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Abstract

Clinical trial results presented in 2019 suggest that antibody-based removal of cerebral amyloid
(ApB) plagues may possibly clear tau tangles and modestly slow cognitive decline in symptomatic
Alzheimer’s disease (AD). Although regulatory approval of this approach is still pending,
preparing the healthcare system for the advent of disease-modifying therapies against AD is
imperative. In particular, it will be necessary to identify the most suitable biomarkers to facilitate
appropriate treatment of AD. Here, we give an update on recent developments in fluid and
imaging biomarkers for AD-related pathologies and discuss potential approaches which could be
adopted to screen for and clarify the underlying pathology in people seeking medical advice
because of cognitive symptoms. We succinctly review recent data regarding biomarkers for Ap
and tau pathology, neurodegeneration, synaptic dysfunction and inflammation, highlight the need
for further research into common co-pathologies, and suggest how different biomarkers could be
used (most likely in combination) to facilitate the development and clinical implementation of
novel drug candidates against AD.
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Introduction

Alzheimer’s disease (AD) is a slowly progressive neurodegenerative disease that currently
lacks effective treatment. The first discernible pathology is the accumulation of 42 amino
acid-long amyloid B (Ap) protein in extracellular plaques in the brain, occurring decades
before clinical onset [1]. Biomarker studies suggest that AR accumulation is followed by
synaptic dysfunction and increased phosphorylation and secretion of tau, a microtubule-
binding axonal protein that is highly expressed in cortical neurons [2]. This dysfunctional
tau metabolism places neurons at increased risk of degeneration with the development of
intraneuronal neurofibrillary tangles that are composed of hyperphosphorylated and
truncated tau proteins. Neurodegeneration eventually translates into the AD clinical
syndrome, with cognitive symptoms that worsen as the disease progresses [3]. This is the
most common account of the pathophysiological cascade in AD (the so-called amyloid
cascade hypothesis [4]), which has been largely validated in familial forms of the disease
that are caused by mutations in genes encoding AP turnover-related proteins. Sporadic AD
(the age-related and more common form of the disease), appears to be characterized by a
more complex interplay between AP aggregation, vascular changes, microglial and
astrocytic activation, other co-pathologies (e.g., neuronal a-synuclein and TDP-43
inclusions), genetic susceptibility (with the e4 allele of the apolipoprotein E [APOE] gene
being the strongest risk factor) and factors that impact brain health in development and aging
potentially influencing resilience to AD pathology [5-7].

Among these pathological processes, Ap remains the most prominent target in clinical trials
of disease-modifying drug candidates against AD [8], both at the symptomatic and the
preclinical stage. Exactly what starts the process of concentration-dependent initiation of
prion-like Ap misfolding due to increased production and/or defective Ap clearance, is
presently unclear, but a wealth of experimental and observational data suggest that A
accumulation is not an innocent by-stander but toxic to synapses and neurons [9]. Primary
approaches to alter the amyloid-initiated cascade include immunotherapy, p-secretase 1
(BACEL1) inhibitors, and vaccines. Potential mediators of Ap toxicity, including the
apolipoprotein E protein and microglial and glial activation [10-12], have also been targeted
in preclinical and early-phase attempts. Strong evidence points toward a critical role for
neurofibrillary tangles in the development of cognitive impairment, spurring on the
development and testing of anti-tau therapies, with several clinical trials ongoing [8, 13].

Although a new drug for AD has not been approved for clinical use in over 15 years, a
confluence of recent factors suggest that this may soon change. These include increases in
funding for AD research, improved understanding of the biology of AD, and promising
results from a recent amyloid immunotherapy trial coupled with the likelihood of regulatory
approval. The number of individuals waiting for a disease-modifying therapy is large and
growing. Within the US alone, there are 5.8 million individuals living with AD dementia, 9.1
million people in EU member states (https://ec.europa.eu/health/sites/health/files/state/docs/
2018 healthatglance_rep_en.pdf), and an estimated 50 million people with dementia
worldwide (https://www.who.int/news-room/fact-sheets/detail/dementia), the majority of
these cases due to AD. On top of these, a currently unknown number of individuals harbor
presymptomatic pathology, presenting an additional population of individuals who may
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benefit from treatment. When one or more new disease-modifying therapies becomes
available clinically, healthcare systems will need to be prepared to provide these new
treatments.

A critical component of preparing for the approval of new treatments, is the selection,
validation, and deployment of tools for disease screening and treatment monitoring. Here,
we provide an overview of the biomarkers that reflect the core components of AD, including
biomarkers for Ap and tau pathology, as well as biomarkers for other components of the
pathological cascade, including neurodegeneration, synaptic dysfunction and inflammation
(Figure 1). We also discuss the pathophysiological processes these biomarkers reflect,
highlight the need for further research into common co-pathologies, and suggest how
biomarkers could be used (particularly in combination) in clinical practice, considering
potential challenges in clinical practice, and how to facilitate the development, clinical
implementation and monitoring of novel drug candidates against AD.

Biomarkers for AB pathology

Extracellular deposition of AB, generated through the cleavage of amyloid precursor protein
(APP) by BACEL and y-secretase, into plaques is the key pathological feature of AD, and
has been proposed as the main pathogenic event in the disease [14]. While the amyloid
cascade hypothesis was proposed three decades ago [4, 15], development of tools to measure
AP pathology /n vivo and prior to autopsy, via diagnostic biomarkers in cerebrospinal fluid
(CSF) and through amyloid positron emission tomography (PET) imaging [16], has
improved the knowledge on the molecular processes underlying AD and facilitated the
development of targeted treatments.

AD CSF is characterized by reduced—by approximately 50% of normal levels—
concentration of the 42 amino acid-long and aggregation-prone form of Ap (AB42) [17].
AP42 is a secreted degradation product of APP that normally is mobilized from the brain
interstitial fluid into the CSF and blood, likely via the glymphatic system [18]. In AD, it
aggregates in the brain parenchyma, resulting in reduced CSF levels. The diagnostic
accuracy for A pathology can be increased by dividing the concentration of aggregation-
prone AB42 by soluble AB40 (both products of the same APP-processing pathway but
ABA40, in contrast to AB42, remains soluble in AD). The CSF Ap42/AB40 ratio, which
accounts for inter-individual differences in amyloidogenic APP-processing (high vs. low Ap
producers), is close to 100% concordant with amyloid PET [19], and discordant cases which
are typically CSF-positive and PET-negative, often turn PET-positive within a few years
[19-21].

With regard to imaging, three amyloid PET tracers have been approved by both the US Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) for AB plaque
imaging in cognitively impaired patients being clinically evaluated for AD, namely
[18F]florbetapir (Amyvid), [18F]flutemetamol (Vizamyl), and [18F]florbetaben (Neuraceq)
[16]. [11C]PIB is widely used in the research context, but given the short half-life of
carbon-11 (approximately 20 minutes), it requires an onsite cyclotron for production. An
example amyloid PET image is shown in Figure 2A. Since amyloid PET has been in use for
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the past 15 years, it has passed a number of hurdles. Amyloid PET has been validated
against neuropathology [16], has undergone extensive standardization regarding how to
quantify AP pathology and how to define cut-points for abnormality [22], and has
appropriate use criteria [23]. Amyloid PET is the most widely used biomarker in current
clinical trials, and is likely to be a first choice for clinical use, particularly in the US and
Europe, when an anti-amyloid therapy is approved. An important consideration in the use of
amyloid PET is the availability of PET scanners and cyclotron-equipped production
facilities, which vary by country. The availability of PET scanner time and the production of
radiotracers for screening and treatment monitoring of amyloid therapies will impact initial
patient wait times for treatment until the availability of facilities can be scaled up. The
RAND Corporation has modeled this for several countries, including the US [24], Canada
[25], some EU member states [26], and Japan [27], and has suggested that use of CSF
biomarkers in lieu of or in addition to amyloid PET would reduce wait times for amyloid
therapy.

The regulatory status of CSF biomarkers for clinical evaluation of AD is less clear, but both
the FDA and the EMA have encouraged the further study of CSF biomarkers in the context
of AD, and the Coalition Against Major Diseases (CAMD) CSF Biomarker Team is working
toward seeking formal qualification from the FDA on the use of CSF biomarkers for clinical
trial enrichment at the pre-dementia stage of the disease [28]. Reference methods and
materials for CSF AB42 assay standardization, as well as high-precision clinical chemistry
tests on fully automated instruments, are in place [29], which bodes well for full
implementation of these biomarkers in clinical laboratory practice with uniform reference
limits around the globe; in many European countries CSF biomarkers are already used in
clinical laboratory practice in accordance with country-specific regulations. Work on the
reference measurement procedures for CSF AB40 is ongoing under the auspices of the
International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) CSF
Proteins working group and should be concluded during 2020.

Given that CSF sampling may be considered invasive, and amyloid PET expensive with
limited availability (and non-negligible radiation exposure), a blood biomarker for cerebral
AP pathology would be an important step towards precision medicine in the clinical work-up
of patients with cognitive complaints. In contrast to earlier reports [17], recent findings
suggest that plasma AB42 in ratio with AB40 (measured by immunoprecipitation mass
spectrometry or ultrasensitive enzyme-linked immunosorbent assays) reflects cerebral Ap
pathology with relatively high accuracy against both amyloid PET and CSF AB42/Ap40
ratio [30-33], although evaluation against neuropathology is still needed. A recent validation
study utilizing a fully automated immunoassay (Elecsys) to measure plasma Ap42 and Ap40
further underscores the promising capabilities of plasma Ap in clinical laboratory practice
[34].

The AB42/ABA4O ratio is reduced by only 14-20% in plasma [30-33], compared with 50% in
CSF [17], with a greater overlap between AB-positive and —negative individuals, and the
correlation with CSF is weak, which could be explained by production of AB peptides in
platelets and other non-cerebral tissues, but the concordant research findings using high-
precision analytical tools still represent an important research advancement towards clinical
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implementation (following much needed standardization work), perhaps using staged testing
(e.9., ablood AB test favoring sensitivity over specificity, followed by a more specific CSF-
or imaging-based test in clinical practice).

Biomarkers for tau pathology

The aggregation of hyperphosphorylated forms of the axonal protein tau in the neuronal
soma, forming neurofibrillary tangles, is a key pathological feature of AD, although tau
inclusions in neurons or glial cells are also found in other neurodegenerative dementias [35].
The cornerstone markers total tau (T-tau) and phosphorylated tau (P-tau) have been
proposed, together with CSF Ap42/AR40 ratio, as biomarkers for biologically defining AD
[36], and are considered diagnostic in the research criteria for AD [37]. Both CSF T-tau and
P-tau concentrations reflect AD-related pathophysiology across the neurodegenerative
dementias [38, 39]. The most likely explanation for this is that the increased CSF levels of
tau are due to increased phosphorylation and secretion of tau from neurons, as a neuronal
response to AR exposure [40, 41]. CSF T-tau and P-tau may thus be regarded predictive
markers of AD-type neurodegeneration and tangle formation but not direct markers of these
processes (and not markers of non-AD tauopathies, for which better biomarkers still need to
be developed). Fully automated assays for clinical use are available [42, 43], and
standardization work is ongoing in collaborative efforts between IFCC and the Global
Biomarker Standardization Consortium.

Whilst ultrasensitive plasma T-tau assays can detect neuronal injury in acute brain disorders,
such as stroke and traumatic brain injury [44, 45], they work relatively poorly in AD settings
[46], and the correlation with CSF is weak [47]. A potential explanation for this is that the
assay set up is vulnerable to proteolytic degradation of tau in the blood (the half-life of tau
measured using currently available T-tau assays is 10 hours [48], compared with around 20
days in CSF [41]).

Fortunately, we have recently seen a number of real breakthroughs in the plasma tau
biomarker field. Mielke et al. originally demonstrated a correlation between P-tau181, and
amyloid and tau PET, which indicates that plasma P-taul81 is a good predictor of brain AD
pathology [49]. These findings were replicated in a recent study by Palmqvist et al.,
demonstrating that plasma P-taul81 associates with amyloid PET positivity and correlates
strongly with CSF P-taul81 [2]. Interestingly, the change in plasma P-taul81 became
significant before amyloid PET, but after CSF and plasma Ap42, /.e., already at sub-PET
threshold Ap pathology [2]. Thus, plasma P-taul81 might be useful both diagnostically to
detect early Ap-related tau dys-metabolism, as well as for disease staging (albeit without
anatomical precision). Recent large validation studies show very similar results [50, 51],
corroborating plasma P-tau as a robust blood biomarker for AD pathology that should be
relatively easy to standardize and implement in clinical laboratory practice.

A drawback of fluid biomarkers is the inability to determine brain region-specific changes,
which may limit staging of disease severity (e.g., Braak staging [52]) and limiting their use
as progression markers. While lagging behind amyloid PET, the recent development of PET
ligands to visualize, map and quantify tau pathology has provided new information on the
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temporal and spatial characteristics of tau accumulation in the living brain. First generation
tracers include compounds in the THK series ([18F]THK5317, [18F] THK5351),
[11C]PBB3, and [18F]AV1451 [53]. Of these, THK tracers are unlikely to be used clinically
given that they also bind to monoamine oxidase-B, complicating the localization of
neurofibrillary tangle pathology [54]. [L1C]PBB3 has high affinity for AD tau pathology, but
decomposes to a polar radiometabolite with brain penetrance, impacting accurate
quantification of PBB3-binding [55]. [18F]AV1451, the most widely used compound,
corresponds with post-mortem tau pathology [56], and has been used in several clinical
trials; off-target binding is known a limitation [57]. An example [18F]AV1451 image is
shown in Figure 2B. The second generation tracer, [18F]MK-6240, is gaining wider use and
unlike [18F]AV1451, shows limited off-target-binding near brain regions where tau tangle
pathology develops [58]. Other tau tracers under evaluation include [18F]RO-948 PET [59],
[18F]P1-2620 [60], and [18F]GTP1 [61].

In terms of accessibility and standardized use, tau imaging is still in its infancy compared to
amyloid PET, but it could conceivably become a valuable clinical tool for evaluating the
efficacy of amyloid, tau, or combination therapy. Prior to implementation in the clinical
setting, additional developments are needed, including standardization of processing
methods, cut-points for positivity (or standardized staging), and additional evidence
supporting clinical use. The results accrued to date via PET imaging corroborate the Braak
model of distinct spatial and temporal stages of tau pathology progression in the AD brain
[52], and tau PET has already proven useful in clinical trials to detect pharmacodynamic
effects of disease-modifying drug candidates against both Ap (to monitor downstream tau
changes) and tau pathology (target engagement) [62].

Biomarkers for neurodegeneration

Volumetric magnetic resonance imaging (MRI) and CSF tau have been used commonly as
biomarkers for AD-type neurodegeneration [36, 63]. Typical MRI-based measures are
derived from T1-weighted imaging and include whole brain atrophy [64], gray matter
atrophy, and regional atrophy (e.g., medial temporal areas, hippocampus, and hippocampal
subfields [65]), as well as surface-based cortical thickness [66]. Advances in neuroimaging
acquisition and modelling of water diffusion have also facilitated the characterization of
cortical microstructure, which may provide a sensitive measure of neurodegeneration that
precedes overt cell loss [67]. Clinically, volumetric imaging is already used to monitor
progression of neurodegeneration; multi-shell diffusion-weighted imaging is available as
part of commercial scanning packages, but would need specialized processing for
interpretation of neurodegeneration in the context of AD.

CSF T-tau was proposed as a strong candidate biomarker of neurodegeneration, but given
that it reflects to a greater extent the increased tau secretion from neurons affected by Ap
pathology, rather than neuronal cell loss, it is a predictive but not a direct biomarker for
neurodegeneration in AD [46]. Recently, neurofilament light (NfL) has emerged as a general
biomarker for neuroaxonal degeneration and injury, irrespective of cause [68]. The
biomarker can be measured in both CSF and plasma (or serum), and virtually all CSF
findings have been replicated in blood with sensitive assays [69]. The highest NfL levels are
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seen in frontotemporal, vascular and HIV-associated dementias [70]. However, the findings
in familial AD are also very clear; mutation carriers show a sudden change in their blood
NfL levels around a decade before expected clinical onset, which probably marks the onset
of neurodegeneration, and the higher the increase, the more rapid clinical disease
progression [71, 72]. In sporadic AD, there is a clear association of AP and tau positivity, as
well as longitudinal neurodegeneration as determined by MRI, with increased plasma NfL
concentration, but with a larger overlap across groups than in familial AD [73], most likely
due to the multitude of neurodegenerative changes that may result in NfL increase in people
older than 70 years of age.

Biomarkers for synaptic dysfunction

Synaptic dysfunction appears to be an early event in AD, and synaptic loss is traditionally
regarded the best correlate of cognitive decline in the disease [74]. Fluorodeoxyglucose
(FDG) PET has long been used clinically for differential diagnosis of AD. Patients with AD
dementia show a characteristic pattern of hypometabolism in precuneus, posterior cingulate,
parietal cortices, lateral temporal cortex, frontal cortices, and medial temporal lobe [75]. An
example [18F]FDG PET image with medial temporal lobe hypometabolism is shown in
Figure 2C Hypometabolism likely reflects a combination of synaptic dysfunction, neuronal
cell loss, and metabolic dysfunction [36, 76], in addition to potentially being influenced by
astroglial glutamate transport [77]. Despite the complexity of the signal, FDG PET remains
an attractive biomarker given its wide clinical use for differential diagnosis of AD, its likely
sensitivity to synaptic dysfunction, and its capability of detecting abnormalities in the
preclinical asymptomatic stage of AD.

Another emerging method to detect synaptic loss in neurodegenerative dementias is PET
tracers targeting synaptic vesicle protein 2A (SV2A), which is expressed ubiquitously in
synapses [78]. [11C]JUCB-J is a high-affinity ligand for SV2A, and imaging with the tracer
demonstrates approximately 40% lower SV2A-binding in the hippocampus among
individuals with AD [78]. Fluorine-18-labeled SV2A PET compounds would facilitate
broader use, and are currently in development and testing [79, 80]. An example [11C]JUCB-J
PET scan acquired in a healthy control is shown in Figure 2D. The extent to which SV2A
ligands provide information above and beyond that provided by FDG PET remains to be
determined.

In the biofluids, the most promising biomarker candidate for synaptic dysfunction in AD is
the dendritic protein neurogranin (Ng). CSF Ng concentration is increased in AD and
correlates with T-tau and P-tau concentrations, as well as cognitive deterioration over time,
in an AB-dependent manner [81]. CSF Ng concentration is normal or slightly reduced in
non-AD neurodegenerative dementias [82, 83], suggesting that it is not a general biomarker
for synaptic loss but rather reflects an AD-specific and probably Ap-driven change in its
metabolism and secretion (similar to tau). CSF Ng concentration appears to relate to
cognitive function more closely than the other CSF biomarkers [84]. Ng can be measured in
plasma but without correlation with CSF levels, probably due to extra-cerebral production of
the protein [85]. There are currently no available blood-based biomarkers for synaptic
dysfunction or loss.
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Biomarkers for glial activation and neuroinflammation

Neuroinflammation, as well as activation of microglial cells and astrocytes, are key features
of neurodegenerative dementias, with most research having been performed in AD. During
the last decade, it has been debated whether neuroinflammation and astrogliosis are
important drivers of neurodegeneration, or downstream effects of the accumulation of A
and tau. Variants in the triggering receptor expressed on myeloid cells 2 (TREMZ2) gene,
encoding a receptor of the innate immune system, which is highly expressed in microglia,
have been found to increase the risk of late-onset AD by 2- to 4-fold, similar to what has
been observed in patients with one copy of APOE e4 [86]. This suggests that the innate
immune system may be an active player in the AD process, potentially as a mediator of Ap
toxicity.

A number of candidate markers have been examined in relation to inflammation/astroglial
activation in neurodegenerative dementias, of which YKL-40, a glycoprotein expressed in
both astrocytes and microglia, and the soluble form of TREM2 (STREMZ2) have proven to be
the most promising [87]. Several cross-sectional, as well as longitudinal, studies in the past
years have shown that CSF YKL-40 and STREM2 levels are modestly increased in patients
with AD and correlate with CSF tau levels in Ap-positive individuals [87]. Data from the
Dominantly Inherited Alzheimer’s Network (DIAN) study of familial AD mutation carriers
suggest that CSF sTREM2 concentration increases before symptomatic disease onset, and
just after CSF ApP42 and T-tau have turned positive [88]. STREM2 appears to peak in the
mild cognitive impairment stage of the clinical presentation, with a slight decline in the
clinical AD dementia stage [88], which may complicate the development of clinical cut-
points. Currently, there are no established blood tests for neuroinflammation or astrocytic or
microglial activation, but recent data on plasma glial fibrillary acidic protein (GFAP, an
intermediate filament protein that is selectively expressed by astrocytes in the central
nervous system) showed increased concentrations in AD patients compared with cognitively
normal controls [89]. The currently available CSF GFAP data are less clear [17].

Activated, but not resting, microglia express the translocator protein (TSPO) on the outer
membranes of their mitochondria [90]. [11C]PK11195, [11C]PBR28, and [18F]FEPPA are
in vivo markers of the TSPO expressed by activated microglia. Recently, it was reported that
80% of Ap-positive MCI patients showed active inflammation and increased TSPO ligand
retention in the brain [91]. It has also been reported in established AD that levels of
temporoparietal cortical microglial activation correlate inversely with cognitive function
[92], suggesting a disease-promoting effect of the detected activation. Despite the relatively
established role for TSPO PET imaging in detecting activated microglia /n vivo, several
challenges remain, particularly for clinical deployment. A major consideration is that there
is genetic variation in the 75PO gene, making individuals more or less prone to bind the
ligand. Thus, participants need to be genotyped for the single nucleotide polymorphism
(rs6971) in exon 4 of the 7SPO gene, to either exclude low binders or stratify participants
into high, medium, and low affinity binders [93]. Another challenge is that acute vs. chronic
inflammation cannot be differentiated, and it is presently not possible to differentiate more
or less anti- and pro-inflammatory phenotypes of microglia with TSPO-targeting
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radioligands. This challenge is also relevant for the fluid-based biomarkers, and developing
better biomarkers for different states of microglial activation is an active research field.

Several other indicators of neuroinflammation have been considered in CSF and blood in
AD, including markers of pro- and anti-inflammatory cytokines and chemokines, e.g.,
soluble tumor necrosis factor receptor 1 and 2, al-antichymotrypsin, soluble CD40 ligand,
IL-10 and transforming growth factor-p1 [94]. These markers could be used for monitoring
treatments, but are non-specific to AD and may show variable expression depending on the
general health of the patient and when they are measured in relation to disease stage.

Biomarkers for common co-pathologies: a-synuclein and TDP-43

Misfolding of a-synuclein plays a major role in the development of common
neurodegenerative diseases, such as Parkinson’s disease (PD) and dementia with Lewy
bodies (DLB). a-Synuclein is the main constituent of Lewy bodies. TAR DNA-binding
protein 43 (TDP-43) is another inclusion-forming protein that is frequently seen in some
forms of frontotemporal dementia and in amyotrophic lateral sclerosis. Further, both these
pathologies are often seen together with classical AD pathology; neuropathological studies
show that around 50% of AD patients have Lewy bodies [95], whilst the corresponding
figure for TDP-43 is 30-40% [96]. There are currently no established imaging biomarkers
for a-synuclein or TDP-43 inclusions, and it has been difficult to develop fluid biomarker
tests that are pathology-specific (both proteins can be measured in biofluids, but there is no
correlation with pathology nor reproducible group differences, except for a slight decrease in
CSF a-synuclein concentration in PD [97]). Nevertheless, the fact that a-synuclein
oligomers may spread in a prion-like manner has sparked the idea that seeding aggregation
assays, such as real-time quaking-induced conversion (RT-QuIC) or protein-misfolding
cyclic amplification (PMCA), could be used to qualitatively detect pathological forms of a-
synuclein in CSF [98]. Studies analyzing CSF with RT-QuIC of a-synuclein have been able
to distinguish synucleinopathies from non-synucleinopathies with excellent diagnostic
accuracy, detecting DLB and multiple system atrophy with 100% and 80% sensitivity,
respectively [99]. Other studies from independent research groups have shown very similar
results [100, 101], which is encouraging. Unsurprisingly, these assays do not discriminate
between different synucleinopathies. As development of biomarkers for these co-pathologies
progresses, the extent to which they provide information on clinical disease progression in
AD will become clearer.

An integrated model

Biomarkers for AD have significantly advanced the field in several ways, and hold
tremendous promise for diagnosis, staging pathology, and measuring treatment response.
However, identifying the best biomarkers, either alone or in combination, requires that the
biomarker modalities discussed above be examined largely within the same individuals, and
preferably in longitudinal cohort studies. Recently, the results of a large head-to-head
comparison of biomarkers for Ap and tau pathology, neuroinflammation, synaptic
dysfunction and neurodegeneration in the Swedish BioFINDER cohort were published [2].
In Figure 3, we present a model of the temporal staging of AD-related biomarker modalities
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along the phases of the AD continuum and incorporating the BioFINDER results. As
predicted by previously published hypothetical models [102] and the amyloid cascade
hypothesis [4], the earliest changes in the BioFINDER study were found in AB42, followed
closely by P-tau and T-tau, as AP response markers. Change points in amyloid positivity
were similar whether CSF or plasma were utilized, but in both cases, fluid amyloid
abnormalities preceded change in amyloid PET. Neurodegeneration, indexed by
hippocampal volume and CSF NfL, and synaptic dysfunction, indexed by CSF neurogranin,
occurred after amyloid PET positivity. YKL-40 increased after amyloid, P-tau, and
neurodegeneration. (It is likely that GFAP would follow a similar pattern, although we still
lack longitudinal data for this marker.) Of special note, CSF and plasma P-tau had similar
dynamic ranges [2], highlighting the potential for plasma P-tau to be used as a leading
blood-based biomarker of AD. The CSF sTREM2 changes depicted in Figure 3 are
modelled on the basis of data generated in the DIAN study, in which changes in CSF
STREM2 occurred after alterations were observed in markers of brain amyloidosis and in
close association with onset of neurodegeneration [103]. STREM2 appears to peak in early
disease stages and declines later in the AD dementia stage [88].

Considerations regarding the clinical interpretation of biomarker results

As detailed above, AD-related pathologies appear many years before clinical onset of the
disease. While positive AR and tau biomarkers suggest that the patient has plaque and tangle
pathology, the challenge will be for clinicians to determine if these pathologies are likely
explanations for patient symptoms or not. A depressed patient with some cognitive problems
may well have preclinical AD pathology that might develop into AD in ten years’ time,
whilst his or her current symptoms are mainly caused by the depression. The role of co-
morbid AD in other neurodegenerative diseases represents another but related challenge. For
example, a patient with a typical frontotemporal dementia syndrome with positive AD
biomarkers is likely to have co-morbid AD pathology but it is possible that this AD co-
pathology is silent and does not contribute to the clinical syndrome at all. Age is another
consideration, in particular with the oldest old. Among older adults who are cognitively
unimpaired, knowing amyloid status may only partially inform lifetime risk of dementia. For
example, a cognitively unimpaired 60 to 65-year old woman who is positive for amyloid has
a lifetime risk of developing AD dementia that is around 30%, while for an amyloid-positive
85-year old woman, the lifetime risk is lower: around 14% [104]. Likewise, the relationship
between pathological brain lesions and clinical status appears to attenuate at advanced ages.
Post-mortem evaluation of almost 300 older subjects without neurological impairment
showed that approximately half of the subjects displayed AB deposition whereas some
degree of tau pathology could be seen in almost all brains [105]. Accordingly, the
specificities of CSF tau and AP biomarkers for subjects without AD and the areas under the
receiver-operating characteristics curves for distinguishing AD from non-AD patients
decrease with age [106]. Similarly, volumetric MRI changes typical of AD are commonly
seen in cognitively healthy subjects older than 80 years of age [107, 108].
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Biomarkers for AD in a new era of disease-modifying therapies

Recent clinical trial results suggest that antibody-based removal of cerebral Ap plaques may
possibly clear tau tangles and modestly slow cognitive decline in symptomatic AD [109].
Although it is yet unclear whether this will result in regulatory approval, the results have re-
invigorated the AD field, and it is imperative that the healthcare system readies itself for
disease-modifying therapies against AD. Biomarkers for AD will be essential to this
process, as will improved interpretation of biomarker results, considering potential caveats
as discussed above.

Synthesizing the recent biomarker breakthroughs above, it is relatively easy to envision
blood-based testing for AB and tau pathology using plasma Ap42/Ap40 ratio and plasma P-
tau as screening tools. Whilst the difference in plasma Ap42/AB40 ratio between Ap-
positive and —negative individuals is rather modest (a 14-20% reduction [30-33]), the
increase in plasma P-tau concentration is around 3-fold, with very high diagnostic accuracies
for AD (85-95%) [50, 51], suggesting that plasma P-tau could serve as a screening blood test
in primary care. Positive patients could then be referred to a specialized memory clinic to be
more closely examined, undergo amyloid PET imaging where available, and commence
treatment with an anti-Ap antibody therapy. Plasma P-tau (representing a neuronal reaction
to Ap) and NfL levels (representing neurodegeneration) could be monitored throughout
therapy (e.g., at each antibody infusion or every 3" month), followed by yearly amyloid
PET scans. Repeat MRIs will be needed initially to monitor amyloid-related imaging
abnormalities (ARIA), but in the future, it is plausible that increases in plasma NfL
concentration could substitute for MRI to detect clinically relevant ARIA. The patient would
then be treated until amyloid PET is negative and plasma P-tau concentration has
normalized. Post-treatment, the patient could be followed with annual plasma P-tau
measurements to gauge need for additional therapy. As additional therapies are developed,
for example, microglia modulators or treatments improving synaptic function, biomarkers
related to these processes are expected to facilitate tracking of therapy efficacy. Future
clinical trials should incorporate both neuroimaging and fluid biomarker approaches, to
assess biological response at the same time as they provide information needed to develop
the more readily accessible biomarkers. Given the potential barriers which may impede
access to AD therapy, and the need to expand treatment options beyond specialized centers,
fluid biomarkers provide an attractive option for screening and monitoring treatment
efficacy. While the proposed recommendations need empirical data for support, they
represent a testable scenario regarding how upcoming clinical trials could be designed and
AD treatments could be delivered in the clinic with the support of biomarkers.
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Figurel.
Biomarkers for Alzheimer’s disease. The figure illustrates neural cells and Alzheimer’s

disease (AD) pathology, with AD-related biomarkers indicated in text boxes. Cerebrospinal
fluid (CSF) and plasma AB42/Ap40 ratio, as well as amyloid positron emission tomography
(PET) are direct markers of Ap pathology. In response to Ap pathology, neurons
phosphorylate and secrete tau at increased rate, resulting in increased total and
phosphorylated tau (T-tau and P-tau, respectively) concentrations in CSF and in increased P-
tau concentration in plasma. CSF and plasma tau may thus be considered neuronal response
markers to AB. The most direct biomarker for tangle pathology is tau PET. CSF and plasma
P-tau concentrations also increase in tau PET-positive individuals but the increase happens
well before tau pathology is detectable on PET, at least using current tracers. Axons are rich
in tau and neurofilament light (NfL) that leak into the CSF and blood during neuroaxonal
degeneration. The best-established imaging biomarker for neurodegeneration is volumetric

Mol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zetterberg and Bendlin Page 19

magnetic resonance imaging (MRI) of the brain. Leading synaptic biomarkers are
neurogranin (Ng) in CSF, as well as SV2A- and fluorodeoxyglucose (FDG) PET. The best-
established astrocytic biomarker is CSF YKL-40 and there are also promising data on CSF
and plasma glial fibrillary acidic protein (GFAP) as an astrocytic activation/degeneration
marker. The best-established biomarkers for microglia are CSF soluble triggering receptor
expressed on myeloid cells 2 (STREMZ2) and translocator protein (TSPO) PET.
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Figure2.
Representative neuroimaging scans for assessing primary and secondary Alzheimer-related

pathologies. (A) Warm/red color in the standardized uptake value ratio (SUVR) image
denotes regions of amyloid deposition, as imaged with [11C] Pittsburgh Compound-B (PiB)
positron emission tomography (PET) in an individual with Alzheimer’s disease (AD)
dementia. (B) Warm/red color in the SUVR image denotes areas of [18F]AV1451-binding,
indicating neurofibrillary tangle pathology in an individual with AD dementia. (C) Cooler
colors (green/blue) are indicative of hypometabolism as shown on [18F] fluorodeoxyglucose
(FDG) PET in an individual with mild cognitive impairment due to AD. (D) The compound
[C11]UCB-J binds to synaptic vesicle glycoprotein 2A (SV2A). Red color in the SUVR
image denotes regions of greater synaptic density in a healthy cognitively unimpaired (CU)
late middle-aged adult.
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Figure 3.
A model of the temporal pattern of biomarker abnormalities for AD-related

pathophysiological processes. The first biomarkers to change are cerebrospinal fluid (CSF)
and plasma Ap42/AB40 ratio. This is shortly followed by CSF and plasma tau increases, as a
neuronal response to the amyloid changes. Shortly thereafter amyloid PET turns positive.
Then microglia react and secrete soluble triggering receptor expressed on myeloid cells 2
(STREM2), which reaches its maximum in the MCI stage of the disease, whereafter it
declines in the dementia phase (there is not enough data on translocator protein PET, as a
biomarker for microglial activation, to put it into the model). CSF neurogranin (Ng) is an
early marker of synaptic dysfunction and increases in close association with amyloid PET
positivity. When tau PET turns positive, a range of neurodegeneration and synaptic
dysfunction biomarkers (CSF and serum/plama neurofilament light [NfL], hippocampal
volume, and SV2A- and fluorodeoxyglucose [FDG] PET) change more or less in parallel.
Most studies suggest that astrocytic biomarkers (YKL-40 and glial fibrillary acidic protein
[GFAP]) change relatively late in the disease process.
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