Clark and Kodadek Alzheimer’s Research & Therapy 2013, 5:18
http://alzres.com/content/5/3/18

.O'
- research&therapy

Advances in blood-based protein biomarkers for

Alzheimer’s disease

Lorraine Fuhrmann Clark and Thomas Kodadek*

Abstract

Alzheimer’s disease (AD) is a neurodegenerative
disorder that accounts for the majority of dementia
cases. While research over the past decades has made
advances into understanding disease pathology,
definite AD diagnosis currently relies on confirmation
by autopsy. The anticipated dramatic rise in affected
individuals over the next decades necessitates the
development of diagnostic tests applicable to living
individuals, which depends on identification of disease
biomarkers. Diagnostics based on blood protein
biomarkers are particularly desired since these would
allow for economical, rapid and non-invasive analysis
of individual biomarker profiles. Research is actively
ongoing in this field and has led to the identification of
autoantibodies and various proteins in the blood that
may represent a disease-specific blood signature of AD.
This review provides an overview on the progress in
the field of identification of AD-specific blood protein
biomarkers.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by progressive cognitive decline that
generally afflicts people over the age of 65, although a
form of the disease known as familial early-onset AD can
affect people as early as in their forties. The pathological
changes associated with the disease are thought to begin
decades prior to the emergence of clinical symptoms [1].
AD is the most common form of dementia today, with an
estimated 5 million people currently affected in the
United States and an estimated worldwide prevalence of
34 million [2,3]. The increasing growth of the aging
population and the associated increase in AD cases is
predicted to place a heavy financial toll on society as the
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annual cost is projected to reach $1 trillion by 2050 in the
United States alone [4].

A critical unmet medical need in this area is an
accurate and sensitive test for very early-onset AD,
preferably at the presymptomatic stage. The immediate
application will be to better identify candidates for
clinical trials of potential AD therapeutics. There is
general agreement that a major problem with the almost
uniformly disappointing clinical trials conducted to date
for potential AD therapeutics is that they employed
patients with moderate to advanced disease [5]. Even an
effective agent for blocking pathophysiological events in
AD is highly likely to be, at best, marginally effective once
most of the damage is already done. If an effective drug
does become available, then a screening test for on-
coming AD will become of critical importance and will
command a huge market. Given this goal of developing a
practical, economical, high-volume test for very early
AD, the discovery of simple-to-measure blood bio-
markers for the disease has been a topic of great interest.
This review summarizes recent progress in this field with
a focus on protein, rather than nucleic acid, biomarkers.

Beta-amyloid as an Alzheimer’s disease biomarker
The presence of amyloid beta (AP) plaques and neuro-
fibrillary tangles composed of hyperphosphorylated tau
protein present in brains of affected individuals comprise
the hallmark pathology of AD [6]. The AP peptide is
generated by cleavage of the amyloid precursor protein
yielding fragments varying from 37 to 42 amino acids in
length, of which the 42-amino-acid version in particular
is associated with AD due to its tendency to form plaques
[7].

Transport of AP into the brain is promoted by the
receptor for advanced glycation products expressed on
the endothelium [8]. Deposition of AP in the brain is
believed to be the primary event in AD, initiating a
cascade of pathological changes including formation of
tau neurofibrillary tangles [9]. Inside the brain, A is
capable of forming a high-affinity complex with the
neuron-associated o -nicotinic acetylcholine receptor,
leading to its subsequent endocytosis. The resulting
increase in neuronal AP burden eventually causes cell
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lysis and ensuing extracellular accumulation of A
[10-13].

In addition to the nicotinic acetylcholine receptors, A
binds to a variety of other receptors, including neuro-
transmitter receptors, toll-like receptors, NOD-like
receptors, formyl peptide receptors, scavenger receptors,
complement receptors, pentraxins as well as the receptor
for advanced glycation products expressed on astrocytes,
microglia and neurons [14,15]. These interactions induce
the production of proinflammatory molecules through
signaling pathways, most of which involve activation of
microglia, and eventually culminate in neuronal death
[8,14-16].

The central role of AP in AD suggested that it would be
a candidate disease biomarker and, according to a recent
review, about 26 investigations have been performed to
evaluate both AP40 and AP42 as useful diagnostic
markers [2]. However, the results of these studies are
contradictory because some report an association
between a decline in plasma AP40 and AB42 levels as well
as in the AP42/AB40 ratio with development of AD, while
other studies found no correlation between plasma Af
and AD. The lack of general consensus with regards to
plasma AP and AD risk currently prevents its use as a
diagnostic marker for AD. Further research into this area
as well as standardization of research techniques (such as
sample collection techniques and methods used for
categorization of study participants) is required. Changes
in AP levels in the cerebrospinal fluid have also been
linked to AD risk, and it is generally accepted that a
decline in cerebrospinal fluid AP is a reflection of
increasing plaque load in the brain [17]. The invasiveness
of the lumbar puncture procedure, however, places a
limitation on its applicability to widespread monitoring
of at-risk populations. Other novel plasma and serum AD
biomarkers are being actively investigated and are
discussed in the following sections.

Clusterin and its role in Alzheimer’s disease

Clusterin, also known as apolipoprotein J, is a
heterodimeric glycoprotein expressed in the majority of
mammalian tissues [18]. The predominant clusterin
isoform is a 75 to 80 kDa secretory protein but smaller
nuclear and cytoplasmic versions exist [19]. The exact
physiological role of clusterin remains uncertain but it
has been implicated in a variety of processes including
apoptosis, lipid transport and complement regulation,
and it also functions as a molecular chaperone [20]. As a
chaperone, clusterin is involved in both promotion and
prevention of AP aggregation, depending on the clusterin
to AP ratio [21]. Clusterin is a stress-induced protein that
is increasingly expressed during certain disease states,
including AD, and as a response to neuronal injury and
degeneration [18,22]. Noteworthy is the fact that
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clusterin is found in amyloid plaques along with apolipo-
protein E, and variants within both the CLU gene and the
APOE gene have been identified as susceptibility loci for
AD in genome-wide association studies [23-26].

Recent investigations independently discovered a
pathological role of plasma clusterin levels with regard to
AD. One study applied mass spectrometry-based proteo-
mics in combination with neuroimaging to a cohort
consisting of subjects with AD or mild-cognitive impair-
ment and control subjects in order to identify plasma
components associated with AD [27]. The results revealed
a relationship between increased plasma clusterin levels
and atrophy of the entorhinal cortex, Mini-Mental State
Examination score, and accelerated cognitive decline.
Additionally, elevated plasma clusterin concentrations
were discovered 10 years prior to Ap depositions in the
brains of normal older subjects.

Another study involving a population-based cohort
confirmed the association between increased plasma
clusterin levels with prevalence and severity of AD [28].
However, no correlation between plasma clusterin con-
centration and the risk of incident AD was found. This
raises the question of whether increased plasma clusterin
levels are a sign of impending AD or a response to
pathological changes that accompany AD. Furthermore,
the latter study demonstrated that clusterin could not
distinguish between AD and vascular as well as all-cause
dementia. Clusterin may therefore be not useful as a
standalone AD diagnostic marker.

The water was further muddied by a very recent paper
that attempted to utilize clusterin as a marker in a study
of 171 controls, 127 patients with AD, 82 patients with
other dementias and 30 patients with depression [29].
These authors found similar levels of serum clusterin in
all of these groups and concluded that the level of plasma
clusterin is not of diagnostic value in AD.

Why there is such a great discrepancy between these
studies is not clear, but the clusterin literature certainly
emphasizes the importance of confirmation of potential
serum biomarkers in large, blinded studies conducted by
workers at different institutions with different samples.

Discovery of panels of plasma protein biomarkers
Serum/plasma proteomics has been brought to bear on
many diseases, including AD. This approach employs some
type of massively parallel analytical technique to measure
the levels of hundreds to thousands of circulating proteins
in case and control sample populations [30]. Proteins that
are consistently highly upregulated or downregulated in
the case population relative to the control samples are then
analyzed further as possible biomarkers.

An example of this approach was a 2007 study by Wyss-
Coray and coworkers using a filter-based arrayed ELISA
to measure the levels of 120 known signaling proteins in
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the plasma of 259 AD and age-matched control samples
[31]. A statistical algorithm was employed to choose 18
of these proteins as a potential marker set for AD. Note
that this must have meant that the level of any single
protein or even a combination of a small number of
proteins (three to five proteins) did not have had suffi-
cient predictive power in the initial dataset to merit
further investigation. Subsequent analysis of a modest
number of patients using this 18-protein ELISA panel
provided highly promising results, with diagnostic
specificity and selectivity approaching 90%, including
correct identification of samples from patients that would
later develop AD but who were presymptomatic at the
time of sampling.

A larger study published recently employed 600 samples
from two independent cohorts collected at University of
Pennsylvania and the Washington University School of
Medicine [32]. The study analyzed levels of 190 plasma
proteins and peptides. As part of this study, the
18-marker panel mentioned above was evaluated and
found to have a diagnostic accuracy of 61%, another
example of strikingly different results obtained by
different laboratories in different cohorts. Two other
independent studies also failed to reproduce the results
from the same study [33,34]. The present study identified
17 analytes that were associated with early AD. Four of
these analytes — apolipoprotein E, B-type natriuretic
peptide, C-reactive protein and pancreatic polypeptide —
were also found to be altered in a third cohort of 566
patients obtained from the Alzheimer’s Disease Neuro-
imaging Initiative collection. The authors concluded that
these four plasma markers, perhaps in concert with
cerebrospinal fluid markers, are good candidates for
further analysis in a prospective study. This collection of
serum proteins would appear to be the most promising to
date for the diagnosis of early AD, and certainly so far the
most thoroughly vetted.

Mining the immune system for Alzheimer’s disease
biomarkers

AD is not generally thought of as an immune-related
condition. However, recent data are beginning to change
this point of view. Preliminary work has even suggested
that AD-specific autoantibodies might serve as useful
diagnostic markers for the disease.

Genome-wide association studies performed over the
last few years appear to support the importance of the
immune system in AD. A variant of the CRI gene, which
encodes the complement component (3b/4b) receptor 1,
was found to be associated with the risk of late-onset AD
in one of the studies that also identified a susceptibility
locus on the CLU gene [25]. Additionally, two indepen-
dent studies recently identified an association between
the same SNP within the TREM?2 gene and the risk of
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developing AD. This gene codes for the triggering
receptor expressed on myeloid cells-2, a transmembrane
protein found on immature dendritic cells, osteoclasts,
and microglia. In microglia, receptor expressed on
myeloid cells-2 receptors are involved in signaling
processes that involve phagocytosis of apoptotic cellular
material and suppression of inflammatory activity as well
as cytokine production [35].

The study by Guerreiro and colleagues investigated the
association between heterozygous variants in the TREM?2
gene and the risk of developing AD [36]. Exome and full-
genome sequencing revealed greater sequence variation
in exon 2 of TREM?2 in AD patients compared with
controls. The variant resulting in a R47H substitution was
identified to confer the greatest association with AD,
which was further confirmed through meta-analysis of
statistics from genome-wide association studies as well as
genotyping this variant in additional case and control
samples. The study by Johnsson and colleagues focused
on the search for TREM?2 sequence variants that
increased the risk of developing AD. Whole-genome
sequencing of samples obtained from Icelanders initially
led to the identification of sequence variants that were
likely to compromise protein function [37]. The same
R47H variant identified by Guerreiro and colleagues [36]
was found to confer the greatest risk for developing AD
in this study. The relationship between this mutation and
AD risk was further confirmed through genotyping addi-
tional samples from other populations. Additionally,
cognitive function in older mutation carriers but without
AD diagnosis was investigated and compared with that of
noncarriers, which revealed a more dramatic cognitive
decline in carriers. Both studies suggest that the patho-
genicity of the R47H substitution with regards to AD may
arise from accumulation of AP within the brain as a
consequence of reduced phagocytic activity by receptor
expressed on myeloid cells-2.

At least some of these genes associated with AD are
part of the immune system, such as TREM2 and CRI,
and are involved in AP clearance. Clusterin also functions
in AP clearance and variants in the CLU gene have been
linked to an increased AD risk, as previously described.
Clusterin may have an as yet undiscovered role in
immunity considering that its exact physiological func-
tion remains to be elucidated. The accumulation of AB in
brains of AD patients could at least be in part a result of
the pathogenic variants identified in the TREM2, CRI,
and CLU genes since these may affect AP clearance by
their protein products. Antibodies that gained access to
the brain due to a compromised blood—brain barrier
could then bind to the resulting AP deposits, which may
account for the presence of autoantibodies found in AD
patients. Alternatively, variants in the TREM?2 and CRI,
and perhaps CLU, genes may cause autoantibody
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production if their protein products differ drastically
from the native version and as a result are not recognized
by the immune system. Upon blood—brain barrier break-
down these autoantibodies could penetrate the brain,
thus accounting for their presence in AD patients.

Evidence at the protein level is also suggestive of an
AD-immune system connection. Work by the Nagele
laboratory demonstrated the presence of brain-reactive
autoantibodies in most human sera irrespective of age
and disease status [38]. Furthermore, the antibodies were
shown to possess the ability to penetrate the blood—brain
barrier, which is generally compromised in AD patients,
and once inside the brain the antibodies appeared to be
involved in facilitation of intraneuronal AB42 deposition
[39]. This led Nagele and coworkers to ask whether auto-
antibodies could be employed as diagnostic indicators of
AD in a recent study [40]. To search broadly for such
autoantibodies, commercially available protein micro-
arrays containing approximately 9,500 unique human
protein antigens were probed with sera from individuals
with AD and from nondemented control subjects. The
microarray data were subsequently analyzed by three
different statistical algorithms, which classified mostly
the same set of autoantibodies as significant biomarkers
for AD. The 10 most differentially expressed autoantibody
biomarkers were then tested as diagnostic indicators of
AD in separate serum samples and were shown to
discriminate AD from control sera with reported
sensitivities and specificities of 96% and 92%, respectively.
Additionally, these 10 biomarkers could distinguish AD
from breast cancer and Parkinson’s disease sera using the
same microarray and algorithm approach.

Interestingly, none of the prospective AD autoantigens
identified in this study are well-characterized proteins
and none have been found to be involved in AD. Thus, if
these markers do hold up in larger studies, their immuno-
signatures may provide a novel window into the biology
of AD in the sense that it would be interesting to
understand what the adaptive immune system ‘thinks’ is
unusual about AD.

Another approach to mining the adaptive immune
response for AD biomarkers was published recently by
Johnston and coworkers [41]. They employed a similar
approach, but used an array of peptides as probes. While
peptide arrays have been employed extensively in experi-
ments using sera from patients with autoimmune disease
[42], this study differed from these earlier approaches in
that it did not attempt to identify native peptide auto-
antigens, but rather sought to identify a biosignature by
probing serum samples with an array of 10,000 20-residue
peptides in which the residues at 17 of the positions were
varied randomly [43]. In a preliminary study, they showed
both in mouse models of AD and in human patients that
robust biosignatures indicative of AD could be visualized.
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Few, if any, of these sequences in a random sequence
library of 17mers will correspond to epitopes that exist in
nature. Thus, it is virtually impossible that any of the
peptides identified in this study are exact mimics of AD
autoantigens. Some of them may, however, share some
homology with native linear autoantigenic peptides.
Another possibility is that they do not bind anti-peptide
antibodies at all but the peptides found to be interesting
in this study simply happen to be ligands for antibodies
that naturally bind other types of molecules. With this in
mind, it is interesting to compare this study with one in
which Chinnaiyin and colleagues screened a cDNA-
derived, phage-displayed peptide library against serum
samples derived from patients with prostate cancer and
healthy controls [44]. The investigators started with
different goals. The Chinnaiyin group was attempting to
identify native antigens while the Johnston group was
not. Because of the way the phage-displayed library was
made in the prostate cancer study, about five-sixths of the
long peptides in the library were not represented in the
human proteome. Yet the great majority of the peptide
sequences found to capture autoantibodies that showed
good prostate cancer specificity proved to be the
abiological peptides. The Chinnaiyin study was probably
therefore really a random peptide library screening
exercise, akin to the Johnston AD study.

These papers provide clear evidence that molecules
which cannot correspond exactly to native antigens are
nonetheless capable of binding disease-associated
antibodies with reasonable affinity. Indeed, this was
already known from much earlier studies in which
phage displayed peptides were selected as ligands
against antibodies that naturally bind carbohydrates
[45,46]. These AD and prostate cancer studies have
shown that the same idea can productively be applied
to screening against serum rather than simply
individual mAbs.

A similar conclusion was reached in an even more
dramatic fashion in a study from our laboratory that
utilized arrays of completely unnatural molecules called
peptoids as candidate ligands for AD-specific autoanti-
bodies [47]. Peptoids are oligomers of N-substituted
glycines [48] (Figure 1). While they superficially appear
to resemble peptides, the side chain protrudes from the
sp>-hybridized nitrogen rather than the sp*-hybridized
alpha carbon, as is the case for peptides. Moreover, the
side-chain and main-chain nitrogens are derived from a
primary amine during the so-called submonomer syn-
thesis of peptoids [49]. Many of the side chains in the
peptoids used in this study did not correspond to those
found in natural proteins. Peptoids thus have a very
different shape than peptides and cannot possibly mimic
in any direct fashion the binding of a native antigen of
any sort to an antibody.
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Figure 1. Structure of peptides, peptoids and ADP3. General structure of peptides and peptoids (top) and the structure of ADP3 (bottom), one
of the peptoids isolated as a ligand for Alzheimer's disease-specific antibodies [47].
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In this study, 4,608 octameric peptoids arrayed on
chemically-modified glass slides were probed with
serum samples obtained from six AD patients, six
Parkinson’s patients and six age-matched, cognitively
normal individuals [50]. Three peptoids (Figure 1) were
identified that bound much higher levels of IgG
antibodies from all six of the AD patients and none of
the 12 control patients. Experiments in which an AD
serum sample was depleted of antibodies that
recognized one of the peptoids revealed that two of
three molecules recognized the same antibodies, while
the other recognized distinct antibodies. Two distinct
antibodies were thus implicated as AD biomarkers.
Subsequent analysis of approximately 35 additional case
and control serum samples not employed in the
discovery set demonstrated that each of the peptoids
individually provided excellent segregation of case and
control samples. This is the first study to report that a
single biomarker could accurately diagnose AD, at least
in the context of this small sample set, rather than being
forced to rely on a large panel of markers. This may
indicate that searching chemical space outside that of
peptides may be a more productive strategy for

biomarker discovery, although much more work will
have to be done to explore this issue rigorously.

Each of the three autoantibody-based studies described
above are promising but preliminary [40,41,47]. Samples
from AD patients, normal controls, and in some cases
from patients with other diseases were analyzed, which
led to the identification of distinct biomarker sets specific
to each sample group and thus served as an initial proof
of principle. As mentioned above, however, the utility of
published biomarker candidates cannot truly be
evaluated until large, blinded trials are undertaken. These
must include samples taken from different cohorts and
must be performed in more than one laboratory. Further-
more, additional studies should focus on the applicability
of AD-specific biomarker candidates to the distinction
between samples from patients with AD, mild cognitive
impairment or with other types of dementia. This would
be crucial for early and proper identification of AD
patients, which would subsequently lead to improved
treatment protocols. Hopefully, some of these autoanti-
body biomarkers will survive this scrutiny since, from a
practical point of view, antibodies have many favorable
characteristics as clinical biomarkers (see below).
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Practical issues for development of a clinically viable
Alzheimer’s disease test

Even when a plasma/serum biomarker is discovered that
is sensitive and specific for AD, this does not mean that a
clinically viable test for that marker will be immediately
available. While there are many practical issues in the
conversion of any laboratory biomarker measurement
into a robust clinical test, this will be especially true for a
generally useful AD screening test.

As mentioned above, a screening test for presympto-
matic AD would ideally be used on a very large scale. An
argument could be made for testing everyone over the
age of 50 every 3 to 5 years. The analytical platform
employed to make these measurements will have to be
extremely robust and relatively inexpensive. These
requirements probably pose a challenge for tests that
depend on a large number of markers, none of which are
robust when considered individually, but when input into
an algorithm can provide useful results in an ideal setting.
Biological variance in a very large population will
probably prove to be a greater problem because the
number of markers one must depend upon increases.
Variations in the way samples are collected and stored in
the clinic are always a difficult issue for the measurement
of serum proteins with limited stability, but the problem
will be magnified for multimarker, algorithmic tests,
particularly if the component markers have different half-
lives in a blood sample. The robust biochemical nature of
antibodies [51] and the fact that the gross biochemical
properties of one IgG are roughly the same as any other
will to some degree alleviate this problem for tests based
on these markers.

With respect to cost and test volume, it is noteworthy
that all of the autoantibody-based tests discussed above
[40,41,47] were carried out using arrays of various types.
These arrays are probably not clinically viable assay
formats and it may not be completely straightforward to
develop the probes from these surfaces to more con-
ventional analytical platforms, such as ELISA plates or
the like.

For example, we have found that the peptoids we
reported perform far less well when attached to a plastic
ELISA plate [52]. This decrease in performance is due to
a much lower level of avidity-driven binding (two differ-
ent surface-linked peptoids binding one IgG antibody
through each of its two arms) than on the densely
functionalized glass slide combined with a much higher
level of nonspecific IgG binding to the peptoid-plastic
surface as compared with the PEGylated glass. The
combination of these two factors results in an un-
acceptable signal-to-noise ratio for assays carried out on
simple ELISA plates. We are currently attempting to
reformat the assay on a more favorable, although still
practical, platform, as well as to identify higher affinity
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antibody ligands that are less dependent on surface
effects to retain the bivalent IgG biomarkers. In any case,
this provides an example of the nontrivial nature of
adapting complex research laboratory-developed tests
into robust clinical assays.

Conclusion

The pace of research in AD biomarker development has
picked up markedly over the past 5 years. While our
knowledge of AD pathways has not yet yielded a suitable
marker, more unbiased approaches, relying on the
availability of well-curated and standardized sample sets,
have provided several interesting candidates. As
discussed above, it will be important to validate these and
future candidates extensively in multicenter trials. The
discovery of effective markers should enable far more
effective clinical trials of AD therapeutics to be carried
out. While such efforts are proceeding, the diagnostic
community could focus on perfecting diagnostic assays
suitable for massive screening campaigns of middle-aged
people. This is clearly one of the pre-eminent unsolved
medical problems of our time.

This article is part of a series on Peripheral Biomarkers, edited by
Douglas Galasko. Other articles in this series can be found at
http://alzres.com/series/biomarkers
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