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Drug development for dementias is significantly hampered by the lack of easily accessible biomarkers. Fluid biomarkers of
dementias provide indications of disease stage, but have little prognostic value, cannot detect early pathological changes, and can
only be measured in CSF (cerebrospinal fluid) which significantly limits their applicability. In contrast, imaging based biomarkers
can provide indications of probability of disease progression, yet are limited in applicability due to cost, radiation and radio-tracers.
These aspects highlight the need for other approaches to the development of biomarkers of dementia, which should focus on not
only providing information about pathological changes, but also on being measured easily and reproducibly. For other diseases,
focus on development of assays monitoring highly specific protease-generated cleavage fragments of proteins has provided assays,
which in serum or plasma have the ability to predict early pathological changes. Proteolytic processing of brain proteins, such as
tau, APP, and α-synuclein, is a key pathological event in dementias. Here, we speculate that aiming biomarker development for
dementias at detecting small brain protein degradation fragments of generated by brain-derived proteases specifically in blood
samples could lead to the development of novel markers of disease progression, stage and importantly of treatment efficacy.

1. Introduction

Dementias are a group of disorders characterized by declin-
ing cognitive function, usually with increasing prevalence as
a function of aging. Several types of dementia exist, with
Alzheimer’s disease (AD) being the most prominent, fol-
lowed by dementia with Lewy bodies (DLB), frontotemporal
dementia (FTD) also known as frontotemporal lobar degen-
eration (FTLD), corticobasal degeneration (CBD), and vas-
cular dementia (VaD) [1]. According to the World Alzheimer
Report 2009, it has been estimated that 36 million people
worldwide are affected by dementia, with numbers doubling
every 20 years [2]. Women are overrepresented in terms of
incidence of dementias, with 3.4 of 5.4 million Americans
living with Alzheimer being females [3].

By the time dementia can be clinically diagnosed, neu-
ropathologic features are already extensive in some regions
of brain, and hence some of the pathological changes
appear irreversible. Therefore, the general consensus is that

dementia should be diagnosed as early as possible, and
thereby improving the possibility for intervention [4–7].

Genetic studies have shown that individuals with muta-
tions in the genes for APP, PSEN1, or PSEN2 genes are
predisposed for early onset AD; however, only a very low
percentage of AD patients have these mutations [3]. In
contrast, between 40 and 80% of AD cases have the APOE
ε4 allele [8, 9]. Having this allele either as a heterozygotic or
homozygotic allele raises the probability for Alzheimer’s by
three and 15 times respectively [3].

Mutations in several other genes are known to predispose
the carriers for different forms of dementia, and these include
mutations in the MAPT gene, which encodes tau, and these
mutations can lead FTD, CBD, and other forms of dementia
[10]. In addition, mutations in the PGRN gene encoding
progranulin can cause FTD [11, 12]. Several other gene
mutations are known to predispose carriers for different
forms of dementia; however, these are beyond the scope of
this paper, and we refer to [10].
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Besides aging, risk factors for dementia are hypercholes-
terolaemia, hypertension, atherosclerosis, coronary heart
disease, head injuries, smoking, obesity, and diabetes; how-
ever, whether they are causal factors or not is still undergoing
investigation [3, 13, 14].

At present, a diagnosis of dementia can be reached
through neuropsychological testing, imaging-based analysis,
and through the use of CSF biomarkers [15, 16]. However,
while a positive diagnosis of AD can be obtained with a rather
large certainty, the picture is more complicated for other
dementias, where misdiagnosis and mixed pathologies are
complicating factors [17]. Although imaging-based analysis
can allow early diagnosis as well as provide some prognostic
value, the limitations are still many [15]. Furthermore,
for several of the dementias, it is well known that the
pathological changes start appearing markedly earlier than
the cognitive decline [4–7, 15], and hence there is a
substantial need for a novel approach to biomarkers of
dementia.

With respect to treatment of dementias, the presently
available treatment possibilities only provide symptomatic
relief or slow the cognitive decline moderately, but temporar-
ily, and following the reduction in progression neuronal
degradation accelerates again [3, 15, 18]. Despite failures
in drug development for dementias, including prominent
AD phase III trial failure semagacestat [19], there are still
numerous clinical trials ongoing.

A major issue in the development of drugs for dementias
is the lack of biomarkers allowing the selection of the
cohort, that is, patients who have not yet reached a point-
of-no-return and will show disease progression during the
study. Secondly, biomarkers of treatment efficacy are lacking,
although this could also be a result of the lack of useful
biomarkers for inclusion of patients in the studies [15, 20–
25].

In this paper, we ask the following question: is it possible
to develop a biomarker system allowing the detection
of neuronal pathology in the circulation by focusing on
protease-generated protein fragments? This would allow eas-
ier and more frequent sampling and analysis and potentially
promote earlier diagnosis and prognosis and thereby allow
monitoring of treatment efficacy.

2. Pathological Proteins in Dementia

Converging lines of investigation have revealed potential
common pathogenic mechanisms underlying many diverse
dementias [10, 26], and, interestingly, dementias are in
general characterized by faulty protein processing mech-
anisms, resulting in accumulation of pathological forms
of brain proteins. The pathological processing is a crucial
step towards induction of neuronal apoptosis, and hence
monitoring these processes would be of great interest as
biomarkers of neuronal status.

Most dementias are characterized by similar molecular
mechanisms, including protein cleavage, protein aggrega-
tion, and inclusion body formation in selected regions of
brain and thereby the formation of numerous alterations in

the brain proteins resulting in the formation of posttransla-
tional modifications (PTMs), also referred to as neoepitopes,
that is, novel sites not previously presented in the body [27–
29].

In AD, there are two well-described processes, namely,
(1) the formation of Aβ senile plaques, through an imbalance
in the processing of APP (see Table 1), and APP processing
appears to be an initiating factor for AD [29], (2) the forma-
tion of neurofibrillary tangles (NFTs) through pathological
processing of tau involving phosphorylations and protease
cleavage, and subsequent aggregation [28], a process that
appears to be directly involved in triggering neuronal death
[30, 31]. Interestingly, recent data indicate that Aβ is involved
in inducing cleavage of tau and subsequent neuronal apop-
tosis [30, 32], thus providing some mechanistic insight into
the pathology of AD.

Dementia with Lewy bodies on the other hand is
characterized not only by having NFTs but also inclusions
consisting of aggregations of pathologically processed α-
synuclein (Lewy bodies), while the presence of amyloid
plaques is very limited [33–35].

In FTD, accumulations of pathologically processed pro-
teins are also observed, and in these cases the proteins TAR
DNA-binding protein 43 (TDP-43) and FUsed in Sarcoma
(FUS) are highly relevant and are known to undergo several
pathological changes, which all contribute to neuronal
toxicity [37, 38]. The accumulations of these proteins are
an important part of the subclassification of FTD into more
specific categories [39].

Interestingly, CBD and VaD are primarily tauopathies
and are characterized by accumulations of NFTs in the
neurons, and while other pathological changes are known
to occur, these do not appear to include other protein
aggregations, although some AD-like traits are observed
[40, 41].

These mechanisms are interrelated in complex vicious
cycles which lead to cell dysfunction and death. However, in
relation to development of novel biomarkers, the processing
steps the individual proteins undergo are of great interest
[27].

3. Presently Available Biomarkers and
Why Alternatives Are Needed

Biomarkers for the different forms of dementia, and espe-
cially AD, have been investigated for a long time, and hence
numerous biomarkers exist. These are based on imaging
and CSF-based technologies, which can detect and monitor
dementia, but they are limited by aspects such as the need for
lumbar puncture, use of radiotracers, and lack of predictive
value in terms of both disease progression, but also response
to treatments in development [15, 43].

As the cognitive decline only can be observed several
years after the onset of neuropathological changes, cognitive
tests are mainly useful at a diagnostic level [15, 44]. The
most commonly used imaging modality is MRI, which allows
assessment of both static and dynamic parameters in the
brain [15]. These techniques have predictive value and can
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Table 1: Relevant proteins for each dementia (see text for refer-
ences).

Type of dementia Relevant protein

Alzheimer’s disease (AD) Tau, Aβ

Dementia with Lewy bodies (DLB) α-Synuclein, tau

Frontotemporal dementia (FTD) Tau, TDP-43, FUS

Vascular dementia (VaD) Tau

Corticobasal degeneration (CBD) Tau

Table 2: BIPED classification adopted from [36].

Burden of disease:
Burden-of-disease markers assess the
severity or extent of disease

Investigative:

A marker which does not have a clear-
cut pathological relevance, but is used
exploratively

Prognostic:

The key feature of a prognostic marker
is the ability to predict the future onset
of disease

Efficacy of intervention:

An efficacy-of-intervention biomarker
provides information about the efficacy
of treatment or those at high risk for its
development

Diagnostic:
Diagnostic markers are defined by the
ability to classify individuals as either
having or not having a disease

measure many of the desired changes in the brain, such as
cortical atrophy, neuronal integrity, and more [15].

In addition, methods such as FDG-PET and 18C-PIB
scans also provide essential information about brain status
and progression of disease [15, 43, 45]; however, they are
significantly limited by the number of scans allowed due to
radiation and costs as well as patient discomfort/unruliness
associated with being placed in the scanner [16, 46, 47].

CSF-derived biomarkers for dementias, include Aβ(1–
42), total tau protein, and hyperphosphorylated tau, and
these protein species have well-established patterns in
dementias [21, 48–51]. However, while they are of use for
diagnosis and segregation of disease, their use is still some-
what limited by the need for lumbar puncture, a procedure
perceived as unpleasant and risky. Lumbar puncture cannot
be performed as often as desired when monitoring treatment
efficacy [51, 52]. Furthermore, the CSF biomarkers have
limited prognostic value [15].

As illustrated in Figure 1, novel biomarkers of dementias
should focus on detection of very early stages, which will
allow treatment at the right time and assist in selection
of patients at risk for progression [15, 27]. In addition,
biomarkers monitoring treatment efficacy, especially at the
level of neuronal integrity would be of great use [15, 27].

In summary, early diagnosis before the cognitive decline
accelerates, selection of those who will show progression
of disease, and monitoring of treatment efficacy, all those
aspects ideally require the identification of effective biomark-
ers. These biomarkers should preferably be monitored in

Neuronal integrity

Desired
biomarkers

Loss of cognitive function

Today’s biomarkers

Figure 1: Schematic illustration of the alterations in neuronal
integrity (black line) and subsequent loss of cognitive function (red
line). The green boxes indicate at what level the presently available
biomarkers have diagnostic/prognostic value, that is, once cognitive
decline has begun, and at which level it is desired to be able to
provide a prognosis/diagnosis, that is, biomarkers monitoring very
early changes in neuronal integrity.

serum and/or plasma, as this would allow a more frequent
sampling and hence a more detailed understanding of both
pathology and effects of treatments.

4. Present Fluid Biomarkers for AD and
Their Classification and Utility

Correction application of biomarkers is facilitated by a useful
classification, and, within the field of osteoarthritis, five
useful categories have been proposed. These categories are
referred to as the BIPED criteria and they introduce a simple
and useful way of separating biomarkers (Table 2 and [36]).

As illustrated in Table 3, the presently available fluid
biomarkers for dementias primarily belong in the burden
of disease and diagnostic categories [48], and while these
are highly useful in terms of strengthening diagnosis, can
provide a modest segregation into different dementia types,
and are applied across this field, and fluid biomarkers of
treatment efficacy, and importantly with predictive value, are
still lacking to a great extent [15, 42, 53]. One major reason
for these limitations is most likely the need for collection of
CSF, which requires a lumbar puncture and which cannot be
performed frequently [16].

Several studies have examined the potential of measuring
Aβ and tau in plasma/serum samples, and Aβ is present in
plasma but the levels are not related to pathology [54–56],
a finding likely explained by the large level of Aβ bound to
immunoglobulins in plasma [57]. On the other hand, plasma
Aβ appears to respond to γ-secretase inhibitor treatment
and hence appears to be relevant as an efficacy marker for
drugs affecting the γ-secretase [58]. In addition, a study
has monitored switches in isoforms of APP in plasma as a
function of AD, and it appears that there is a switch towards
lower molecular weight isoforms in AD [59].

Serum/plasma tau levels have been explored extensively,
but tau is virtually undetectable in MCI and/or AD [60];
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Table 3: Present fluid biomarkers for dementias from [15, 33, 42].

Analysis sample Biomarker BIPED classification Relationship with pathology

CSF

t-tau B,D Increased in AD, indicates the neuronal degeneration

p-tau B,D Increased in AD, reflects the formation of tangles

Aβ42 B,D Reduced in the onset stage of AD, it remains unchanged after onset of AD

Aβ oligomers B,D Increased in AD

APPs-a B,D Soluble APPa is decreased in AD

APPs-β B,D
APPs-β is a product of APP cleavage by BACE-1; it cannot discriminate
normal from AD

APLIβ B,D Fragments generated by β- and r-secretase are increased in AD

α-Synuclein B,D
There is an inverse relationship between severity of disease and α-synuclein, it
increases rapidly after neuron death in DLB

BACE-1 B,D Increased activity in MCI but not AD

Plasma Aβ40,42 E
Plasma Aβ is in large amount bound to plasma protein, it cannot discriminate
normal from AD, but may have a role as an efficacy marker

however, serum tau levels are elevated in a series of other
pathologies with a markedly different pathology, such as
ischemic stroke [61], Creutzfeldt-Jacob’s disease [60], and
traumatic brain injury [62]. For hyperphosphorylated tau,
there are no studies clearly showing any relevance of this
marker in serum/plasma [15, 63].

Hence, monitoring in serum/plasma at present is limited
to experimental markers, such as the 18 peptide profile
described which initially was thought to be useful for
segregating different dementias [64], or the blood-based
algorithm by O’Bryant and colleagues [65]. However, under-
scoring the complex nature of monitoring brain pathologies
in blood specimens is a recent study finding that the 18
peptide profile cannot segregate dementias and only have
limited diagnostic value in another cohort [66]. These
points clearly illustrate the need for novel approaches for
identification of fluid biomarkers for dementias.

5. Critical Considerations for the Design
of Serum Biomarkers for Dementia

A major issue in relation to serum detection of brain-derived
proteins is the blood-brain barrier (BBB), which does not
allow large proteins to cross. The (BBB) exists between the
peripheral circulation and brain, and its primary function
is to protect the brain from potentially harmful substances
present in blood [67, 68]. However, in addition to reducing
entry into the brain, the BBB also reduces exit of molecules
from the brain [68, 69], a function which has complicated
the biomarker development process significantly and which
is the main reason for the lack of useful serum biomarkers
for dementias.

Of importance is that CSF is absorbed into blood every
day, and some exchanges of peptides occur, meaning that
a protein fragment of sufficiently small size may have the
possibility to pass BBB potentially allowing detection in
serum or plasma [16]. An example of this is that Aβ is
present in plasma, but is bound to immunoglobulins, and
thus cannot be reliably used for diagnosis [57].

All of the dementias are characterized by pathologi-
cal protein processing, of which fragmentation and other
posttranslational modifications (PTMs) appear to be key
pathological events [31, 70–72]. With these aspects in
mind, we speculate that protease-mediated cleavage of brain
proteins will lead to the generation of small fragments which
can be released into the serum, and which in serum will
represent neoepitopes of potential use for serum detection
(Figure 2).

6. Neuronal Proteins and Proteases of Interest
for Development of Dementia Biomarkers

Dementias are characterized by aberrant protein processing,
and the processed proteins have for a long time been
explored and used as biomarkers for dementias [15, 42].
These include Aβ(1–42) and hyperphosphorylated tau, both
of which represent pathological processes ongoing in the
brain; however, data generated using these markers is only
meaningful in CSF as the free levels of these present in serum
are extremely low [15, 57].

When examining the forms of dementia, several proteins
and proteases are known to show alterations [28, 29].

Classical examples of pathological processing steps in
neuronal proteins include γ-secretase cleaved amyloid pre-
cursor protein (APP) to generate the 1–42 amino acid
polypeptide (Aβ), which forms toxic oligomers and eventu-
ally deposits as plaques [28].

Microtubule-associated protein tau undergoes several
posttranslational modifications, and recent data have indi-
cated that the caspase cleavage at the C-terminal is a key early
event occurring, which appears to occur only in the absence
of phosphorylation and which causes aggregation into the
neurofibrillary tangles [30, 73–75] (Table 2).

In addition to tau and APP processing, processing of
α-synuclein and TDP-43 and several other proteins with
high specificity for the brain are known to be processes by
different classes of proteases during pathological events, and
these known processing steps related to dementia are listed
in Table 4.
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Table 4: Proteins, proteases, and the consequences in relation to dementia.

Protein Normal function Protease Alteration and consequence Disease Reference

APP
Lipid metabolism, axonal

transport??

α,β,γ-Secretases
ADAMs
MMPs

Fragmentation, generation
of Aβ, formation of

amyloid plaques
AD [28, 94, 95]

tau
Microtubule stabilizing

protein
Caspase
Calpain

C-terminal truncation in
AD and aggregation

causing NFTs
AD [28, 73–75]

α-Synuclein Molecular chaperone
MMPs
calpain

cathepsins

Truncation and aggregation
leading to Lewy bodies

DLB
[34, 35, 96,

97]

TDP-43

Transcription and splicing
regulation, apoptosis, cell
division, and stabilisation

of messenger RNA

Caspase?
C-terminal truncation,

aggregation formation of
Lewy bodies

FTLD-TDPAD
[37, 39, 98,

99]

FUS Transcription factor ?? ?? FTLD-FUS [39]

GFAP Neurofilament Caspase
Truncation and neuronal

death
Alexander disease [100]

Intact tau

BBB

BloodCSF

Fragments unable to pass the BBB Fragments passing the BBB

Figure 2: Schematic illustration of proteins present in the CSF, and
the possibility that small fragments can cross.

We speculate that in addition to these truncations
several others will take place and that selective searching for
fragments of the proteins of interest in serum/plasma could
provide useful biomarkers of neuronal pathologies.

7. The Potential of Posttranslational
Modifications (PTMs) as Biomarkers

Importantly, several different posttranslational modifica-
tions (PTMs) exist, and these include the aforementioned
generation of novel protease cleavage sites, isomerizations,
crosslinks, phosphorylations, nitrosylations, glycosylations,
glycations, hydroxylations, and more [27].

The dementia field has for many years taken advantage
of the fact that pathologies introduce PTMs in proteins, and
this approach has been duplicated across many research fields
[27].

Within the dementia field, the best characterized PTM-
based biomarkers are the Aβ(1–42) fragment and hyper-
phosphorylated tau, but of which, as mentioned previously,
are used diagnostically for AD [15, 42]. However, as

described earlier, despite the application of PTM approach,
there are still several limitations to the fluid biomarkers [16].

Hence, other peripheral biomarkers, such as serological
biomarkers which could provide us noninvasive, inexpen-
sive, convenient, and frequent samples, are intensely sought
[16]. One promising approach towards this goal is to focus
on the size of fragments generated by protease cleavage
and then work selectively on identifying small fragments of
proteins in circulation, and these could then be explored
for their biomarker potential. Interestingly, recent studies
have highlighted the C-terminal truncation of tau causing
generation of the protein species referred to as tau-C3 as a key
initiator of tau processing ultimately causing NFTs and death
[31, 72–76]; however, whether the tau-C3 can be measured in
fluids such as CSF or even serum has not yet been explored.

If successful, this approach could be followed by search-
ing for other PTMs present in the identified fragments, and
as both phosphorylation and glycations are known to occur
in dementia pathologies these are candidates of interest [77–
79].

8. An Example of What a PTM-Based
Biomarker Can Do

Aβ is one of the most used PTM/neoepitope biomarkers, and
as described previously in this paper, it is highly useful for
diagnosis of AD. However, as also described there are also
significant limitations to its use [15, 42].

There is in particular one PTM biomarker in serum,
which has been used extensively, and this is the bone
resorption marker β-CTX-I, and the use of this marker has
illustrated many of the benefits and a few of the challenges of
this class of biomarkers [80].

In bone, the ECM consists of 90% type I collagen, and
this matrix is degraded by the bone resorbing osteoclast [81].
The osteoclasts degrade type I collagen using the cysteine
proteinase cathepsin K, and this has been shown to lead to
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the generation of the CTX fragment (1207EKAHDDGR1214)
[82–84].

The CTX fragment hence contains a cathepsin K cleavage
site as its primary PTM; however, in addition, it is a dipeptide
linked together via a lysine crosslink adding another PTM
[27, 85]. Finally, it contains a DG amino acid sequence, and
this site undergoes isomerization with time, and the β-CTX-
I system measures the isomerized, hence aged, form, thereby
including one more PTM in this system [85].

Studies of b-CTX have shown that it is elevated in post-
menopausal women, it has predictive value for osteoporotic
fractures, it not only responds to treatment but also predicts
effect of the antiresorptive treatment on BMD [80], and
hence it fits into all the BIPED categories [86].

In relation to the issues of β-CTX-I, measurements of
β-CTX-I in studies have highlighted that it is very rapidly
removed from circulation, which allows the measurement
of changes in levels within less than one hour after treat-
ment in human studies [87–89]. Furthermore, it exhibits a
pronounced diurnal variation, which correlates directly to
observation of osteoclast activity and which appears to be
controlled almost completely by food intake [87–89]. The
sensitivity of CTX-I to food intake/diurnal variation is often
seen as a limitation; however, on the other hand, when
knowing how to handle this variation, CTX-I is a highly
sensitive and rapidly responsive biomarker, and, therefore,
this unique triple PTM biomarker is among the most used
biomarkers in both in vitro preclinical and clinical studies
within the bone field as well as in studies of the bone safety
of other drugs, that is, glitazones and Serotonin Reuptake
Inhibitors [90, 91].

We speculate that utilizing the knowledge about PTMs/
neoepitopes from the bone field may provide possibilities
for biomarkers development within the dementia fields,
although this still remains to be demonstrated conclusively.

9. Conclusions and Challenges

While there are imaging- and CSF-based technologies for
the diagnosis of dementias, there is still a large unmet need
for novel markers, especially markers which can predict
disease progression and treatment response, and preferably
in serum or plasma as this allows more frequent sampling at
a markedly lower risk for complications.

The major hurdle in the development of serum biomark-
ers for dementias is the limited passage of proteins or
fragments through the BBB, as underlined by the difficulties
in detecting intact and phosphorylated tau in serum samples
[68]. This is where the protease-generated protein fragments,
often referred to as neoepitopes, are of great interest, as
these provide the possibility for getting a protein fragment
of sufficiently small size to allow crossing of the BBB, but
also with pathological relevance and a high level of specificity
due to the possibility of combining specific brain proteins
with specific brain proteases. Interestingly, there are already
studies showing that specific pathological processing of tau
results in the generation of a highly interesting fragment
[31, 71–75], and although it still is unclear whether this

fragment can be utilized as a serum marker, this is a
promising finding.

If successful, this approach could also allow differential
diagnosis of the different dementias, as they are characterized
by different enzymatic processing steps, as well as a series
of other PTMs, all which can be explored in the context
of biomarker development, and thus potentially result in a
biomarker panel with the ability to clearly separate different
forms based on their protein degradation profile. An example
could be a caspase-generated tau fragment specific for AD
versus a calpain-generated α-synuclein fragment to separate
AD from DLB [48].

However, the probability of success is to a large extent
defined by the ability to identify small brain-derived frag-
ments in serum, and even if these are identified they are likely
to be present at low concentrations, which will increase the
demand for a highly sensitive and highly specific detection
system. Furthermore, as illustrated by the β-CTX-I example,
numerous parameters need to be investigated in detail in
order to validate the relevance of a potential marker [80],
and whether this approach or other approaches, that is, mass
spectrometry-based analyses of CSF and/or plasma samples,
will end up providing a fluid biomarker with a broader
application remains to be seen.

Another interesting aspect in relation to dementias is
the possibility of monitoring comorbidities, such as diabetes
and/or cardiovascular disease [92, 93]. As biomarkers of
these pathologies exist, combining them with novel dementia
biomarkers could provide additional strength to the analysis
of the patients, and thus ultimately help segregation of
patients for clinical trials, for the right type of treatment, and
so forth.

In summary, although the dementia field has been
working on biomarker development for several years, there is
still a large area that has not been explored, namely, the small
degradation fragments in serum. Based on the success of this
approach within other diseases where biomarkers have been
lacking, we are enthusiastic about this possibility, despite the
numerous hurdles that will need crossing.
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