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Abstract

As the leading cause of dementia, Alzheimer’s disease (AD) is a major burden on affected individuals, their families
and caregivers, and healthcare systems. Although AD can be identified and diagnosed by cerebrospinal fluid or
neuroimaging biomarkers that concord with neuropathological evidence and clinical symptoms, challenges regard-
ing practicality and accessibility hinder their widespread availability and implementation. Consequently, many people
with suspected cognitive impairment due to AD do not receive a biomarker-supported diagnosis. Blood biomark-

ers have the capacity to help expand access to AD diagnostics worldwide. One such promising biomarker is plasma
phosphorylated tau (p-tau), which has demonstrated specificity to AD versus non-AD neurodegenerative diseases,
and will be extremely important to inform on clinical diagnosis and eligibility for therapies that have recently been
approved. This review provides an update on the diagnostic and prognostic performances of plasma p-tau181,
p-tau217 and p-tau231, and their associations with in vivo and autopsy-verified diagnosis and pathological hallmarks.
Additionally, we discuss potential applications and unanswered questions of plasma p-tau for therapeutic trials, given
their recent addition to the biomarker toolbox for participant screening, recruitment and during-trial monitoring. Out-
standing questions include assay standardization, threshold generation and biomarker verification in diverse cohorts

reflective of the wider community attending memory clinics and included in clinical trials.
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Background

As the leading cause of dementia worldwide, Alzheimer’s
disease (AD) continues to present urgent strains on clini-
cal care, public health efforts, palliative care and fam-
ily systems [1]. Although the ultimate confirmation of
AD pathology is by autopsy examination of brain tissue
for extracellular amyloid plaques made of amyloid-beta
(AB) peptides and intraneuronal neurofibrillary tangles
(NFTs) containing phosphorylated tau (p-tau) forms [2,
3], in vivo diagnosis is presently achieved by using either
cerebrospinal fluid (CSF) or neuroimaging biomarkers.
Neuroimaging biomarkers that can identify biological
evidence of AD include AP positron emission tomog-
raphy (PET) for brain amyloidosis, tau-PET for NFT
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pathology, structural magnetic resonance imaging (MRI)
for hippocampal atrophy, and fluorodeoxyglucose (FDG)
PET for brain metabolic changes [4, 5]. For CSE, three
markers (referred to as the core AD biomarkers) can
jointly detect “a positive AD profile”. These are: Ap42 (or
AP42/AP4O0 ratio), which reflects AB plaque pathophysi-
ology; phosphorylated-tau (p-tau), an indicator of tau
phosphorylation; and total-tau (t-tau), a neuronal injury
or neurodegeneration marker [6, 7]. The concentrations
of these biomarkers change in individuals with biological
evidence of AD compared with normal controls. AB42 is
decreased and AP40 is unchanged. However, the AB42/
AB40 ratio adjusts for inter-individual differences in the
concentrations of the aggregation-prone AB42 peptide,
making the ratio a more reliable indicator of AP plaque
pathology compared with AP42 alone [8]. P-tau and
t-tau levels are both increased in AD versus unaffected
controls, with the biomarker concentrations increasing
according to disease severity [6, 7]. CSF t-tau is excellent
for differentiating AD from healthy controls [5]. CSF neu-
rofilament light (NfL) is another strong indicator of neu-
rodegeneration that can in principle substitute for t-tau
in AD, however, unlike t-tau, CSF NfL is also increased in
other neurodegenerative diseases [9—-11]. Moreover, CSF
t-tau, but not CSF NfL, is associated with AP pathology
in AD [12]. The core CSF biomarkers are reported to be
adidtionally changed, in different combinations, in non-
neurodegenerative neurological conditions such as trau-
matic brain injury, Cretuzfeldt Jakob disease, stroke and
cardiac arrest [6, 13—16]. For this reason, their specificity
to AD should be interpreted in the context of neurode-
generative diseases.

Shortcomings of current biomarker tools

There is limited availability of cyclotrons for PET radi-
otracer synthesis worldwide [17]. Similarly, the exper-
tise and resources for CSF biomarker analyses is limited,
with a recent study identifying only 40 centers mostly in
Europe and North America (and a few in Australia and
China) actively involved [18]. Access to, and expertise
for, biomarker-supported AD diagnosis and research is
therefore acutely limited, excluding most of the global
population.

Blood biomarkers: next-generation AD diagnostics

Blood, being the most ubiquitous biospecimen for clini-
cal chemistry purposes, provides new opportunities to
expand access to and participation in AD biomarker
research and clinical care [5]. Blood collection proce-
dures do not require specialized training and facilities
as lumbar puncture and PET imaging. Furthermore, the
costs of blood biomarker analyses are estimated to be a
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fraction of the fees charged for neuroimaging appoint-
ments [19].

The classical AD biomarkers that characterize the dis-
ease in the brain and CSF — AP, p-tau and t-tau — have
also been described in blood (for recent updates see [4,
5, 20, 21]). This review provides a short update on plasma
p-tau, the latest addition to the plasma biomarker tool-
box. Several new plasma p-tau methods have been
described recently from independent academic and phar-
maceutical research laboratories that have shown robust
technical, clinical and prognostic performances.

Novel p-tau biomarkers in CSF

In AD context, p-tau biomarkers that work in blood must
also have high (if not better) diagnostic and predictive
performances in CSF, due to the close contact of the CSF
with the brain parenchyma and serving as a sink for brain
extracellular solutes [22]. P-tau biomarker performances
in CSF have been extremely important to the analytical
and clinical validation of plasma P-taul81 as the most
widely characterized tau phosphorylation site in CSF,
with biomarkers focusing on this epitope currently being
used in clinical practice [23-25]. Nonetheless, several
other p-tau biomarkers have been described recently. For
example, while both CSF p-taul81 and p-tau231 are well-
established indicators of ongoing tau pathology, patho-
logical phosphorylation at threonine-231 appears to be
observed earlier than at threonine-181 [26]. This obser-
vation is useful for biomarker development to detect AD
at very early stages prior to symptom onset [12]. Recent
studies have also shown that p-tau217 may be more sen-
sitive for familial and sporadic AD than p-taul81 [17, 18].
Nevertheless, the most recent studies showed that stand-
ard immunoassays that target phosphorylated tau protein
in its mid-region are outperformed by those that capture
tau on its N-terminal-to-mid-region peptides/fragments,
especially in the preclinical stage [27, 28]. Note that tau
is truncated at several defined epitopes [5]. N-terminal-
directed p-taul8l and p-tau2l7 differentiated AR+ AD
dementia from control groups with much greater accu-
racy and fold-changes than mid-p-taul81 [27, 28]. More-
over, fold changes in AD versus control groups were
highest for p-tau217, suggesting superior dynamic ranges
over the aforementioned epitopes [28—31]. Nonetheless,
p-tau231 shows the strongest topographical associations
with the earliest changes in AB-PET uptake ahead of
p-tau217 and p-taul8l [26, 32], in agreement with neu-
ropathological evidence [33, 34]. More recently, the novel
biomarker p-tau235 which becomes abnormal mostly in
those already positive for p-tau231 has been described
as a potential staging biomarker [35]. Moreover, an assay
for tau truncated at amino acid 368 shows strong corre-
lation with tau-PET [36], while the concentration of tau
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species truncated at 224 also increases according to neu-
ropathological staging [37]. CSF tau fragments starting
from amino acid 243 are also shown to associate with tau
PET, and could thus be a marker of soluble tau aggregates
[38]. Furthermore, brain-derived tau, an assay capturing
central nervous system tau released into blood, demon-
strates specificity to AD and might reflect neurodegen-
eration due to AD [39].

The foregoing discussion shows that CSF p-tau bio-
markers have proven highly beneficial for the prognosis,
diagnosis and staging of AD. However, the limitations
highlighted above for CSF markers apply to them as
well, making the transition to blood-based p-tau mark-
ers much more desirable. It is important to note that it is
incorrect to refer to the different p-tau forms or epitopes
as "isoforms" as done in some recent publications. This is
because isoforms indicate splice variants of a gene, and
not the phosphorylation sites in the resulting protein.
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Diagnostic performances of plasma p-tau

In this section, we discuss the diagnostic and pathophysi-
ological performances of plasma p-tau, and their associa-
tions with AP, tau and neurodegenerative pathological
changes (Fig. 1).

Time course of plasma p-tau changes in normal aging

and across the AD continuum

Plasma p-taul8l, 217 and 231 levels have age asso-
ciations, although not as strong as those reported
for other markers like NfL [32, 40-42]. Young adults
(~20-30 years of age) have lower concentrations of these
markers compared with CU older adults without bio-
marker evidence of disease [32, 41, 42].

The levels of plasma p-taul81, p-tau217 and p-tau231
each increase with disease severity and the intensity of
AP and tau pathologies, with higher rates of change for
those with abnormal baseline p-tau concentrations [19,

Blood p-tau and clinical applications
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Fig. 1 Potential applications of plasma p-tau in clinical care and in therapeutic trials
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32, 35, 43—-49]. When analyzed according to diagnostic
groups, these increases tend to plateau in individuals in
the late AD dementia stage presumably due to extensive
degeneration, resulting in reduced or lost association
with CSF and PET biomarkers [19, 41, 43, 45, 48, 50]. A
recent study showed that contrary to plasma p-taul8l
and p-tau23l, p-tau2l7 demonstrated longitudinal
increase in AP+ compared with AB- individuals, mak-
ing it a candidate monitoring marker in therapeutic trials
[49].

Plasma p-tau levels in individuals with genetic
predisposition to AD and other tauopathies

Although the vast majority (>90%) of AD patients show
sporadic/late-onset forms of the disease (despite strong
associations with genetic risks such as APOE e4 carrier-
ship) individuals with known genetic predispositions pre-
sent with familial AD [51].

In familial AD, plasma p-tau levels showed increases in
pre-symptomatic individuals over a decade before symp-
tom onset [42, 52]. In APP and PSENI mutation carri-
ers, plasma p-taul81 and p-tau217 were increased in
presymptomatic and symptomatic cases compared with
non-carrier controls [42, 53]. Plasma p-tau217 was signif-
icantly increased approximately 20 years before the esti-
mated year of onset of MCI while plasma p-taul81 was
increased 16 years before the onset of cognitive impair-
ment (in combined MCI and AD dementia cases) [42, 53].
In a study that directly compared plasmap-taul8l and
p-tau217 in familial AD participants, p-taul81 only mod-
estly discriminated symptomatic from presymptomatic
and was only evident when compared to non-carriers
[42]. Plasma p-tau217, on the other hand, differentiated
biologically-defined AD from patients without diagnostic
levels of AD histology [42].

In adults with Down syndrome (which can be charac-
terized by triplication of the APP gene), plasma p-taul8l
and p-tau2l17 discriminated asymptomatic individuals
from each of the prodromal and dementia groups [54,
55]. Since a large proportion of people with Down syn-
drome develop AD symptomatology and pathology dur-
ing their lives, evaluating biomarker changes in these
individuals provides key insights into the biological pro-
gression and staging that is important for understanding
same in sporadic cases.

To the contrary, in participants carrying mutations
in the MAPT gene that are known to cause tauopathies
other than AD, blood-based p-taul81l levels remained
normal as in healthy controls, and in the case of spe-
cific mutations the concentrations appeared to be fur-
ther decreased compared with normal controls [56].
Increased levels of CSF p-tau217 have also been found
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in non-AD tauopathy carriers of the MAPT mutation
R406W [57].

Plasma p-tau associations with clinical and biological
evidence of AD and normal aging

Plasma p-tau forms correlate with cognitive capac-
ity assessed with a range of instruments including the
Mini-Mental State Examination, the Montreal Cogni-
tive Assessment and the Clinical Dementia Rating-Sum
of Boxes (CDR-SOB) [19, 27, 32, 41-43, 45, 48, 58-62].
Baseline plasma p-tau concentrations predict future cog-
nitive decline and progression to MCI and dementia,
with performances sometimes paralleling those of CSF
p-tau [19, 43, 46-48, 58, 63]. Increased levels of plasma
p-tau associate with more rapid decline in cognition,
cortical thickness, hippocampal atrophy and glucose
metabolism [19, 32, 41, 44, 46, 64—67]. More recently, a
comparative study that evaluated p-taul8l, p-tau23l,
and p-tau-217 in a head-to-head manner demonstrated
that p-tau217 quantified by IP-MS technology discrimi-
nated with higher accuracy patients with MCI and those
who progressed to AD dementia [68].

Plasma p-tau levels significantly associated with CSF
AP42/AB40 as well as with AB-PET accumulation in early
accumulating brain regions (e.g., precuneus, temporal
and superior-frontal areas) in preclinical stages, which
became stronger and extended to late-accumulating
regions (e.g., subcortical structures) later in the disease
course [19, 27, 32, 41-43, 45, 48, 53, 58, 59, 61, 67-69].
In neuropathology studies, similar positive associations
were recorded against various AP staining methods such
as Thal, CERAD, and thioflavin stain scores [32, 35, 42,
45, 46, 70]. Furthermore, plasma p-tau concentrations
associated with tau biomarkers (i.e., NFT pathology at
postmortem, CSF p-tau or tau-PET) in the AT(N) frame-
work [19, 27, 32, 41-43, 45, 46, 48, 50, 59-62]. Plasma
p-tau also associated with brain atrophy, FDG PET, CSE
t-tau or CSF NfL [19, 27, 32, 41-43, 45, 46, 48, 60-62].
In Down syndrome, plasma p-taul8l correlated with
atrophy and hypometabolism in temporoparietal regions
[54]. When more than one p-tau form was included in a
study, plasma p-tau217 generally showed stronger asso-
ciations with brain AP deposition than p-taul8l and
p-tau231 [49, 62, 68, 69, 71]. Moreover, the IP-MS plasma
p-tau217 method performed better than immunoassay-
based ones in a recent comparative study [68].

Head-to-head comparisons of plasma p-tau forms

Recent studies comparing the performances of plasma
p-tau217 and/or p-tau231 with p-taul81 assays from dif-
ferent academic and industrial sources have shown that
they have equally robust analytical performances and
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diagnostic capacities to identify individuals with AD
pathology versus biomarker-negative normal controls
or non-AD tauopathies (except plasma p-tau231 from
ADx NeuroSciences which may need further improve-
ment) [32, 58, 62, 70, 72] signifying that these biomark-
ers are ready for widespread clinical and research use.
Plasma p-tau concentrations increase gradually along
the sporadic AD continuum in relation to the severity of
AP pathology and cognitive function, reaching the high-
est concentrations in AP+ participants with MCI and
AD dementia [19, 41, 43-45, 47, 58, 62, 72, 73]. Plasma
p-taul81, p-tau2l7 and p-tau231 each differentiates
between AP- CU individuals versus AP+ CU (preclini-
cal AD), AB+MCI, and AP+ AD dementia with good
accuracies, while improving clinical characterization of
cognitive performance [19, 27, 32, 41-43, 45, 46, 48-50,
58-62, 68, 69, 71-82].

The largest fold increases (compared with AB- CU) are
observed for plasma p-tau217, followed by p-tau231 and
p-taul8l [21, 32, 61, 62, 68, 72, 83] in agreement with
CSF data [26-29]. To this end, p-tau217 is the most ana-
lytically challenging of the p-tau biomarkers to measure
since the levels are very low in those without (e.g., Af-
CU and AfB- non-AD dementias) and those with emerg-
ing AP pathology (including preclinical stages) [72].

From research perspectives, however, plasma p-tau217
and p-tau231 each tends to show earlier and stronger
associations with AP and tau pathologies than p-taul81
[32, 42, 70, 71, 78, 84], including correlating with AP
accumulation in early brain regions and with tau pathol-
ogy in MCI patients with temporal lobe pathology [32, 35,
42, 70]. Ashton et al. (2021) showed that plasma p-tau231
is a promising biomarker in AD due to its diagnostic
accuracy in early stages, and its association with incre-
mental levels of brain A pathology even before abnor-
mality thresholds of AB-PET are reached [32]. Plasma
p-tau231 was superior to both plasma p-taul81 and CSF
p-217 for this purpose [32]. Moreover, plasma p-tau217
is a promising candidate biomarker for AD. p-tau217
appears earlier and has a stronger association with AD
pathology than plasma p-taul8l in preclinical AD [42,
70, 85]. Recent data support these arguments, and fur-
ther demonstrated that p-tau231 is the first to increase in
preclinical AD (A + T-) [71]. However, p-tau217 becomes
abnormal shortly after (at the A+ T +stage), following
which this biomarker shows faster longitudinal increases
compared with p-tau231. Plasma p-taul81l also becomes
abnormal in A + T + individuals but with less robust lon-
gitudinal change versus p-tau217. Therefore, p-taul8l
seems to be mostly associated with changes correspond-
ing to widespread amyloidosis. These findings also
explain why plasma p-taul81, p-tau217 and p-tau231 all
have excellent diagnostic performances for symptomatic
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AD but p-tau217 and p-tau231 have improved accuracies
at the preclinical stages. Together, these finding support
the use of specific plasma p-tau biomarkers for staging
and tracking AD progression.

However, all these plasma p-tau forms become abnor-
mal ahead of tau-PET, suggesting that they can predict
the outcome of PET imaging [19, 32, 41, 43, 48, 85]. In
line with this, high levels of plasma p-tau are present
even in preclinical stages of AD and can predict changes
in tau-PET [19, 32, 41, 43, 48, 85].

Recent studies suggest that longitudinal levels of
plasma p-tau217 could reflect the relation between amy-
loid pathology and tau deposits [44, 70] which would
make it a suitable biomarker for both amyloid and tau
pathologies disease progression.

Although plasma p-tau is mostly validated in cohorts
of individuals pre-classified according to PET or CSF bio-
marker results, a few studies in population-based cohorts
categorized solely by clinical diagnosis give a glimpse into
potential uses as a pre-screening tool. For example, Sim-
rén et al. [47] showed that plasma p-taul81 is increased
in a subset of individuals at the MCI and AD dementia
stages, and correlate with cognitive impairment and gray
matter atrophy. In individuals presenting to the primary-
care clinic with suspected cognitive decline and given
preliminary diagnosis without biomarker testing, plasma
p-taul8l and p-tau231 discriminated those with cogni-
tive impairment from normal controls, however the bio-
markers were unable to differentiate between those given
preliminary diagnoses of MCI or AD [32, 41].

The value of plasma p-tau to differentiate AD from other
neurodegenerative diseases

Plasma p-taul8l, p-tau217 and p-tau231 each distin-
guished AD from non-AD tauopathies such as fronto-
temporal dementia, progressive supranuclear palsy and
corticobasal degeneration [32, 41, 42, 45, 48, 56, 60, 61,
86]. In studies with postmortem validation, the discrimi-
natory accuracies between AP+ AD and AB- non-AD
cases were as high as>90%, with plasma p-tau being able
to further distinguish between non-AD cases with or
without concomitant AD pathology [32, 42, 45, 46, 48, 60,
61, 86].

Separating cognitive impairment due to AD versus
dementia with Lewy bodies (DLB) is difficult to estab-
lish clinically because up to 50% of DLB patients are also
thought to have concomitant AD [87]. Plasma p-taul8l
levels differentiated between autopsy confirmed AD
and DLB, and went on to show that DLB patients with
AD co-pathology have higher p-tau concentrations than
those without [45]. In DLB patients with a positive CSF
AR profile, plasma p-taul8l and 231 levels were higher
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than those of normal controls and DLB participants with
a negative AP profile but lower than those of AD patients,
correlating with cognitive performance [67]. Similarly,
plasma p-taul81 and p-tau2l7 correlated with CSF bio-
markers, Ap PET and tau PET in clinically-diagnosed
DLB patients to suggest that these biomarkers have
capacity to identify AD co-pathology in DLB [88].

Plasma p-tau versus other biomarkers

Plasma p-taul8l, p-tau2l7 and p-tau231 individually
performed significantly better than the diagnostic capaci-
ties of each of APOE €4 carriership, plasma NfL, t-tau,
and the Simoa AP42/AB40 [32, 41, 42, 50]. When com-
pared against non-phospho-tau blood biomarkers — NFL,
AP ratio, t-tau and glial fibrillary acidic protein — plasma
p-tau were significantly better at differentiating between
AD and CU individuals [89]. These results were com-
parable to those of predictive models incorporating AP
PET, age, sex and APOE €4 carriership [59].

Diversity in plasma p-tau cohort validation studies

Plasma p-tau studies have so far been performed in
research cohorts in Europe and North America, with a
few studies form Australia and Asia. The included volun-
teers in most studies identified as non-Hispanic Whites,
and were also mostly of high socio-economic status (e.g.,
highly-educated, high-earning jobs, communities with
high neighborhoods index). On the other hand, people
living in other neighborhoods and those of other socio-
economic statuses are yet to be studied. Moreover, racial
and ethnic diversity in research participation has been
minimal. At the time of writing this manuscript, only
three studies have included significant numbers of ethno-
racially diverse participants [70, 81, 90]: one investigated
plasma p-taul81 in relation to amyloid accumulation
and AD diagnosis in a Singaporean cohort of high base-
line cerebrovascular burden [81] while another probed
plasma p-tau217 and p-taul8l in a multi-ethnic, com-
munity based cohort in the United States [70]. Further-
more, Schindler et al. [90] studying non-Hispanic White
and African-American pairs of older adults of the same
demographic characteristics (age, sex, cognition and
APOE €4 genotype) recently demonstrated that the pre-
dictive accuracies of plasma p-tau231 and p-taul8l
identify abnormal AB-PET and CSF AP42/AB40 results
significantly differ in the participants who represented
the two racial groupings studied.

Another point worth discussing is that most cohorts
evaluated so far have been from memory clinics or are
clinical research cohorts; population-based studies
are missing [5]. A recent study of community-dwelling
older adults in a socioeconomically deprived region of
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southern Pennsylvania showed that plasma p-taul8l
(the only p-tau marker assessed) levels were significantly
higher in those with compared with those without cogni-
tive impairment [91].

Another important factor that should addressed is
the effect of comorbidities; Mielke et al. [40] found that
chronic kidney disease associates with plasma p-taul8l
and p-tau2l7 levels with a similar effect size as that
between AP +and Ap- individuals.

The path to diagnosis and therapeutic trial
applications

Plasma p-tau biomarkers can, as highlighted above,
capture relevant clinico-biological information in AD,
with the advantages of less invasive collection and cost-
effectiveness in comparison to established CSF and PET
biomarkers. These factors, alongside the AD-specific
characteristics (in comparison to other biomarker such
as plasma NfL [46, 49, 82]) and analytical advantages (in
comparison to plasma AB42/AB40, which presents chal-
lenges due to low disease-related fold changes and nar-
row analytical detection range [5, 92]), make plasma
p-tau biomarkers more scalable candidates for imple-
mentation. This newly-achieved technical feasibility of
large-scale in vivo detection of AD has several implica-
tions for clinical trials, epidemiologic research and public
health (Fig. 1).

Clinical diagnosis and prognosis

Plasma p-tau has vast potential to support AD diagnosis
and prognosis (Fig. 1). We propose that these biomark-
ers are integrated into the existing diagnostic workup at
both primary and specialist care hospitals. In the primary
care setting, plasma p-tau could be used to pre-screen for
AD pathophysiology. When combined with the regular
clinical workflow for suspected dementia, altered lev-
els of plasma p-tau in patients with cognitive symptoms
would point to potential AD (or at least AD-associated
amyloidosis) while those with normal concentrations are
further evaluated for non-AD causes of cognitive symp-
toms. In patients whose clinical profiles fit AD (e.g., those
with family history of the disease and/or have confirmed
genetic predisposition for AD) but have their plasma
p-tau in normal ranges, periodic follow-up clinical and
blood biomarker assessments (e.g., annually) would be
ideal to monitor for longitudinal changes in p-tau and
cognitive capacity.

All patients showing increased plasma p-tau levels at
the primary care clinic should be referred to secondary
care for their plasma biomarker results to be compared
with more extensive dementia assessment outcomes and,
if necessary, confirmed by CSF or PET. Similarly, those
with symptoms suspected to be due to non-AD causes
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would also be verified to be without biomarker evidence
of AD by either CSF or PET ATN biomarkers. In patients
whose plasma p-tau profiles are confirmed at the special-
ist clinic, the blood biomarkers would be further useful
to follow disease progression over several years. As the
continue to learn more about blood biomarkers and their
analytical robustness and diagnostic accuracies improve,
it is feasible to envisage that the need to confirm results
with CSF biomarker measures will reduce over time. A
future of standalone blood biomarker evaluations may
not be too far away.

Clinical trials

The development of clinically effective disease-modifying
therapies remains a challenge. Some anti-A} immuno-
therapy candidates, have demonstrated to be biologically
effective in clearing amyloid from the brain [93], while
failing to robustly meet pre-specified cognitive end-
points [94]. In 2021, the anti-Ap drug aducanumab was
approved by the United States Food and Drug Adminis-
tration based on the results of two parallel phase-3 trials,
ENGAGE and EMERGE, that had been previously inter-
rupted in futility analyses. However, post-hoc analyses
on the group of participants that completed the study
revealed that EMERGE had achieved its primary and
secondary endpoints, while ENGAGE did not, with both
of them showing amyloid-related imaging abnormalities
as a prevalent side effects [95]. This has generated much
debate, since many consider that the statistically signifi-
cant findings from EMERGE may not be of high clinical
relevance [96]. Moreover, other anti-Af drugs also dem-
onstrated similar or better performance in comparison
to aducanumab, such as the phase 2 donanemab trial,
which achieved its primary endpoint on slowing cogni-
tive decline as measured by the Integrated Alzheimer’s
Disease Rating Scale [97]. More recently, phase III trial of
the AP aggregate-targeting experimental drug lecanemab
met its primary endpoint of significantly reducing cog-
nitive decline and reducing markers of brain AP deposi-
tion in a large multi-center evaluation of early AD, which
was approved by the FDA [98]. Plasma biomarker results
are expected to follow soon. With the field rapidly mov-
ing towards a treatment response phase, understanding
how blood biomarkers can be incorporated into the drug
development pipeline is highly needed, given their poten-
tial to be used in pre-screening and in monitoring treat-
ment response and safety.

The role of plasma p-tau in trial enrolment

With the development of biomarkers and advances
in diagnostic guidelines, the understanding of AD as
a clinico-biological entity has directly impacted trial
design, with new clinical studies progressively adopting
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biomarker-evidence of AD as enrollment criteria. Usu-
ally, these trials screen eligible participants with PET
or CSF biomarkers and then randomize only those par-
ticipants with abnormal biomarker profiles accord-
ing to established thresholds. Considering trials
evaluating anti-Ap and anti-tau therapies need to assess
target engagement throughout the study, PET measures
are often preferred as the enrollment biomarker. In this
context, plasma p-tau biomarkers may not have the same
hierarchical status as CSF and PET, but as they associate
with and predict PET results and are relatively inexpen-
sive, accessible and less invasive, they are the ideal tools
to pre-screen clinical and demographically eligible indi-
viduals (Fig. 1). Several strategies have been discussed for
this purpose, such as applying plasma p-tau to pre-screen
individuals for the presence of AP pathology and also
to detect eligible participants who are at greater risk of
tau accumulation. The plasma p-tau diagnostic accuracy
for AP positivity has been widely reported in independ-
ent studies, and a recent review article suggested that,
by adding a plasma p-taul8l to pre-screen for ABR-PET
pathology, up to ~60% of the original cost could be saved
in comparison to pre-screening only with AB-PET, one of
the conventional approaches [5, 19]. Regarding Ap and
tau accumulation, Moscoso and colleagues first demon-
strated that plasma p-taul81 was associated with longi-
tudinal changes in AB-PET in early accumulating regions
[43], and then showed that it was capable to identify indi-
viduals at higher risk for longitudinal tau accumulation,
performing particularly better in cognitively unimpaired
individuals with a higher AP burden [99], a group of spe-
cial interest for future pre-symptomatic trials. Similarly,
in a recent study by Leuzy et al., the two strongest predic-
tors of tau-PET accumulation were plasma p-tau217 and
baseline tau-PET, with the former being the predictor
contributing the most in AB-positive CU individuals and
the latter in AB-positive MCls [100].

Regarding real-life clinical trial applications of such
advances, the TRAILBLAZER-2 (Eli Lilly; NCT04437511)
donanemab trial for early AD tested the potential of a
pre-screening strategy with plasma p-taul81 combined
before proceeding to AP- and tau-PET [101]. Among
the subset of 752 candidate participants who had their
plasma p-taul81 levels quantified, 63% of those with
elevated p-taul81 had subsequent positive scans for both
Ap- and tau-PET. In contrast, only 37% of the 3619 can-
didates that had been pre-screened straight away with
Ap- and tau-PET demonstrated positive scans for the two
proteinopathies [101]. Based on the success of the plasma
pre-screening approach, the same company has taken
a step further for their TRAILBLAZER-3 donanemab
trial in a large sample of asymptomatic older adults
(NCT05026866) [102]. The study is the first to use plasma
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p-tau (p-tau217) as the sole enrollment criteria. Partici-
pants will have their definitive enrolment decision based
on plasma p-tau217 levels “consistent with the presence
of amyloid and early-tau pathology’, and AB-PET is not
included in any part of enrollment workflow nor amongst
the secondary outcomes [102]. Given that plasma p-tau
analytical standardization have not yet been achieved,
and the absence of validated strategies for plasma p-tau
results interpretation, such a strategy could be suscepti-
ble to giving anti-Ap therapy to asymptomatic individuals
without AP pathology, a problem that a biomarker-based
AD definition had been proposed to resolve [103, 104].
However, the higher performance of p-tau217 (in com-
parison to p-taul81) and the success from the TRAIL-
BLAZER-2 strategy may indicate potential efficacy for
such a bold enrollment criterion. Still, it is important to
consider that, unlike the previous trials that focused on
early AD dementia, TRAILBLAZER-3 is a prevention
trial in asymptomatic individuals, a group that presents
mild-to-moderate fold changes in plasma p-tau biomark-
ers — even for p-tau217 — in AP+ individuals [42, 61].

In summary, plasma p-tau biomarkers demonstrate
great potential to be applied in the clinical trial recruit-
ment flowchart, with clear potential for pre-screening,
while results for TRAILBLAZER-3 could be indicative
on whether they could be used as a standalone biomarker
enrollment criterion.

Monitoring drug activity

While actual target engagement for the main anti-Ap
and anti-tau trials has been determined by PET measures
of the respective target, plasma p-tau biomarkers could
offer a minimally-invasive option for monitoring drug
activity of new interventions, which is crucial not only
for advanced phases but for the whole drug development
pipeline (Fig. 1). A blood biomarker capable to moni-
tor drug activity would allow for more frequent time-
points in comparison to AB-PET, also with the potential
of remote sampling, and would also represent, to some
extent, what types of treatment response could be seen
in the future when the drugs start to be widely applied in
clinical practice.

Considering that plasma p-tau associates with both
AP and tau pathologies [105], in theory it is possible
that blood p-tau biomarkers are able to reflect activity
of either anti-tau or anti-amyloid therapies. In 2021, the
first results evaluating plasma p-tau levels during disease
modifying trials were shared with the field. Results from
both the ENGAGE and EMERGE aducanumab trials
showed that 13—-16% reductions in plasma p-taul81 were
observed in the high- and low-dose groups in compari-
son to placebo on treatment week 56 [95, 101]. Moreo-
ver, results from the concluded TRAILBLAZER-ALZ
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donanemab trial, that had more frequent sampling, dem-
onstrated that levels of plasma p-tau217 dropped 24%
in comparison to placebo as early as on treatment week
12 [106]. In both cases the changes agreed with reduc-
tions in AB-PET uptake suggesting that plasma p-tau is
associated with brain Ap accumulation [107, 108]. Inter-
estingly, in TRAILBLAZER-3 the group-level p-tau217
reductions generally persisted even in the subgroup that
had discontinued donanemab after 24 weeks due to lack
of significant AB-PET changes [101]. Nevertheless, it still
remains unknown whether plasma p-tau levels would be
affected by more effective anti- tau therapies in the clinic.
This raises the question of how certain one can be that
changes in soluble p-tau are solely due to intervention-
mediated removal of AP plaques — or potentially asso-
ciated with yet undetermined clearance of peri-plaque
dystrophic neurites containing tau tangles — or if they
could be achieved by removing tau tangles from the
brain. When such information becomes available, a bet-
ter understanding on the biological meaning of soluble
p-tau will be achieved, since currently it is not entirely
possible to disentangle its dual association with AD key
neuropathological features.

In brief, these results indicate that plasma p-tau can
be a promising biomarker to monitor drug activity of
disease modifying treatments in AD. Further trials stud-
ies should continue to address their value in treatment
response, potentially increase sampling frequency by
testing remote collection, and, most importantly, carry
detailed analyses of individual-level clinical trial data to
determine in which cases reductions in p-tau can identify
an effective clinical and biological treatment response.

Conclusions

Recent breakthrough advances in biochemistry and clini-
cal chemistry have enabled the development of ultra-
sensitive and robust plasma p-tau biomarkers with the
potential to lead the AD field in new directions. Accu-
mulating evidence from multiple independent cohorts
using different plasma p-tau assays show that these bio-
markers have shown excellent diagnostic accuracies as
well as performances that demonstrate capacity to pre-
dict post-mortem diagnosis and the outcomes of CSF
and neuroimaging biomarker testing. While plasma
p-taul8l, p-tau231 and p-tau2l7 have all shown excel-
lent diagnostic utility for the symptomatic stages of AD,
plasma p-tau217 and p-tau231 have emerged as markers
of incipient AD that become abnormal earlier ahead of
p-taul8l, especially in the preclinical phase. Since these
biomarkers associate to different degrees with amyloid
and tau pathology at various stages of the AD continuum,
we find it plausible that different p-tau biomarkers will be
more suitable for various purposes, especially to evaluate
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preclinical disease. However, in the case of detecting
symptomatic AD, all p-tau biomarkers perform equally
well.

Together, these findings show that it is prime time
that plasma p-tau biomarkers were employed to support
clinical diagnosis as well as to recruit volunteers for ther-
apeutic trials and to monitor the efficacy of drug inter-
ventions. In clinical diagnosis, abnormal levels of plasma
p-tau would signal a high probability of AD pathophysiol-
ogy underlying cognitive decline. This observation would
be strengthened if plasma NfL are in normal ranges. In
clinical trials, pre-screening potential volunteers with
plasma p-tau would enrich the population of individuals
with high likelihood of AD who could then receive CSF
or PET assessments for confirmation (Fig. 1).

Outstanding questions

As the field moves towards widespread clinical and
research implementation of blood biomarkers, it is
important to identify and mitigate against physiologi-
cal and lifestyle factors that can inadvertently intro-
duce measurement errors independent of analytical
procedures. As biomarker availability and accessibility
increase, so will repeated sampling for clinical assess-
ments and longitudinal evaluations become more com-
mon. It is absolutely essential to differentiate between
biomarker changes due to pathological and treatment
effects from variability induced by physiological and life-
style factors. Future research should establish if everyday
factors like sleep, circadian rhythm, exercise, medical
comorbidities, fasting and diet affect the reproducibility
of blood biomarker measurements. The results will be
important to identify potential sources of error, address-
ing which should minimize false positivity and false
negativity. Furthermore, the results will be critical to
developing evidence-backed pre-analytical guidelines for
blood handling. Standardization and harmonization of
plasma p-tau results collected from different centers and
in using different assays will be essential for cross-cohort
comparison of results and the generation and validation
of cut-points.

Moreover, plasma p-tau must be validated in a broad
range of populations that reflects the diversity of the
larger community in which these blood biomarkers will
be applied. This includes people of different socio-eco-
nomic statuses, ethno-racial identities, age, cognitive
functions, as well as those living in various countries.
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