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Nicolas R. Barthélemya,∗, Balazs Tothb, Paul T. Manserb, Sandra Sanabria-Bohórquezc,
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Abstract.
Background: Understanding patterns of association between CSF phosphorylated tau (p-tau) species and clinical disease
severity will aid Alzheimer’s disease (AD) diagnosis and treatment.
Objective: To evaluate changes in tau phosphorylation ratios to brain imaging (amyloid PET, [18F]GTP1 PET, and MRI) and
cognition across clinical stages of AD in two different cohorts.
Methods: A mass spectrometry (MS)-based method was used to evaluate the relationship between p-tau/tau phosphorylation
ratios on 11 sites in CSF and AD pathology measured by tau PET ([18F]GTP1) and amyloid PET ([18F]florbetapir or
[18F]florbetaben). Cohort A included cognitively normal amyloid negative (n = 6) and positive (n = 5) individuals, and amyloid
positive prodromal (n = 13), mild (n = 12), and moderate AD patients (n = 10); and Cohort B included amyloid positive
prodromal (n = 24) and mild (n = 40) AD patients.
Results: In this cross-sectional analysis, we identified clusters of phosphosites with different profiles of phosphorylation ratios
across stages of disease. Eight of 11 investigated sites were hyperphosphorylated and associated with SUVR measures from
[18F]GTP1 and amyloid PET. Novel sites 111, 153, and 208 may be relevant biomarkers for AD diagnosis to complement tau
hyperphosphorylation measures on previously established sites 181, 205, 217, and 231. Hypophosphorylation was detected
on residues 175, 199, and 202, and was inversely associated with [18F]GTP1 and amyloid PET.
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Conclusion: Hyperphosphorylated and hypophosphorylated forms of tau are associated with AD pathologies, and due to
their different site-specific profiles, they may be used in combination to assist with staging of disease.
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INTRODUCTION

Amyloid-� (A�) plaques and neurofibrillary tan-
gles (NFT) are key pathological features of Alzhei-
mer’s disease (AD). Postmortem studies indicate that
NFT density correlates more closely with neurode-
generation and cognitive impairment than A� plaque
density [1]. NFTs within neuronal cell bodies are
composed primarily of hyperphosphorylated tau [2].
Tau has over 80 potential phosphorylation sites [3],
each with different influences on tau metabolism,
conformation, and aggregation [4]. In AD, sequential
alteration of tau phosphorylation epitopes likely pre-
cedes aggregation and formation of tau filaments [5].

Neuroimaging and cerebrospinal fluid (CSF)
biomarkers related to AD neuropathology are
increasingly used to aid clinical diagnosis and patient
selection for therapeutic trials [6, 7]. Tau PET uptake
typically correlates with clinical severity and poorer
cognitive performance [8–13]. Tau PET measures
suggest pathological tau begins to aggregate around
the time of symptom onset [14–16]. CSF total tau
(t-tau) and phosphorylated tau (p-tau) levels, which
reflect the circulating pool of soluble tau released by
central nervous system cells [17], may enable earlier
assessment of tau abnormalities prior to the deposi-
tion of NFTs in brain parenchyma [18, 19]. Many
different tau isoforms, including phosphorylated tau,
exist and can be monitored in CSF [20–22]. How-
ever, it is unclear how soluble tau species reflect
brain neuropathology. CSF levels of tau, p-tau181,
and p-tau217 have been associated with brain tau
deposition measured by PET [23–28]. Higher CSF
tau levels are observed on threonine(T) 217, T181,
and T231 at asymptomatic stage suggesting that solu-
ble species and tau PET may be differentially related
to pathology and clinical symptoms [29]. The rela-
tionship with tau aggregation of numerous other tau
phosphorylated sites in CSF remains uninvestigated.
Clarifying the relationships between tau pathology
using tau PET and CSF tau phosphorylation status
may identify alterations in tau metabolism that occur
before and concurrently to tau aggregation.

Moreover, the increase in levels of CSF tau dur-
ing the symptomatic phase of the AD continuum
can contribute in part to the rise of phosphorylated
tau isoforms. Indeed, CSF p-tau measures are rarely
corrected from total tau variation, mitigating the attri-
bution of high CSF p-tau level to only tau hyperphos-
phorylation as a consequence of abnormal brain
metabolism and the presence of hyperphosphorylated
tau aggregates. Mass spectrometry (MS) simulta-
neously quantifies phosphorylated and unphospho-
rylated peptides to enable calculation of the ratio
of phosphorylated to unphosphorylated tau (p-tau/
u-tau), thereby quantifying changes in tau phospho-
rylation ratios independently from variations in CSF
tau levels. This approach has been already applied to
the measure of one of the most abundant phosphory-
lated peptides in CSF. In particular, MS demonstrated
that tau hyperphosphorylation at T217 was positively
associated with abnormal amyloid status, as mea-
sured by PiB PET and MS CSF A�42/40 ratio, in both
pre-clinical and mild AD [30] and more accurate in
predicting amyloid load than hyperphosphorylation
on other sites as T181 or T205 [31, 32]. A recent study
confirmed better performance of p-tau/u-tau ratio on
T217 levels in plasma for predicting amyloid load
[33].

Overall, previous studies have highlighted the
importance of considering alternative p-tau sites for
AD diagnosis [34, 35]. A quantitative method was
developed to simultaneously monitor CSF phospho-
rylation sites detectable by MS within the N-terminal
and mid-region domains. These domains correspond
to the most abundant CSF tau isoforms recovered
by immunoprecipitation [22]. For the screening of
a small CSF cohort including a dozen late-onset
AD participants, we previously demonstrated that
several p-tau/u-tau sites were hyperphosphorylated
(T111, T153, T175, T205, S208, T217, and T231)
or hypophosphorylated (S202), and were signifi-
cantly modified with amyloid status [20]. Association
of these phosphorylations with brain tau pathology,
as measured by Tau PET ([18F]GTP1), in patients
with close temporally paired CSF, has not been
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assessed. Expanding upon previous work, relation-
ships between CSF tau phosphorylation (measured by
MS at 11 phosphorylation sites) and underlying NFT
pathology (measured by tau PET) were investigated
in two separate cohorts of participants; the first cohort
spanned cognitively normal to moderate AD, and the
second cohort focused on prodromal to mild AD. We
hypothesized, based on our previous results, that not
all sites would be hyperphosphorylated in amyloid-
positive AD patients. These analyses permitted an
evaluation of the clinical utility of measuring site-
specific phosphorylation by clarifying its association
with A� PET imaging, tau PET ([18F]GTP1) struc-
tural MRI, and cognition in sporadic AD.

METHODS

Study design

Cohort A drew from patients enrolled in: study
e0048 [36] evaluating the basic performance and
reproducibility characteristics of [18F]GTP1 and an
open-label observational study evaluating longitu-
dinal change in [18F]GTP1 tau PET imaging in
AD patients and cognitively normal (CN) controls
(GN30009; NCT02640092) [11]. Cohort B included
patients from a Phase II study that evaluated the
efficacy and safety of semorinemab (GN39763;
NCT03289143) in prodromal to mild Alzheimer’s
disease [11, 37–39]. Amyloid PET, MRI scans, CSF,
and cognitive data were also acquired in these stud-
ies. For Cohort B, assessments and samples were
acquired at screening or baseline prior to dosing with
semorinemab or placebo.

Participants

Cohort A was composed of CN, prodromal AD
(i.e., mild cognitive impairment due to AD), and
mild and moderate AD dementia participants from
GN30009 (NCT02640092) and e0048, as previ-
ously described [11, 40]. In Cohort A, AD patients
were required to have a positive [18F]florbetapir
(FBP) A� PET scan by visual read. Cohort B
from GN39763 (NCT03289143) included partici-
pants diagnosed with prodromal or mild AD who
were between 50–80 years old, had Mini-Mental
State Examination (MMSE) scores ≥ 20, CDR = 0.5
or 1, Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS) Delayed Mem-
ory Index ≤ 85, and were A� positive by PET
scan (FBP or florbetaben [FBB]; visual read) or

CSF (Elecsys A�42 ≤ 1000 pg/mL). Each study was
approved by each site’s institutional review board and
was conducted in accordance with ICH E6 Guide-
lines. Written informed consent was obtained from
all participants or their legal representatives.

CSF collection and analyses

CSF (up to 20 mL) was collected by lumbar
puncture into polypropylene tubes, centrifuged at
2000 × g for 10 min at room temperature, and trans-
ferred into 0.5 mL tubes that were frozen and stored at
–80◦C until analysis. CSF collection and [18F]GTP1
PET scans for Cohort A were separated by an average
of 14.3 ± 12.4 days (range: 0–64 days). CSF collec-
tion and [18F]GTP1 PET scans for Cohort B were
separated by an average of 32.6 ± 23.5 days (range:
0–111 days).

CSF tau species were captured by immunoprecip-
itation (IP) and analyzed using a high resolution MS
quantitating multiple tau phosphorylation sites and
their corresponding unphosphorylated peptide [20].
Tau from CSF (500 �l) was extracted and immuno-
purified with Tau1 and HJ8.5 antibodies as previously
reported [17]. Briefly, 15N tau labeled standard was
added to CSF sample prior to immuno-purification,
and after overnight digestion with trypsin, AQUA
peptides (Life Technologies, Carlsbad, CA) were
spiked to obtain an amount of 5 fmol per labeled
phosphorylated peptide and 50 fmol per labeled
unmodified peptide in each sample. The peptide
mixture was purified by solid phase extraction. Elu-
ates were dried and resuspend in MS vials prior
nanoLC-MS/HRMS analysis on nanoAcquity UPLC
system (Waters, Mildford, Massachusetts) coupled to
a Lumos Tribrid MS (Thermo Scientific, San Jose,
CA) as reported [20].

MS/HRMS transitions were extracted using
Skyline software (MacCoss laboratory, University
of Washington). CSF tau phosphorylation levels
were calculated using measured ratios between
MS/HRMS transitions of endogenous unphospho-
rylated peptides and 15N labeled peptides from
protein internal standard. Ratios of phosphoryla-
tion at the T181, S202, T205, and T217 sites were
measured using the ratio of the MS/HRMS tran-
sitions from phosphorylated peptides (103–126 for
pT111; 151–155 for pT153; 171–180 for pT175;
175–190 for pT181; 195–209 for pS202, pT205,
and pS208; 212–221 for pS214 and pT217; 226–234
for pT231) and corresponding unphosphorylated
peptides (103–126 for T111; 151–155 for T153;
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181–190 for T181 and T175; 195–209 for S202,
T205, and S208; 212–221 for S214 and T217;
226–230 for T231). pS113 was not considered
in this analysis due to insufficient MS sensitiv-
ity. Each phosphorylated/unphosphorylated peptide
endogenous ratio was normalized using the ratio
measured on the MS/HRMS transitions of the corre-
sponding AQUA phosphorylated/unphosphorylated
peptide internal standards. Ratios of phosphorylation
at the T111, T153, S208, and S214 sites were mea-
sured without internal standard using corresponding
non-phosphorylated peptides signal as reference.

Comparison of quantitative MS results to p-tau181
levels and p-tau181/t-tau ratios using the Elecsys in
vitro diagnostics immunoassay (Roche Diagnostics,
Penzberg, Germany) was performed, which captures
mid-domain species containing residues 159–224
(t-tau) and 175–200 (p-tau181) [41].

Imaging

[18F]GTP1 synthesis and [18F]GTP1 and A� PET
imaging was performed as previously described [11,
40]. Images were acquired on a Siemens HR+ or
Siemens Biograph 6 PET-CT scanners and were
reconstructed with an iterative reconstruction algo-
rithm (OSEM 4 iterations, 16 subsets) and a post
hoc 5 mm Gaussian filter. All [18F]GTP1 PET stud-
ies were conducted in the same scanner for a given
participant. A structural three-dimensional sagit-
tal T1-weighted MR image (MP-RAGE or SPGR;
1 mm2 in plane resolution, 1.0–1.2 mm slice thick-
ness) was also acquired for all participants in a
1.5-T or 3-T MRI scanner using the manufacturer’s
recommended acquisition parameters. Image pro-
cessing and data analysis were performed using
SPM12 and in-house developed analysis software in
MATLAB (MathWorks Inc, Natick, MA). Images
were normalized to the standard Montreal Neuro-
logical Institute space and regions of interest (ROIs)
were defined for each participant using the Ham-
mers brain atlas. The cerebellar cortex region was
defined using a modified cerebellum SUIT template
(http://www.diedrichsenlab.org/imaging/suit.htm) to
include only the inferior cerebellum to avoid spillover
from the surrounding temporal and occipital regions
in AD participants.

[18F]GTP1 SUVRs were calculated using the cere-
bellar gray as reference. ROIs included the whole
cortical gray matter (WCG), an AD-specific temporal
(TMP) meta-ROI [41] and hierarchical in vivo Braak
tau PET stages (I–II, III–IV, V–VI) [42]. A� PET

was performed using [18F]FBP (GN30009, e0048,
and GN39763) or [18F]FBB (GN39763) prepared
at commercial facilities. Participants were defined
as A� positive by visual read. For quantitative pur-
poses, in Cohort A, the CN (GN30009, e0048) were
defined as A� high if their [18F]FBP SUVR was
above 1.10 in a composite cortical ROI, and A�
low if their FBP SUVR was below 1.10 [42]. A�
PET SUVRs were calculated using the cerebellum
grey as reference. FBP SUVRs and FBB SUVRs
were converted to the Centiloid scale [43]. MRI
was performed for participant eligibility (e.g., poten-
tial participants with evidence of other pathologies
that might contribute to cognitive impairment were
excluded), [18F]GTP1 and A� PET image process-
ing, and volumetric analyses. Hippocampus, whole
cortex, and ventricle volume were normalized by the
intracranial volume.

Statistical analyses

Spearman correlations were used to assess rela-
tionships between different AD biomarkers and
clinical assessments. Uncertainty in Spearman cor-
relation and difference in dependent Spearman
correlation estimates were characterized with boot-
strap sampling. p-values and confidence intervals
were not adjusted for multiple comparisons. Hedges’
g was calculated to compare the separation of
clinical subgroups in Cohort A by the measured
biomarkers. CSF tau phosphorylation at various
sites were clustered by correlation distance and
represented by dendrograms. Assessment of the sim-
ilarity/dissimilarity of the phosphorylation ratios of
subjects in subgroups of Cohort A by principal com-
ponent analysis (PCA) was performed, applying the
singular value decomposition approach to the stan-
dardized features. Association between [18F]GTP1
SUVR and CSF phosphorylation ratios was also
assessed in a multivariable linear regression model
with LASSO penalty in Cohort A. Stepwise lambda
grid from 0.01 to 0.05 was tested and the best lambda
was selected based on the lowest RMSE value. The
model performance was measured by adjusted R2. R
software version 3.5.2 [44] was used for all analyses.

Data sharing

Qualified researchers may request access to indi-
vidual patient level data (https://vivli.org/). Roche’s
criteria for eligible studies are available here (https://
vivli.org/members/ourmembers/). For further details

http://www.diedrichsenlab.org/imaging/suit.htm
https://vivli.org/
https://vivli.org/members/ourmembers/
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Table 1
Patient demographic and disease characteristics expressed as mean (SD).

Cohort A Cohort B

CN– CN+ Prodromal Mild Moderate Prodromal Mild
(n = 6) (n = 5) (n = 13) (n = 12) (n = 10) (n = 24) (n = 40)

Age 59 (8.22) 68.63 (3.38) 69.81 (6.85) 70.6 (6.14) 70.87 (7.02) 70.71 (7.06) 69.28 (7.47)
Female 3 (50%) 2 (40%) 7 (54%) 8 (67%) 2 (20%) 10 (42%) 17 (43%)
Caucasian descent 6 (100%) 4 (80%) 13 100%) 11 (92%) 9 (90%) 23 (96%) 33 (83%)
MMSE 29.33 (0.82) 29.00 (0.71) 28.31 (1.18) 26.58 (2.47) 17.60 (2.76) 25.83 (2.70) 23.03 (2.48)
CDRSB 0.00 (0.00) 0.10 (0.22) 1.58 (0.91) 3.18 (1.27) 6.22 (1.72) 2.56 (1.15) 4.72 (1.85)
ADAS13 12.34 (4.72) 8.00 (4.75) 15.31 (6.11) 19.24 (6.87) 39.78 (7.29) 22.53 (7.39) 29.57 (6.84)
RBANS-Total 98.50 (3.54) 91.8 (11.56) 85.23 (9.28) 77 (14.55) 60.5 (12.12) 76.13 (13.50) 61.24 (11.83)
[18F]GTP1-PET

Temp ROI SUVR
1.02 (0.05) 1.26 (0.05) 1.36 (0.19) 1.5 (0.26) 1.67 (0.32) 1.42 (0.34) 1.52 (0.37)

[18F]GTP1-PET
WCG SUVR

1.00 (0.05) 1.17 (0.05) 1.18 (0.10) 1.34 (0.27) 1.45 (0.41) 1.2 (0.21) 1.31 (0.26)

[18F]GTP1-PET
Braak12 SUVR

1.00 (0.05) 1.27 (0.04) 1.36 (0.17) 1.44 (0.14) 1.48 (0.26) 1.39 (0.22) 1.41 (0.22)

[18F]GTP1-PET
Braak34 SUVR

1.00 (0.05) 1.2 (0.05) 1.27 (0.16) 1.44 (0.30) 1.55 (0.35) 1.35 (0.29) 1.46 (0.34)

[18F]GTP1-PET
Braak56 SUVR

1.00 (0.06) 1.15 (0.06) 1.13 (0.09) 1.29 (0.26) 1.4 (0.46) 1.14 (0.19) 1.25 (0.25)

Amyloid centiloid –3.47 (8.98) 38.18 (17.53) 79.58 (38.31) 82.71 (32.89) 90.63 (24.61) 70.25 (41.03) 63.10 (35.41)
Elecsys pTau181

(pg/ml)
18.07 (6.52) 22.92 (8.78) 32.8 (18.24) 32.7 (15.11) 36.73 (15.54) 34.74 (21.2) 36.22 (23.75)

Elecsys tTau (pg/ml) 217.02 261.54 317.28 326.48 359.21 331.33 354.1
(77.36) (82.36) (140.77) (118.16) (117.92) (168.76) (199.17)

Elecsys pTau181
(pT181/tTau)

0.083 (0.005) 0.086 (0.008) 0.099 (0.011) 0.098 (0.01) 0.1 (0.011) 0.1 (0.014) 0.098 (0.014)

pT111 (ptau/utau) 0.039 (0.015) 0.065 (0.028) 0.119 (0.044) 0.111 (0.034) 0.137 (0.020) 0.087 (0.035) 0.09 (0.035)
pT153 (ptau/utau) 0.002 (0.000) 0.003 (0.002) 0.009 (0.003) 0.009 (0.004) 0.009 (0.004) 0.007 (0.003) 0.007 (0.003)
pT175 (ptau/utau) 0.003 (0.001) 0.003 (0.001) 0.003 (0.001) 0.003 (0.000) 0.002 (0.001) 0.003 (0.001) 0.003 (0.001)
pT181 (ptau/utau) 0.237 (0.025) 0.300 (0.027) 0.347 (0.059) 0.308 (0.047) 0.28 (0.048) 0.329 (0.058) 0.317 (0.061)
pS199 (ptau/utau) 0.003 (0.001) 0.003 (0.001) 0.004 (0.001) 0.004 (0.002) 0.004 (0.001) 0.005 (0.002) 0.005 (0.001)
pS202 (ptau/utau) 0.039 (0.005) 0.045 (0.016) 0.039 (0.008) 0.039 (0.011) 0.034 (0.005) 0. (0.011) 0.037 (0.013)
pT205 (ptau/utau) 0.004 (0.001) 0.005 (0.002) 0.006 (0.002) 0.008 (0.002) 0.007 (0.001) 0.007 (0.002) 0.007 (0.002)
pS208 (ptau/utau) 0.000 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0) 0.001 (0)
pS214 (ptau/utau) 0.000 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0.000) 0.001 (0) 0.001 (0)
pT217 (ptau/utau) 0.015 (0.003) 0.026 (0.011) 0.061 (0.019) 0.063 (0.020) 0.068 (0.017) 0.053 (0.026) 0.059 (0.025)
pT231 (ptau/utau) 0.050 (0.013) 0.081 (0.046) 0.203 (0.069) 0.147 (0.061) 0.151 (0.051) 0.146 (0.065) 0.157 (0.055)

AD, Alzheimer’s disease; CN, cognitively normal; MMSE; Mini-Mental State Examination; CDRSB; Clinical Dementia Rating Sum of
Boxes; ADAS13, Alzheimer’s Disease Assessment Scale; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status;
PET, positron emission tomography; ROI, region of interest; SUVR, standardized uptake value ratio. Elecsys pTau181 (pTau181/tTau): ratio
of Elecsys pTau181/tTau; LC/MS measures pT/SXXX (ptau/utau): ratio phosphorylated peptide/unphosphorylated peptide.

on Roche’s Global Policy on the Sharing of Clini-
cal Information and how to request access to related
clinical study documents, see https://go.gene.com/
datasharing.

RESULTS

Demographics

Participant demographics and group means for
each of the biomarkers measured are shown in
Table 1. Mean age (∼70 years) was similar between
cohorts, with the exception of the amyloid-low cogni-
tive normal group (59 years). The prodromal to mild

patients in the Cohort B on average had poorer per-
formance on cognitive assessments, in comparison
with prodromal to mild patients in Cohort A (MMSE
shown in Supplementary Figure 1).

Cross-sectional associations between tau
phosphorylation sites and amyloid and tau PET
uptake

In the Cohort A, [18F]FBP uptake increased and
plateaued in the AD patients, unlike [18F]GTP1,
which increased in a stepwise manner with dis-
ease severity (Fig. 1A, B). [18F]GTP1 offered
greater differentiation between diagnostic groups

https://go.gene.com/datasharing
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Fig. 1. Cross-sectional boxplots from Cohort A comparing brain amyloid deposition (A) measured by FBP tracer (Amyloid centiloid),
(B) [18F]GTP1 SUVR measuring brain tau aggregates, (C) Elecsys immunoassay measures of pTau181 level (E pT181l), and (D) ratio of
pTau181/tTau (E pT181), (E) ratio of pTau181/uTau by MS, and (F–O) ratio of other phosphorylated residues by MS. CN-, cognitively
normal, amyloid-low control; CN+, amyloid-high control; prod, prodromal; mod, moderate.

than [18F]FBP, as evidenced by larger Hedge’s
effect sizes (g = 0.38 and 0.02 between prodromal-
moderate and mild-moderate for FBP versus g = 1.17
and 0.56 between prodromal-moderate and mild-
moderate for [18F]GTP1) (Supplementary Figure 2A,
B). P-tau181 monitored by immunoassay followed
the same pattern as FBP (Fig. 1C, D). For the eleven
phosphorylation sites monitored by MS (T111,
T153, T175, T181, S199, S202, T205, S208, S214,
T217, and T231), most of the sites displayed an
increase in their phosphorylation ratios (phosphory-
lated peptide/unphosphorylated peptide, p-tau/u-tau)
from amyloid-negative controls to prodromal stages
(i.e., T181, T111, T153, T205, S208, S214, T217,
and T231) (Fig. 1E–O). Sites T111, T153, S208, and
T217, like Elecsys p-tau181, followed the amyloid
PET pattern with similar levels across prodromal,
mild, and moderate patients. Conversely, progressive
decreases in phosphorylation rates were observed
for T175 and S202 with increasing disease severity,

analogous to the progressive increases in [18F]GTP1
PET uptake with increasing disease severity. To gain
confidence in the hyper- or hypophosphorylation
reflected by the ratios, we looked at phosphorylated
and unphosphorylated levels separately (Supplemen-
tary Figure 3). We compared levels of adjacent
phosphosites which shared the same unphosphory-
lated peptide; pS202l (Supplementary Figure 3F)
shows a decreasing pattern with disease severity,
which is opposite to pS199, pT205, and pT208,
which all have higher levels in symptomatic sub-
jects (Supplementary Figure 3E, G, H). They share
the unphosphorylated peptide S199-T208 shown in
Supplementary Figure 3O. Similarly, pT175 (Sup-
plementary Figure 3C) and pT181 (Supplementary
Figure 3D) share the peptide shown in Supplementary
Figure 3N.

Cross-sectional patterns of phosphorylation ratios
at the other monitored phosphorylation sites did not
fit into the patterns seen with [18F]FBP or [18F]GTP1
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Fig. 2. Scatter plot from Cohort B comparing MMSE and brain amyloid deposition measured by (A) florbetaben or florbetapir tracer (Amyloid
centiloid), (B) [18F]GTP1 SUVR measuring brain tau aggregates, (C) Elecsys immunoassay measures of pTau181 level (E pT181l), and (D)
ratio of pTau181/tTau (E pT181), (E) ratio of pTau181/uTau by MS, and (F–O) on other phosphorylated residues by MS. The polynomial
curve and the shaded area show the locally weighted average (tricube weight function with quadratic local regressions) phosphorylation and
its 95% confidence interval. orange, prodromal; blue, mild; PET, positron emission tomography; SUVR, standardized uptake value ratio;
MMSE, Mini-Mental State Examination.

PET. T181, S214, and T231 were highest in pro-
dromal AD, and lower in mild and moderate AD.
S199 and T205 showed a bell-shaped distribution
with highest levels in mild AD.

Diagnostic groups in Cohort A were strongly
separated by MMSE scores. To produce compara-
ble figures for Cohort B, which only included two
diagnostic groups, scatter plots with MMSE scores
on the x-axis instead of boxplots with diagnos-
tic groups are shown. Similar trends to Cohort A
were observed in the Cohort B with phosphorylation
increasing with disease severity for the majority of
sites, with the exception of T175, S199, and S202 that
were decreasing as cognitive performance declined
(Fig. 2). However, no substantial differences were
observed between prodromal and mild patients.

CSF tau phosphorylation sites cluster

The Elecsys immunoassay was used as a bench-
mark comparison for the MS assay. A comparison
of what the Elecsys p-tau181, t-tau, and MS assays

measure is shown in Supplementary Figure 4A.
Because the MS assay uses ratios, the performance of
the Elecsys p-tau181/t-tau ratio was evaluated, which
showed greater separation between CN and AD
patients than Elecsys p-tau181 levels (g = 1.21; 1.12;
1.32 between CN A� high and prodromal, mild, and
moderate respectively for p-tau/t-tau versus g = 0.57;
0.68; 0.94 between CN A� high and prodromal, mild,
and moderate respectively for p-tau) (Supplemen-
tary Figure 2C–E). The Elecsys p-tau181/t-tau and
MS pT181/uT181 ratios correlated more strongly in
the Cohort A (r(S) = 0.73; Supplementary Figure 4B)
than in Cohort B (r(S) = 0.64, Supplementary Fig-
ure 4C).

In general, in both Cohort A and Cohort B, the
majority of sites were positively correlated with the
exception of pT175, pS202, and pS199 in Cohort
B which were negatively correlated (Fig. 3A, B).
In Cohorts A and B, T217 phosphorylation ratios
exhibited numerically higher correlations with Elec-
sys p-tau181/t-tau ratios than MS phosphorylation
ratios (p-tau/u-tau) measured at other sites (Fig. 3).
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Fig. 3. Spearman correlation (x 100) between tau phosphorylation ratios on monitored sites in (A) Cohort A, (B) Cohort B. The two cohorts
support the identification of independent groups of association on site-specific phosphorylation occupancies that shift with disease severity.
The dendrogram represents clusters of CSF hyperphosphorylation at different sites in Cohort A and resembles the pattern similarities seen in
Fig. 1. Red highlight indicates positive correlation, white no correlation, blue negative correlation. Elecsys level (pg/mL):E pT181l, Elecsys
ratio (pTau181/tTau):(E pT181), others are corresponding MS ratio pTau/uTau).

T217, T153, T181 (by MS and Elecsys), T111, and
T231 could be grouped into a strong cluster of corre-
lation. Correlations among this “pT217 cluster” were
numerically weaker in Cohort B (Fig. 3B).

T175 behaved independently from all other phos-
phorylation sites at all stages in both cohorts,
(–0.32 < r(S) < 0.2, Fig. 3A, B). Phosphorylation
ratio at S199 and S202 were moderately associated
(0.48 < r(S) < 0.58) together across different disease
stages in both cohorts (Fig. 3A, B). Phosphorylation
at these two sites decreased as phosphorylation at
T217 increased in Cohort B (r(S) = –0.76 and –0.34)
(Fig. 3B). Out of the two, only S202 phosphorylation
was inversely associated with T217 phosphoryla-
tion in the Cohort A. For the Cohort B population,
notable associations were observed between pT205
and pS208, pS214, and pT217 but not with other sites
from the pT217 cluster (Fig. 3B).

Cross-sectional association of CSF tau
phosphorylation sites, [18F]GTP1 and [18F]FBP
or [18F]FBB uptake

P-tau217, the p-Tau217 cluster and pT205
were significantly related to [18F]GTP1 (p < 0.001).
Among hyperphosphorylated sites, pT217 had
numerically the highest association with [18F]GTP1
SUVR in both cohorts ([Cohort A]: r(S) = 0.77 for

pT217 versus r(S) = 0.68 for pT205, where the p of the
difference is 0.006 Fig. 4A; [Cohort B]: r(S) = 0.82
for pT217 versus r(S) = 0.55 for pT231, where the
p < 0.001 Fig. 4B), and between the diagnostic sub-
groups pT217’s correlation with [18F]GTP1 SUVR
was highest in prodromal AD, (r(S) = 0.83 [Cohort A]
and 0.87 [Cohort B], Fig. 4C, D). [18F]GTP1 SUVR
was elevated in moderate AD relative to the other
subgroups whereas pT217 levels were similar across
AD subgroups (Fig. 1A–N). pT217 also correlated
well with [18F]FBP in A�+ subgroups of Cohort A
(Fig. 4E), but the association was weaker in Cohort B
(Fig. 4F). The association between [18F]GTP1 PET
and [18F]A� PET was weaker (r(S) = 0.69 [Cohort A]
and 0.44 [Cohort B], Fig. 4A, B) than the association
of either biomarker with pT217.

Other hyperphosphorylated sites were moder-
ately associated with [18F]GTP1 SUVR in both
cohorts. Conversely, phosphorylation ratios at S202,
S199, and T175 showed negative correlations with
[18F]GTP1 SUVR (Fig. 4A, B). The correlation was
higher for pS202 and pT175 in Cohort B (Fig. 4C).
The multivariable linear model with LASSO identi-
fied three sites (pT181, pT205, and pT217). Each of
the identified sites may provide independent infor-
mation about the [18F]GTP1 signal. Numerically,
the model performance of this combination of sites
was higher than pT217 alone, with more marked
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Fig. 4. Association between [18F]GTP1 SUVR and CSF p-tau measures. Correlation comparison (Spearman r) between measures of amyloid
PET centiloid and brain tau aggregation in various regions of interest using [18F]GTP1 SUVR in select regions of interest (temporal meta:
tmp metaROI, whole cortical grey:WCG, Braak12, Braak34, Braak56) with CSF p-tau measures (middle sites: “pT217 cluster”) and amyloid
PET in (A) Cohort A, and (B) Cohort B. Correlation between [18F]GTP1 SUVR (tmp metaROI) and CSF tau phosphorylation occupancy
on T217 in (C) Cohort A and (D) Cohort B. Correlation between A� PET(centiloid) and CSF tau phosphorylation occupancy on T217 in
(E) Cohort A and (F) Cohort B. Empty triangle, CN- (cognitively normal); solid triangle, CN+; orange, prodromal AD; blue, mild AD; gray,
moderate AD. Elecsys pTau181 level (pg/mL):E pT181l, Elecsys pTau181/tTau ratio: E pT181, MS pTau/uTau ratios: pX###.
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Fig. 5. Association measured by Spearman r between [18F]GTP1 SUVR and CSF p-tau measures with brain atrophy as measured by MRI
in different regions in (A) Cohort A, (B) Cohort A excluding cognitively normal individuals, and (C) Cohort B. Middle sites: “pT217
cluster”, Elecsys pTau181 level (pg/mL):E pT181l, Elecsys pTau181/tTau ratio: E pT181, MS pTau/uTau ratios: pX###, temporal meta
ROI: tmp metaROI.

differences seen in Cohort A (R2 = 65% combined
versus 55% with pT217 alone) than in Cohort B
(R2 = 59% combined versus 57% with pT217 alone).
Among the phosphorylated sites tested, pT217 was
also numerically the most closely associated with
[18F]A� PET (r(S) = 0.80 [Cohort A]; r(S) = 0.52
[Cohort B], Fig. 4C, D) however, statistically only
separated from the hypophosphorylated trio.

Association with brain volume

The associations between CSF tau phosphoryla-
tion, tau PET and brain atrophy measured by MRI
in the two AD cohorts were assessed. The absolute
Spearman correlations with confidence intervals (CI)
(unadjusted for multiplicity) for [18F]GTP1 SUVR in
the temporal meta-ROI, the different phosphorylated
species, whole cortical volume, hippocampal volume
and ventricular volume is shown in Fig. 5.

Compared with Cohort A (Fig. 5A), Cohort A
excluding CN (Fig. 5B), [18F]GTP1 SUVR had a
moderate correlation with whole cortical volume
(r(S) = –0.56, p < 0.001) (Fig. 5B). The correlation
between Elecsys pT181, pT217, pT153 and pT111
from the ‘cluster’, and MRI features trended in the
expected direction (r(S) = –0.14, –0.20, –0.27, and
–0.29 respectively for whole cortical volume), but
remained modest and statistically insignificant. For

the other CSF phosphosites measured, there were no
consistent relationships of CSF tau phosphorylation
and brain volume in these 2 cohorts. In Cohort B
(Fig. 5C), pS202 and pT231 were correlated with ven-
tricular volume (r(S) = 0.31, and –0.27 respectively;
p < 0.02 each). E pT181, E pT181l, and pT181
had significant correlations (abs[r(S)] = 0.21–0.32
p < 0.03) with hippocampal volume and ventricles
in Cohort B. None of the other sites nor [18F]GTP1
associated with brain volume in Cohort B (Fig. 5C).

Association with cognition

The association of [18F]GTP1 SUVR and CSF
p-tau with ADAS13 and RBANS cognitive mea-
sures was compared (Fig. 6). [18F]GTP1 SUVR
was consistently associated with cognitive mea-
sures in Cohort A (r(S) = 0.62 (p < 0.001) with
ADAS13 and r(S) = –0.72 (p < 0.001) with RBANS
Fig. 6A), consistent with previous reports [11],
and this relationship replicated in Cohort B (r(S) =
0.48 with ADAS13 and r(S) = –0.42 with RBANS;
Fig. 6C). Both pT217 and Elecsys pT181 showed
significant correlation with cognitive measures
(r(S) = 0.49 and 0.43 with ADAS13 respectively
p < 0.024; r(S) = –0.61 and –0.42 with RBANS
respectively p < 0.048). A subset of the pT217 clus-
ter (pT111, pT153) had correlations with cognition
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Fig. 6. Association between [18F]GTP1 SUVR (tmp metaROI) and CSF p-tau measures with cognitive scores in different regions in (A)
Cohort A, (B) in Cohort A excluding cognitively normal individuals, and (C) in Cohort B. Middle sites: “pT217 cluster”, Elecsys pTau181
level (pg/mL):E pT181l, Elecsys pTau181/tTau ratio: E pT181, MS pTau/uTau ratios: pX###, temporal meta ROI: tmp metaROI.

that approached [18F]GTP1 (the difference between
the correlations were not statistically significant in
[Cohort A] for ADAS13; Fig. 6A). The relation-
ship weakened when CN participants were removed
(Fig. 6B), however, it was notable again in Cohort
B (Fig. 6C). Other sites also had positive relation-
ships, but the result was weaker and less consistent
(pS202, pT205, pS208). The correlations of cognition
with the hypophosphorylated trio pT175, pS202 and
pS199, were the inverse of [18F]GTP1 and the hyper-
phosphorylated sites. Of the three, the correlations
of pT175 with cognition was more robust, matching
[18F]GTP1s performance and reached significance on
both tests in Cohort B (Fig. 6C).

DISCUSSION

CSF t-tau and p-tau181 levels have consistently
demonstrated their utility for aiding in the diagnosis
of AD. However, because the levels of these analytes
plateau at early stages of clinical disease, they have
more limited utility as biomarkers of disease severity
[45]. This study assessed tau phosphorylation across
a wide range of phosphorylation sites and stages of
disease in patients who had paired CSF, imaging
(amyloid and Tau PET, MRI) and clinical assess-
ments acquired at the same visit (on average within
one month), which enabled us to direct assessments

of cross-sectional associations of CSF tau phospho-
rylation with AD pathology and cognition. There are
a number of factors that may limit the interpretation
of the results, including the relatively modest sample
size, fewer women participants, the high proportion
of participants who had high amyloid levels, and the
cross-sectional nature of the study. Due to these limi-
tations, some of our findings on new phosphorylated
sites need confirmation in larger cohorts. Neverthe-
less, it is encouraging that observations made on p-tau
sites 217, 181, 202, and 205 in this study are in-line
with prior trends observed in larger cohorts.

These results reveal different patterns of phospho-
rylation changes across the 11 investigated phospho-
rylation sites. The comparison between MS results
and Elecsys p-tau181 and t-tau supported better sep-
aration of diagnostic subgroups using ptau/tau ratio
compared to p-tau levels (Fig. 1C–E). It also revealed
slightly different profiles between the two tech-
niques. The profile of ptau181 level and pTau/tTau
ratio as measured by the Elecsys immunoassay
(Fig. 1C,D) is similar to amyloid PET (Fig. 1A)
which increases and plateaus, but the mean pT181/
u181 ratio by MS (Fig. 1E) is higher in prodro-
mal patients and is lower in mild and moderate.
While the overall correlation between these assays
was robust, differences in the exact species that are
captured by each assay, e.g., different antibodies used,
presence of truncated species in CSF [17, 46], can
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account for the observed differences in performance.
The Elecsys assay captures a broader spectrum of
fragments, where the MS assay is more specific
and measures the phosphorylated and unphosphory-
lated peptide most proximal to T181 (Supplementary
Figure 4A). The MS data suggest that phosphory-
lation on 181 is more dynamic, decreasing in later
disease. One could speculate that pTau181/uT181
(MS ratio) is sensitive to a phosphorylation event
on 181 which is driven by amyloid plaque deposi-
tion, as an adaptive response. Once the plaque growth
plateaus, the trigger for hyperphosphorylation could
subside.

Phosphorylation ratios at T217 have a higher asso-
ciation with both tau and A� PET. These findings
confirm previous reports suggesting stronger associ-
ations of phosphorylation at T217 than T181 with
A� and tau PET measures [23, 31]. We speculate
that elevations in pT217 may become measurable in
the temporal interval between the elevations observed
with [18F]A� PET and [18F]GTP1 PET SUVRs.
While phosphorylation at T181 was highly corre-
lated with phosphorylation at other sites, such as
T217, it was not as well correlated with disease
pathology (A� and tau PET) or cognition. This study
suggests pT217 more accurately reflects the AD-
related changes observed by brain imaging relative
to the other CSF p-tau sites that have been examined.
However, the diversity of phosphorylation trajecto-
ries associated with disease progression among these
sites highlights the potential challenges associated
with simply attributing increased CSF p-tau species in
AD to increased aggregation and cerebral deposition
of tau.

[18F]GTP1 SUVR appears to increase gradually
with disease severity and is more closely associated
with brain atrophy and cognitive measures than CSF
tau phosphorylation ratios. Conversely, different pat-
terns are observed for the majority of CSF p-tau sites
with increasing clinical disease severity. Moreover,
phosphorylation ratios at some sites (T175, S202)
decreased with disease severity, particularly among
symptomatic participants, which we interpreted as
hypophosphorylation. This was in contrast to the
interpretation of hyperphosphorylation of adjacent
phosphorylation sites, which share the same unphos-
phorylated peptide (ex. T181 and T205, respectively),
which increased in symptomatic patients. We hypoth-
esized that the discrepancies between tau PET and
CSF p-tau measures could result from different mech-
anisms affecting soluble tau phosphorylated sites in
opposite manners.

One mechanism would imply that brain soluble tau
becomes hyperphosphorylated in response to brain
amyloid deposition in the absence of significant tau
aggregation. In this scheme, tau isoforms that are
released from neurons and detected in CSF are hyper-
phosphorylated in association to amyloid deposition.
Such a relationship, which may be particularly sen-
sitive for pT217, which was previously reported in
asymptomatic participants with positive A� PET
scans in both late onset sporadic AD and early onset
dominantly inherited AD [22, 23] and is supported
by the results of our current analyses. The stronger
association of pT217 compared to other investigated
phosphorylated sites would support earlier or more
sensitive change of pT217 in response to amyloido-
sis as previously suggested when compared to pT181,
t-tau, and pT205 [32]. In Cohort A, the relatively
strong association of other members of the pT217
cluster (pT111, pT153, or pS208), as well as p-tau/t-
tau ratio measured by Elecsys with [18F]FBP suggests
that phosphorylation at these residues may also be
detectable at preclinical stages of AD.

The similar patterns of signal saturation seen in
Cohort A with [18F]FBP, and the pT217 cluster at
later, symptomatic stages of disease severity (Fig. 1)
also support the hypothesis that phosphorylation of
certain CSF tau species may be more closely linked
to cerebral A� deposition. Hypophosphorylated sites
such as pT175 and pS202 might be unaffected by
pathological changes driven by amyloidosis and may
be biomarkers that are more dynamic in later stages
of disease. As such, the different trajectories on CSF
tau phosphorylation across different phosphorylation
sites observed with increasing disease severity would
support site-specific modification by different kinases
and phosphatases [47]. Thus, enzymatic pathways
that affect only a subset of tau phosphorylation sites
might be dysregulated in conjunction with AD amy-
loidosis.

A second mechanism could involve a pool of
hyperphosphorylated tau species becoming insoluble
and accumulating into brain tau aggregates that are
detectable by tau PET imaging. This process could in
turn result in a reduction in the levels of correspond-
ing phosphorylated isoforms in the soluble tau pool
subsequently released into the CSF. Hypophosphory-
lation of sites, such as S199, T175, and S202, where
progressive reductions in phosphorylation are seen
with increasing [18F]GTP1 SUVR, may occur con-
comitantly with tau aggregation. Considering that no
further increases in phosphorylation rates for soluble
CSF tau are observed after symptom onset, it could



N.R. Barthélemy et al. / CSF Tau Phosphorylation in Response to AD Brain Pathology 427

be predicted that phosphorylation at all 11 phospho-
rylated sites analyzed here would be enriched in AD
tau aggregates. Such a prediction is supported by dif-
ferential phosphorylation analyses of brain soluble
tau and AD tau aggregates [20, 47, 48].

Irrespective of mechanisms underlying these
results, they suggest that the use and interpretation of
CSF p-tau biomarkers for evaluating potential anti-
tau therapeutics should be approached with caution.
Longitudinal changes in tau pathology as measured
by tau PET may be a more straightforward and
clinically applicable outcome measure compared to
longitudinal changes in soluble p-tau species for eval-
uating impact of a potential tau-targeted treatment.
Phosphorylated CSF tau species may have greater
utility for improving diagnostic accuracy, particularly
at asymptomatic stages.

In summary, tau phosphorylation ratios were eval-
uated across 11 different phosphorylation sites and
compared for the first time with tau PET. We observed
sites clustered together, with clusters sharing similar
cross-sectional patterns and relationships with dis-
ease pathology. These results suggest that the pT217
cluster correlates with amyloid PET and [18F]GTP1
tau PET cross-sectionally, with pT217 having higher
correlations with both pathologies. There were no
consistent relationships with brain volume, poten-
tially because the majority of subjects were early
AD. A few of the phosphorylation sites, including
pT217, that correlate with [18F]GTP1, demonstrated
similar correlations as [18F]GTP1 with cognition.
The hypophosphorylated sites pS199, pT175, and
pS202, had an inverse relationship with amyloid PET,
tau PET, and cognition. Future studies that include
direct comparisons with other tau fragments that also
have been shown to correlate with Tau PET, such
as those in the microtubule binding domain [49,
50], longitudinal observations, more AD participants
at advanced stages of disease, and asymptomatic
individuals at-risk for developing AD, will increase
the understanding of the performance of these fluid
biomarkers of tau pathology and guide their use in
clinical trials, potentially as alternatives to tau PET
or as complementary prognostic markers of clinical
progression.
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N.R. Barthélemy et al. / CSF Tau Phosphorylation in Response to AD Brain Pathology 429

the differential diagnosis of Alzheimer’s disease and PET
amyloid-positive patient identification. Alzheimers Res Ther
12, 26.
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[40] Sanabria Bohórquez S, Marik J, Ogasawara A, Tinianow
JN, Gill HS, Barret O, Tamagnan G, Alagille D, Ayalon G,
Manser P, Bengtsson T, Ward M, Williams SP, Kerchner

GA, Seibyl JP, Marek K, Weimer RM (2019) [18F]GTP1
(Genentech Tau Probe 1), a radioligand for detecting neu-
rofibrillary tangle tau pathology in Alzheimer’s disease. Eur
J Nucl Med Mol Imaging 46, 2077-2089.

[41] Schindler SE, Gray JD, Gordon BA, Xiong C, Batrla-
Utermann R, Quan M, Wahl S, Benzinger TLS, Holtzman
DM, Morris JC, Fagan AM (2018) Cerebrospinal fluid
biomarkers measured by Elecsys assays compared to amy-
loid imaging. Alzheimers Dement 14, 1460-1469.

[42] Landau SM, Breault C, Joshi AD, Pontecorvo M, Mathis
CA, Jagust WJ, Mintun MA; Alzheimer’s Disease Neu-
roimaging Initiative (2013) Amyloid-beta imaging with
Pittsburgh compound B and florbetapir: Comparing radio-
tracers and quantification methods. J Nucl Med 54, 70-77.

[43] Klunk WE, Koeppe RA, Price JC, Benzinger TL, Devous
MD Sr, Jagust WJ, Johnson KA, Mathis CA, Minhas D,
Pontecorvo MJ, Rowe CC, Skovronsky DM, Mintun MA
(2015) The Centiloid Project: Standardizing quantitative
amyloid plaque estimation by PET. Alzheimers Dement 11,
1-15.e1-4.

[44] R Core Team. R: A Language and Environment for Statis-
tical Computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org/. (Accessed 1
Oct 2020).

[45] McDade E, Wang G, Gordon BA, Hassenstab J, Benzinger
TLS, Buckles V, Fagan AM, Holtzman DM, Cairns NJ,
Goate AM, Marcus DS, Morris JC, Paumier K, Xiong C,
Allegri R, Berman SB, Klunk W, Noble J, Ringman J,
Ghetti B, Farlow M, Sperling RA, Chhatwal J, Salloway
S, Graff-Radford NR, Schofield PR, Masters C, Rossor
MN, Fox NC, Levin J, Jucker M, Bateman RJ; Dominantly
Inherited Alzheimer Network (2018) Dominantly Inherited
Alzheimer Network. Longitudinal cognitive and biomarker
changes in dominantly inherited Alzheimer disease. Neu-
rology 91, e1295-e1306.

[46] Meredith JE Jr, Sankaranarayanan S, Guss V, Lanzetti AJ,
Berisha F, Neely RJ, Slemmon JR, Portelius E, Zetterberg
H, Blennow K, Soares H, Ahlijanian M, Albright CF (2013)
Characterization of novel CSF Tau and ptau biomarkers for
Alzheimer’s disease. PLoS One 8, e76523.

[47] Hanger DP, Byers HL, Wray S, Leung KY, Saxton MJ,
Seereeram A, Reynolds CH, Ward MA, Anderton BH
(2007) Novel phosphorylation sites in tau from Alzheimer
brain support a role for casein kinase 1 in disease pathogen-
esis. J Biol Chem 282, 23645-54.
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