: brain amyloid plaques (extracellular deposits composed
predominantly of the amyloid-p [ApB] peptide) and intraneuronal neurofibrillary tangles (NFTSs,
composed of hyperphosphorylated forms of the microtubule-associated protein, tau). These
two hallmark histopathological features are used by three sets of diagnostic histological criteria
(Khachaturian, Consortium to Establish a Registry for Alzheimer’s Disease and National
Institute on Aging/Reagan) in defining a postmortem AD diagnosis [1-3]. However, inatypical
clinical setting, individuals are diagnosed antemortem with possible or probable dementia of
the Alzheimer type (DAT) if they meet National Institute of Neurological Disorders and Stroke/
Diagnostic and Statistical Manual of Mental Disorders, version IV (NINDS/DSM-IV) clinical
criteria. It is important to note that a diagnosis of DAT, as opposed to AD, is a diagnosis made
purely on clinical grounds, without verification of neuropathological or biomarker evidence
of the disease. Investigators at Washington University (MO, USA) developed a clinical
dementia rating (CDR) scale with which cognition is rated (using an informant-based clinical
assessment) as normal (CDR 0), very mildly demented (CDR 0.5), mildly demented (CDR 1),
moderately demented (CDR 2) or severely demented (CDR 3) [4]. Clinicians then provide an
additional diagnosis regarding the presumed underlying cause of the dementia (e.g., DAT,
frontotemporal dementia or dementia with Lewy bodies). Most individuals meeting NINDS/
DSM-IV clinical criteria for DAT are CDR 1 or greater. However, one important challenge
has been to diagnose individuals at earlier stages, when clinical symptoms are less severe and,
perhaps, more amenable to intervention. During these early stages (CDR 0.5; which often last
2-5 years or longer), the majority of individuals meet clinical criteria for mild cognitive
impairment (MCI) [5] or even a stage of pre-MCI [6]. MCl is a diagnostic construct that defines
impairment by comparing one’s performance on cognitive tests with that of age-matched
normative values. Histopathologic studies have demonstrated that the majority of CDR 0.5
subjects meeting MCI criteria already exhibit florid AD pathology (amyloid plaques and
NFTSs), including significant neuronal loss [7]. Consistent with these findings, the vast majority
of CDR 0.5, MClI, subjects evaluated at Washington University have been shown to develop
dementia due to AD [8], suggesting that the clinical symptoms of MCI, in many cases, are
indicative of the very earliest clinical stage of AD. Not surprisingly, diagnostic accuracy in
clinical settings that do not specialize in dementia are much lower [9,10].

Even within specialized dementia centers and clinics, this diagnostic staging is not as simple
as it appears for identifying individuals with AD pathology. Neuropathological studies
involving large numbers of individuals have identified significant AD pathology in the brains
of cognitively normal elders [11,12]. Neocortical cerebral amyloid deposits have been
identified in approximately 50% of brains from individuals over 75 years of age [12]. By
contrast, the prevalence of AD dementia (diagnosed clinically) does not reach 50% until age
85 or more [13]. It appears that the onset of very mild dementia is correlated best, not with
plaque or NFT burden, but with significant synaptic and neuronal loss [14-16]. Together, these
data support the concept of preclinical AD, a phase during which plaques, and subsequently
NFT, accumulate for approximately 10-20 years before the onset of cognitive decline. This
condition is analogous in many ways to cardiovascular disease, in which atherosclerosis begins
many years prior to myocardial infarction or ischemic stroke, or Parkinson’s disease, in which
clinical symptoms become apparent only after years of neuronal cell death in the substantia
nigra. Together, these observations suggest an early and insidious pathogenesis of AD, the
clinical manifestations of which become apparent only after substantial neuronal cell death and
synapse loss have taken place. Such observations have important implications for the
development of AD therapeutic and diagnostic strategies. Namely, it will be critical to identify
individuals with pre-clinical AD, prior to the development of clinical symptoms and
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concomitant neuronal loss, since this is the group in which targeted therapies are likely to have
the greatest chance of preserving normal brain function (Figure 1).

Even in specialized dementia centers it is very difficult to diagnose AD at its earliest clinical
stages. Furthermore, clinical measures, by definition, will not be able to identify preclinical
cases. Thus, there is an urgent need for biomarkers (fluid, imaging and others) that will aid in
identifying the disease at its most early clinical stages as well as preclinically. To date,
biomarker studies have concentrated on two kinds of markers: diagnostic and prognostic. A
diagnostic biomarker is a molecule, structure or other measure that defines the presence of a
particular condition (e.g., dementia or amyloid deposition in the brain). A prognostic biomarker
isamolecule, structure or other measure that is predictive of clinical outcome (e.g., conversion
from MCI to DAT or from nondemented to demented). As disease-modifying therapies are
being developed and treatments become available, there will be a greater need for diagnostic
and prognostic biomarkers to decide who should enter particular clinical trials, for determining
who should or should not receive a particular therapy, for determining the likelihood of disease
progression and for tracking disease progression.

Potential of cerebrospinal fluid analytes as biomarkers for AD pathology

CSF AB4»

Short of a brain biopsy or directly placing a microdialysis catheter into the brain [17],
cerebrospinal fluid (CSF), given its contiguity with the brain interstitial space, represents the
most direct means to study the biochemical changes occurring in the CNS. To date, the major
protein constituents of the pathology of AD (AB, tau and phosphorylated forms of tau) have
emerged as the current leading diagnostic (and prognostic) CSF biomarkers in the research
arena.

Amyloid-f is a secreted peptide of unknown physiological function that is cleaved from the
amyloid precursor protein by the sequential activities of B- and y-secretase enzymes. The
majority of AB is produced in the brain, and it is present in the CSF and plasma, appearing at
relatively high and low levels, respectively. Ap occurs in multiple forms ranging from 15 to
16 to up to 43 amino acids in length. Among these, AB,g is the most abundant species, but
APy appears to be essential for initiating Ap aggregation, and is considered central to the
amyloid cascade hypothesis of AD [18]. The amyloid cascade hypothesis postulates a central
initiating role for ARy, (in the form of oligomers, fibrils and/or plaques) in the subsequent
pathological features of AD, including glial activation and neuroinflammation, synapse and
neuritic dysfunction, tau hyperphosphorylation and development of NFTs, and ultimate
synaptic and neuronal cell death, with resultant cognitive deficits. Reflecting their roles in the
pathogenesis of AD, AB,4, has emerged as a more useful biomarker for AD than its shorter
counterpart, ABo. In addition, the ratio of CSF AB4p:AB42 has also demonstrated promise by
improving the reliability of clinical diagnosis compared with either analyte on its own [19].
CSF ABsg has also been evaluated in a few studies. The presence of ABsg in CSF was initially
demonstrated by immunoblotting-based methods, and additional studies from the same group
confirmed that there appeared to be an increase in this species compared with samples obtained
from non-AD dementias [20-23]. The ratios of AB4,:AB3g appeared to provide higher
specificities for distinguishing AD from non-AD dementias than either species on its own.
However, in many independent studies, comprising approximately 2000 subjects across many
different research centers, the mean levels of AB4o (but not AB,g) in CSF have been consistently
reported to be decreased (by ~30-50%) in individuals who, on clinical grounds, have a
diagnosis of DAT, compared with age-matched, nondemented controls [24—29]. However, in
all studies, there is considerable overlap between individual values in the clinical groups, likely
due to possible misdiagnoses of DAT in individuals with other, non-AD pathological substrates
for their dementia (e.g., Lewy bodies), especially in the early clinical stages, as well as possible
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contamination of the nondemented control groups by preclinical AD cases. Estimates of the
prevalence of preclinical AD in this age group (>60 years old) range from approximately 25
to 40% [11,14,16]. Mean CSF A4 has been shown to be decreased in individuals diagnosed
with very mild and mild DAT [24,25,30], as well as a subset of MCl individuals (e.g., typically
‘amnestic MCI’) [26]), consistent with earlier studies. However, values for MCI subjects
demonstrate a substantial overlap with control values. B-secretase (BACE 1), one of the primary
enzymes involved in the cleavage of amyloid precursor protein to AB, has also recently been
quantified in the CSF. BACE 1 levels and activity have been reported to be increased in the
CSF of MCI subjects compared with normal controls and subjects with DAT, suggesting that
it may have utility as a biomarker of early-stage AD and as a predictor of subsequent cognitive
decline [31]. Additional studies of this putative biomarker is warranted. CSF BACE 1 levels
have also been shown to be influenced by the APOE genotype, the strongest genetic risk factor
for AD [32], thus providing insight into possible mechanistic effects of the 4 allele of
APOE on levels of CNS Ap.

While at first glance these data appear to be less than supportive of CSF A4, being a clinically
viable AD biomarker, providing adequate sensitivity (the ability to accurately identify people
with AD pathology) and specificity (the ability to discriminate individuals with AD from those
with other dementing disorders) above and beyond what can be diagnosed upon expert clinical
evaluation, our group has recently demonstrated a very strong inverse relationship between
CSF Ay, levels and in vivo cortical amyloid load as measured by PET imaging with Pittsburgh
Compound B (P1B) [33]. Our findings demonstrated that a low level of CSF AB4, is an excellent
marker of cortical amyloid deposition, regardless of clinical diagnosis [34,35]. Others have
since reported this same relationship between PIB retention and CSF APy, in MCI [36-38]
and in DAT [38,39]. Importantly, we observed several cognitively normal elderly individuals
in our original cohort who had PIB-positive cortical amyloid and low CSF A4 levels, as one
would predict given the prevalence of preclinical AD in this older age group. We have since
gone on to validate this finding in a much larger cohort of nondemented individuals [40]. Thus,
CSF A4, can be considered a diagnostic biomarker for cortical amyloid deposition. In this
larger cohort, 25 of the 189 CDR 0 subjects fell into this putative preclinical AD category (high
PIB binding, low CSF AB4») (Figure 2). This finding provides support for the idea that the
inadequate sensitivity and specificity of CSF A4, for distinguishing clinical groups likely
reflects contamination of the control group with preclinical cases of AD [41] and probably
misdiagnoses of non-AD dementias in early-stage DAT groups. Whether low CSF A4 is a
good prognostic biomarker, identifying nondemented individuals who will go on to dement,
remains to be determined. However, a very recent study has reported initial evidence that
cognitively normal individuals with elevated cortical PIB retention are at a significantly greater
risk for developing the symptomatic stages of AD than individuals with little or no PIB retention
[42].

Low CSF A4, may also serve as a harbinger of amyloid deposition itself. Recently, we have
identified a unique class of nondemented individuals who exhibit low CSF AB42 but show no
evidence of amyloid on PET PIB scans [40] (Figure 2, sector outlined by dotted line).
Longitudinal P1B follow-up of the participants in this lower quadrant (low PIB, low CSF
APB42) will be required to understand whether the low CSF A4, represents Ap aggregation in
diffuse (P1B-negative) plaques, oligomeric forms prior to substantial fibrillar (PIB-positive)
AP deposition or simply reflects the low end of the normal spectrum of CSF A4, levels. In
support of the first hypothesis, one of these individuals was recently autopsied and
demonstrated widespread diffuse — but minimal fibrillar — amyloid plaque deposits [43],
suggesting low CSF AB4, may also be a marker of diffuse (nonfibrillar) plaques in addition to
PIB-positive fibrillar plagues. Longitudinal follow-up (with clinical, PIB and CSF measures)
of such subjects will be important for understanding the biological relevance of this pattern.
However, taken together, these observations demonstrate that CSF AB4, may have utility as a
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biomarker for diagnosis, plaque burden and prognosis, and indeed, may provide the very
earliest clue to identify preclinical AD (as defined by the emergence of ApB deposition).

CSF total tau & phosphorylated tau

A great number of studies have reported elevated levels of CSF total tau (and
hyperphosphorylated forms) in AD [24,26,28,29]. However, similar to APy, there is a
significant overlap between individual tau values in MCI/AD and control groups, especially
in the early disease stages. Furthermore, the increase in tau is not specific for AD (although
increases in phosphorylated tau [p-tau] appear relatively specific for AD) [44-46]. Unlike
AP, which is asecreted peptide, tau is a microtubule-associated protein found within the cytosol
of neurons. In AD, tau becomes hyperphosphorylated and twists to form paired helical
filaments, constituents of NFTs. Elevations in CSF p-tau levels have been shown to be
correlated with NFT load in autopsy studies [27,47], thus it appears to correlate with the
presence of NFTs. However, it is unclear whether increases in CSF total tau in AD reflect NFT
burden or whether it is due to an increase in the release of this structural protein in the presence
of damaged axons, dendrites, synapses or even with cell death. Consistent with this latter idea,
CSF tau has been shown to increase after head trauma [48,49] and acute stroke [48,50].
However, since tau is normally found in the CSF at appreciable levels in all ages, it is likely
that there are normal pathways for its metabolism that have yet to be elucidated.

Clinicopathological studies have demonstrated that AD pathology, both plaques and NFTSs,
develop very early in the disease process, many years prior to the onset of clinical dementia.
Although tangles increase normally with age [11], CSF studies and amyloid imaging have
suggested that changes in AB metabolism and its aggregation into insoluble amyloid plaques
precedes the acceleration of NFT pathology characteristic of AD [40]. This finding is consistent
with the amyloid cascade hypothesis. However, these markers (CSF AB4o and tau), once they
are altered, generally remain stable throughout the course of the disease and do not change
appreciably with disease progression [51,52]. Instead, dementia severity is correlated best with
synaptic and neuronal cell death [53]. While CSF A4, and tau correlate with global and
regional measures of brain atrophy in cross-sectional studies of nondemented aging and DAT
[54], results have been conflicting in the few longitudinal CSF studies looking at these analytes
as markers of disease severity [51]. Thus, there is a great need for additional markers that
correlate with dementia severity and ongoing neurodegeneration.

CSF biomarker combinations

While a number of studies have demonstrated that CSF ABg4q is unchanged in AD [35,55-
57], the ratio of AB42:AB4g, rather than either marker alone, has been demonstrated to better
distinguish AD subjects from controls or other dementias, and to identify incipient AD in
subjects with MCI [19,57,58]. More recent studies have reported an added benefit in
discriminating DAT from controls when combining CSF tau, p-tau, AB4, and ABsg (and their
various ratios) [59,60]. These changes in CSF biomarker profiles have also been shown to have
a prognostic value at very early disease stages. Ratios of CSF tau (and p-tau) to AB have
been reported to strongly predict further cognitive decline in MCI patients [61] and those with
very mild DAT [62], as well as predicting future dementia in nondemented cohorts [35,63].

The need for markers of CNS inflammation

Neuroinflammation, in the way of glial hypertrophy and hyperplasia (especially in the vicinity
of amyloid plaques), is a robust but nonspecific feature of AD. A number of reports published
in the 1990s and early 2000s describe alterations in the levels of various cytokines, markers of
oxidative stress and inflammatory molecules (e.g., al-antichymotrypsin, isoprostane, the
interleukins, TNF-a, IFN-y, complement C1q and TGF-pB) in DAT CSF. However, results were
very inconsistent, likely owing to methodological differences, differences in CSF collection
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and processing, assay differences and differences in subject ascertainment, prevalence of
comorbidities and methods of diagnosis. Unbiased proteomics methods have more recently
been used to identify molecules that differ between DAT and control CSF (as well as serum
and plasma). These studies have consistently identified a plethora of inflammatory markers
that differ in abundance between clinical groups [64-67]. However, even in these unbiased
screens, the direction of reported difference in abundance has not been consistent. Ongoing
studies by our group, designed to assay a large panel of inflammatory markers in the CSF and
plasma from a large cohort of nondemented and early-stage AD subjects should provide arich
dataset from which to draw some definitive conclusions regarding the potential of
neuroinflammatory molecules as biomarkers of AD. It is conceivable (and probable) that
adding markers of neuroinflammation to the other CSF markers (e.g., AB4p, tau and p-tau) will
further strengthen the diagnostic and prognostic capability.

The potential power of combinations of biomarker modalities

Although the studies discussed above have demonstrated that combinations of CSF biomarkers
can discriminate DAT from control groups better than the individual CSF measures on their
own and can predict future cognitive decline in nondemented cohorts, analyses of combinations
of biomarker modalities are just beginning to be reported. Such combinations may prove to be
more accurate than single modalities on their own and may also provide information regarding
pathophysiological mechanisms of disease. To date, studies have focused mainly on
correlations between biomarker modalities as a way to better understand the pathophysiology
of the disease. As mentioned above, studies looking at the relationship between PIB amyloid
imaging and CSF markers have shown that a low level of CSF Ay; is a robust marker of
amyloid in the brain, regardless of clinical diagnosis [34,35,63]. In addition, cortical PIB
binding has been demonstrated to correlate with cerebral atrophy (via MRI) in subjects
clinically diagnosed with DAT, suggesting that amyloid deposition is associated with neuron
loss in AD [68]. A recent study by our group suggests that reductions in CSF AB4, (and Ap
aggregation/amyloid deposition, by extension) are also associated with neurodegeneration in
the preclinical phase [54]. Other CSF/MRI studies have demonstrated correlations between
longitudinal increases in CSF p-tau levels, and increased rates of hippocampal atrophy in MCI
[69] and DAT [70], suggesting that increases in p-tau may be indicative of progressive
neurodegeneration in AD. This is consistent with our findings of inverse correlations between
levels of CSF tau and p-tau and whole-brain volume in subjects diagnosed with DAT [54].
Together, these data suggest that AP aggregation and deposition are associated with brain
atrophy in the preclinical phase, whereas changes in CSF tau and accelerated brain atrophy are
later events in the disease that occur with or just prior to cognitive decline and subsequent
clinical progression (Figure 1). Thus, combinations of biomarker modalities may have utility
for determining where a person is in this progressive neurodegenerative cascade. Consistent
with this possibility, recent studies of a small number of subjects reported that baseline CSF
isoprostane level, a proposed marker of oxidative stress, and its change over time, added to the
diagnostic accuracy of hippocampal volume measures in classifying MCI (n = 6) versus normal
controls (n = 11) [69,71].

Novel applications of CSF biomarkers in AD studies

Use of CSF markers as endophenotypes in genetic studies

Just as CSF biomarker data from well-characterized, longitudinally followed cohorts of study
participants may be used to guide diagnosis and estimate prognosis, it can also be used to
identify genetic markers that are associated with AD risk. Compared with typical genetic
studies of AD that rely on less precise clinical diagnoses, genetic studies based on quantitative
endophenotype data can provide more power. In support of this approach, recent studies have
demonstrated that elevated CSF tau and p-tau levels are associated with single nucleotide
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polymorphisms in the MAPT gene (from which tau protein is produced) [72]. Likewise, CSF
AP levels have been found to associate with polymorphisms in several genes [73]. In this way,
by converting endophenotype data derived from fluid biomarkers to novel genetic risk factors,
it may be possible to identify individuals at a greater risk of developing AD and, in the near
future, provide treatment options prior to the development of any AD pathology.

Investigating CNS protein metabolism via analysis of CSF in real time

Recently, a new in vivo technique has been developed to measure the production and clearance
rates of CNS proteins in human subjects. In this technique, a stable (nonradioactive) isotope-
labeled amino acid (e.g., 13Cg-leucine) is administered intravenously and becomes
incorporated into newly synthesized proteins. CSF (and plasma) can then be sampled over time
via intrathecal and intravenous catheters. Using mass spectrometry to compare labeled versus
unlabeled proteins over time, very precise synthesis, clearance and dose-response curves can
be developed. This technique was first applied to determine the synthesis and clearance rates
of AB in the CNS [74]. The fractional production and clearance rates of Ap in vivo was found
to be extremely rapid (7.6 and 8.3% per h, respectively), with absolute concentrations in the
CSF varying widely between sampling times. This technique was used more recently in a
randomized, double-blind, placebo-controlled study to demonstrate the pharmacokinetic/
pharmodynamic relationship between an Ap synthesis inhibitor and the absolute rate of CNS
AP synthesis (Figure 3) [75]. Since this technique automatically labels all newly synthesized
proteins, its potential lies in the fact that it allows for the evaluation of other proteins relevant
to AD, other neurodegenerative diseases and the metabolism of multiple biomarkers
simultaneously.

Challenges in CSF biomarker studies

The search for CSF biomarkers has been fraught with many challenges that have contributed
to slow progress. First, the identification of reliable CSF (or any) biomarkers has been hindered
by the fact that patient/subject classification relies on clinical diagnosis, which is not always
accurate, especially during early stages of the disease. Second, obtaining postmortem
confirmation of disease diagnosis, while serving as the gold standard, is very impractical,
especially for biomarkers of early clinical and preclinical stages. Third, as mentioned earlier,
clinical measures, by definition, will not be able to identify those individuals with preclinical
disease; therefore, control groups will always contain individuals with preclinical AD, thus
adversely influencing estimates of biomarker sensitivity and specificity. Fourth, limited
patient/subject sample size and the lack of adjustment for covariates, such as age, gender,
ethnicity and APOE genotype, have restricted the application of results from some studies to
the general population. Fifth, protocols for sample collection, preparation and analysis often
vary widely between laboratories, thus contributing additional methodological variability and
limiting the ability to compare studies directly. Indeed, preanalytical sample handling
procedures have been shown to significantly affect CSF APy, values [76]. Furthermore, a recent
multicenter study demonstrated high intersite assay variability in measurements of CSF
Ap4o, tau and p-taus gy, highlighting the importance of method standardization for biomarker
assessment and validation [26]. These issues have also stymied the defining of cut-off values,
a metric that will have to be employed once CSF biomarkers become a reality in the clinical
arena. Initiation of large-scale, standardized studies, such as AD Neuroimaging Initiative
(ADNI and related ADNI-type studies in Europe and Japan) and the German Dementias
Competence Network study are direct responses to this challenge. Adopting standardized
protocols for clinical assessment, sample analysis and statistical evaluation between individual
laboratories would also help overcome many of these shortcomings, and efforts are underway
to do just this. Sixth, efforts must be directed towards educating the public, as well as the
scientific and medical communities, regarding the true safety of the lumbar puncture procedure
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for obtaining CSF [77]. Lack of information and frank misinformation has resulted in
difficulties with patient/subject enrollment into research studies in the USA and, thus,
eventually into clinical trials. This barrier has not been experienced by our European colleagues
since the majority of CSF biomarker studies are carried out on patients seen in memory clinics
where lumbar puncture is a standard practice of care. Indeed, in some European countries (e.g.,
Sweden and Germany), CSF biomarkers are not considered simply as analytes for research
purposes but instead are routinely obtained and used in the actual diagnostic procedure, even
in nonresearch hospitals.

Future perspective

As a first step, greater numbers of standardized, large-scale, longitudinal biomarker studies are
required to validate the core analytes that have demonstrated the most promise to date (e.g.,
Ap4o, tau and p-tau). Such studies are currently underway. Additional unbiased and targeted
proteomic screens using CSF samples from subjects with defined pathology (e.g., from subjects
with autopsy confirmation soon after CSF collection, or amyloid imaging or known CSF
AP42 and tau levels) will be useful for novel biomarker discovery, which will augment current
markers providing the results from such screens can be validated with independent quantitative
methods (e.g., ELISA) in additional cohorts. Given the multifactorial nature of the disease, it
is unlikely that a single biomarker will meet the needs for clinical diagnosis; however, a panel
of biomarkers may offer the appropriate sensitivity, specificity, and positive and negative
predictive values. Large, longitudinal studies employing multiple biomarker modalities within
the same individual, such as ADNI [78], European ADNI [28,79], Japanese ADNI [80], the
Adult Children Study [81], the German Dementias Competence Network [82] and Dominantly
Inherited Alzheimer Network (DIAN) [102], are currently underway and should prove to be
incredibly powerful in identifying such biomarker panels.

Therapy development and biomarker discovery must occur in parallel. The real-time in vivo
analysis of CNS protein production and clearance pioneered by Bateman and colleagues can
be used to directly determine drug effects in the CNS in early-phase human trials [74].
Utilization of this technique will greatly accelerate drug/therapy development by allowing one
to determine the efficacy of its effect on the defined target, as well as determining the optimal
dose and timing, thus increasing the probability of success in later Phase 11 trials [75].

In the next 5-10 years, the evolving appreciation of the preclinical stage of AD will likely lead
to a paradigm shift in the way Alzheimer researchers and clinicians design and implement
clinical trials of promising disease-modifying therapies. To date, all therapeutic trials have
utilized clinical criteria (MCI or early DAT) for patient enroliment despite the fact that by the
time any clinical symptoms are apparent, significant AD pathology has already developed,
including substantial synaptic and neuronal loss. Therefore, it comes as no surprise that no
treatment to date has demonstrated a disease-modifying effect. Instead, prevention trials are
required. Such trials, under the current paradigm, would be too costly in the terms of time
(years of clinical follow-up), money and resources (numbers of nondemented patients to be
enrolled to provide adequate statistical power). To circumvent such roadblocks, CSF
biomarkers can be used to design and evaluate such a prevention trial. The use of biomarkers
would allow one to enroll individuals who are cognitively normal but who are in the preclinical
stages of the disease and, importantly, are within a few years of developing cognitive
symptoms. Such a strategy would not only benefit from, but would necessitate, the use of
biomarkers as inclusion/exclusion criteria (e.g., low CSF Ay, for identifying preclinical AD
and high CSF tau/ABg4, for identifying those who are within a few years of developing
symptoms). CSF biomarkers, in combination with sensitive cognitive outcome measures, could
also be used to monitor response to therapy, especially for therapies designed to directly
influence AB4 and/or tau (either as direct targets or as possible surrogates for amyloid and/or
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neurodegeneration, respectively). Ultimately, such biomarkers could be used to assist in
making treatment decisions as more invasive and potentially harmful disease-modifying
treatments for AD become available.

Executive summary
Introduction

»  There are currently no proven treatments that will prevent or delay the onset of
Alzheimer’s disease (AD), although many are under development.

» Parallel efforts are being channeled into developing biomarkers to aid in disease
diagnosis, and prognosis and assessing disease risk.

AD pathologic hallmarks, clinical diagnosis & ‘preclinical AD’

» A definitive diagnosis of AD can only be determined at autopsy by quantifying
amyloid plaques and neurofibrillary tangles, the hallmark pathologic lesions of
AD.

» Diagnoses based on clinical criteria are not always accurate, especially in the early
disease stages.

» AD pathology is estimated to begin 10-20 years prior to the appearance of any
cognitive signs or symptoms (preclinical AD).

The potential of cerebrospinal fluid analytes as biomarkers for AD pathology

» Levels of cerebrospinal fluid (CSF) amyloid-B4, (AB42) are reduced in AD, even
in early and preclinical stages of the disease.

* Alow level of CSF APy is an excellent marker of cortical amyloid deposition in
the brain (as assessed by in vivo amyloid imaging with Pittsburgh Compound-B).

» Levels of CSF total tau and phosphorylated tau (p-tau) increase in AD and
accelerate during later disease stages, concomitant with neurofibrillary tangle
formation and synapse and neuron loss.

e  The ratios of CSF tau/AB4, and p-tau/AB,4, have been shown to be predictive of
cognitive decline in individuals with mild cognitive impairment as well as in the
cognitively normal elderly.

» CNS inflammation (glial hypertrophy and hyperplasia) is a nonspecific feature of
AD, but CSF inflammatory markers have been under-investigated.

The potential power of combinations of biomarker modalitie

»  Analyses of combinations of biomarker modalities are just beginning to be
reported.

e Such combinations (e.g., CSF and imaging) may prove to be more accurate for
AD diagnosis and prognosis than single modalities on their own.

Novel applications of CSF biomarkers in AD studies

»  Using CSF markers as endophenotypes provides more power for identifying novel
genetic markers than the typical clinical diagnosis.

» Elevated CSF tau and p-tau levels are associated with single nucleotide
polymorphisms in the MAPT gene (from which tau protein is produced).

»  CSF AB levels have been found to associate with polymorphisms in several genes.
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A novel in vivo technique has been developed to measure the production and
clearance rates of CNS proteins in humans.

The fractional production and clearance rates of A in vivo were found to be
extremely rapid, with absolute concentrations in the CSF varying widely between
sampling times.

Challenges in CSF biomarker studies

Identification of reliable CSF biomarkers has been hindered by the fact that patient/
subject classification relies on clinical diagnosis, which is not always accurate,
especially at early stages of the disease.

Obtaining postmortem confirmation of disease diagnosis, while serving as the gold
standard, is very impractical, especially for biomarkers of early clinical and
preclinical stages.

Clinical measures, by definition, will not be able to identify those individuals with
preclinical disease; therefore, ‘control groups’ will always be ‘contaminated” with
individuals with preclinical AD.

Limited patient/subject sample size and lack of adjustment for covariates have
restricted the application of results from some studies to the general population.

Protocols for sample collection, preparation and analysis often vary widely
between laboratories, thus contributing additional methodological variability and
limiting the ability to compare studies directly.

Efforts must be directed towards educating the public, as well as the scientific and
medical communities, regarding the true safety of the lumbar puncture procedure
for obtaining CSF.

Future perspective

Greater numbers of standardized, large-scale, longitudinal biomarker studies are
required to validate the core analytes that have demonstrated the most promise to
date (e.g., AB4y, tau and p-tau).

Additional unbiased and targeted proteomic screens using CSF samples from
subjects with defined pathology will be useful for novel biomarker discovery that
will augment current markers.

Panels of biomarkers may offer the appropriate sensitivity, specificity, and positive
and negative predictive values required for ultimate clinical utility.

The novel in vivo CSF sampling technique can be used to directly determine drug
effects in the CNS in early-phase human trials.

CSF biomarkers can be used to design and evaluate prevention trials by allowing
one to enroll individuals who are cognitively normal but who are in the preclinical
stages of the disease and, importantly, are within a few years of developing
cognitive symptoms.

CSF biomarkers, in combination with sensitive cognitive outcome measures, could
also be used to monitor response to therapy.

Ultimately, such biomarkers could be used to assist in making treatment decisions
as more invasive and potentially harmful disease-modifying treatments for AD
become available.
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Figure 1. Biomarkers of Alzheimer’s disease

Hypothesized changes in CSF biomarkers in relation to the time course of pathological and
clinical stages, and other biomarker modalities. The clinical stages of AD, marked by
progressive dementia described as very mild/MCI, mild, moderate, and severe, correspond
with the CDR scores of 0.5, 1, 2, and 3, respectively. These stages are associated with abundant
amyloid plaques (red line), the gradual accumulation of neurofibrillary tangles (blue line),
synaptic and neuronal loss in certain brain regions (green line). In the preclinical stage of AD,
APy, peptide forms amyloid plagues in the brains of nondemented individuals (CDR 0) for
approximately 10-20 years, and damages neuronal processes and synapses. Eventually,
dramatic neuronal losses occur in association with dementia onset. AD biomarker research
seeks to capture these changes in the brain, which might be useful for diagnosis and prognosis
during this preclinical phase of AD, before irreversible neuronal loss occurs. These changes
can be measured by biochemical examination of CSF, and/or a variety of radiological imaging
modalities (e.g., CT, MRI, and PIB PET). The most promising CSF biomarkers to date have
been AB4, and tau species, which show diagnostic and prognostic utility. BACE1 as an
indicator of AB production warrants further study, as do panels of inflammatory markers and
markers of oxidative stress. Genetic variations (e.g., SNPs) may also be considered biomarkers
that allow the earliest possible estimation of risk.

AB: Amyloid-p;AD: Alzheimer’s disease; BACE: B-site amyloid precursor protein-cleaving
enzyme; CDR: Clinical Dementia Rating; CSF: Cerebrospinal fluid; CT: Computed

Min.
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tomography; MCI: Mild cognitive impairment PIB: Pittsburgh compound-B; p-tau:
Phosphorylated tau; SNP: Single nucleotide polymorphism.
Adapted with permission from [83].
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Figure 2. Levels of cerebrospinal fluid amyloid-p4, in cognitively normal individuals as a function
of cortical amyloid load as assessed by the amyloid-binding agent Pittsburgh Compound B

The majority of individuals in this cohort (n = 164) exhibited low or no cortical PIB binding
(P1B-binding potentials clustering around zero). However, a subset (n = 25) of individuals
exhibited positive binding for PIB, similar in level and distribution to what is observed in
subjects with dementia of the Alzheimer type (data not shown). All of the PIB-positive
individuals had relatively low levels of CSF Af4,, whereas PIB-negative individuals had high
levels of CSF APy, indicating that low CSF APy is an excellent marker of cortical amyloid.
A subset of individuals exhibited low CSF AB4» in the absence of cortical PIB binding (within
the dashed box). Longitudinal follow-up of these individuals will be required to determine
whether they eventually become PIB-positive or if they represent a different subgroup (e.g.,
those with diffuse, PIB-negative, plaques or are just reflective of the low end of the normal
CSF AB4o spectrum).

AB: Amyloid-p; CSF: Cerebrospinal fluid; PIB: Pittsburgh Compound B.

Adapted with permission from [84].
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Figure 3. In vivo CNS stable isotope-labeled kinetics of A production and the effect of its inhibition
by a y-secretase inhibitor. (1)

A stable isotope-labeled amino acid is infused into the bloodstream and is transported to the
brain. (2) The labeled amino acid is incorporated into newly synthesized proteins (e.g., APP
in neurons). (3) Labeled APP is cut by B- and y-secretases to produce labeled AB, or in the
presence of a GSI (4) labeled AB production is inhibited. (5) Labeled and unlabeled AB is
transported and cleared through the CSF, which is in direct communication with the
extracellular space of the brain, where sampling occurs over time to measure the production
and clearance of AB.

AB: Amyloid-B; APP: Amyloid precursor protein; CSF: Cerebrospinal fluid; GSI: y-secretase
inhibitor.

Reproduced with permission from [85].
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