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Abstract

Tau protein is a key target of interest in developing therapeutics for neurodegenerative dis-
eases. Here, we sought to develop a method that quantifies extracellular tau protein concen-
trations in human cerebrospinal fluid (CSF) without antibody-based enrichment strategies.
We demonstrate that the fit-for-purpose validated method in Alzheimer’s Disease CSF is
limited to quasi quantitative measures of tau surrogate peptides. We also provide evidence
that CSF total Tau measures by LC-MS are feasible in the presence of monoclonal thera-
peutic antibodies in human CSF. Our Tau LC-MS/MS method is a translational bioanalytical
tool for assaying target engagement and pharmacodynamics for anti-tau antibody drug
development campaigns.

Introduction

No effective disease-modifying treatments exist for progressive neurodegenerative diseases
associated with aging. A unifying pathological observation in these disease states is the accu-
mulation of misfolded insoluble protein aggregates within brain regions that degenerate, lead-
ing to neurological symptoms. In a group of disorders termed “tauopathies” that includes
Alzheimer’s Disease (AD), these protein aggregates are characterized by the presence of tau
protein [1]. The presence of tau aggregation strongly correlates with neuronal atrophy in spe-
cific brain regions and cognitive decline in AD [2, 3], suggesting that tau is a key molecular
driver of disease progression in tauopathies. In AD, the presence of tau pathology follows a
specific pattern, where tau aggregates are first observed in the entorhinal cortex, followed by
“spread” to the hippocampus and later to the cortex [4]. A leading hypothesis to explain this
phenomenon is that pathological tau protein is released extracellularly and spreads via
anatomically connected neuronal pathways in a prion-like mechanism [5, 6]. These observa-
tions suggest that targeting extracellular, pathogenic tau species may be a viable therapeutic
strategy for disease modification in tauopathies. Although the exact tau species to target
remains elusive, multiple monoclonal antibodies to bind and clear extracellular tau species are
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in clinical development [7, 8]. These campaigns utilize a “pan-tau” approach, with antibody
epitopes that bind the N-terminus of tau protein.

To understand the efficacy of a pan-tau targeting approach with monoclonal antibodies,
direct assessments of pharmacodynamics are crucial to incorporate into human clinical trials.
In humans, tau protein is present in the cerebrospinal fluid (CSF) and provides a surrogate
measure for tau activity within the brain [9], presenting an opportunity to utilize an accessible
biofluid to develop pharmacodynamic assays. However, tau protein is a complex molecule that
makes generation of “pan-tau” measurements challenging. Tau consists of six isoforms in the
brain due to alternative splicing of the MAPT gene, and further post-translational modifica-
tions (PTMs) give rise to a complex pool of Tau proteoforms in the central nervous system
[10-12]. Further, proteolytic cleavage of tau results in multiple tau protein fragments that cur-
rent data suggest are in low abundance in CSF on the order of single picograms to nanograms
per milliliter [13-15]. To overcome these analytical challenges, multiple ligand-binding assays
(LBA) have been developed with sufficient sensitivity for CSF tau bioanalysis [14, 16]. Despite
their sensitivity, multiple limitations exist in using tau LBA assays as a pharmacodynamic
assay, as interpretation of results are limited to a single tau fragment that contains the capture
and detection antibody epitope and may not fully represent a “pan-tau” molecular signature.
Further, the epitope of the therapeutic antibody must be considered when designing an appro-
priate tau LBA, as therapeutic antibody binding to tau may interfere with the binding of CSF
tau to capture and detection antibodies.

One solution to overcome these limitations is to develop a multiplexed assay that captures
information across the entire tau amino acid sequence to fully analyze differential tau fragment
pharmacodynamic responses to experimental treatment antibodies using tandem liquid chro-
matography-mass spectrometry (LC-MS)-based methods. Indeed, some have established
immunoenrichment-free LC-MS methods to quantify multiple CSF tau surrogate peptides
using a partial perchloric acid (PCA) precipitation combined with intact protein solid phase
extraction (SPE) for sample preparation [17, 18]. Using these methods as a foundation, we
aimed to increase the throughput and robustness of the method through alterations in sample
preparation and the LC-MS analysis to enable clinical applicability. We were particularly inter-
ested in optimizing conditions to identify surrogate peptides that correspond to the N-Termi-
nus of Tau, as these are where the epitopes for most “Pan-Tau” targeting monoclonal
antibodies are located. In this report, we determined the fit-for-purpose biomarker assay capa-
bilities of this LC-MS assay in AD CSF using a standard curve of recombinant, intact 2N4R tau
in artificial CSF matrix, including what is, to our knowledge, a first evaluation of parallelism
for LC-MS tau quantification. Moreover, we tested the capability of our LC-MS assay to mea-
sure CSF Tau in the presence of therapeutic tau monoclonal antibody to mimic samples avail-
able for pharmacodynamic analysis in human clinical trials.

Experimental
Recombinant protein standards

Tau 441 recombinant protein was produced at the AbbVie Biotherapeutics Center (Worche-
ster, MA), in both an unlabeled and N15 stable-isotope labeled form, per previously- estab-
lished protocols [19]. This tau protein standard corresponds to the 441 amino acid 2N4R
isoform of human tau protein.

Description of biofluid samples

Samples of pooled CSF from non-diseased individuals and human serum samples were com-
mercially purchased from BioIVT. Deidentified human cerebrospinal fluid samples from
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Fig 1. Sample preparation workflow for downstream CSF Total Tau LC-MS analysis. A. Protocol published in the literature that served as a foundation for
the final analysis. B. Adaptations from the published protocol that were used as the final assay protocol for validation.

https://doi.org/10.1371/journal.pone.0269157.9001

persons with Alzheimer’s Disease were commercially purchased from Precision Med Inc. (S1
Table), with total CSF Tau concentrations measured by the V-Plex Human Total Tau MSD Kit
(Mesoscale Diagnostics). All samples were stored at -80 °C before use.

Pre-validation optimization studies

PCA precipitation optimization. Two serial dilutions of Tau 441 recombinant Protein in
an artificial CSF matrix consisting of 0.5% human serum in phosphate-buffered saline (PBS)
was performed. Samples were processed identically to the Barthelemy et al. sample preparation
method [17] (Fig 1A) with differences in the amount of PCA used for protein precipitation in
each serial dilution series (2.5% vs. 1% PCA final volume).

Pre-validation optimization LC-MS/MS analysis. 20 pL of sample was loaded onto a
PepMap 300 C18 HPLC Column (300 um x 5 cm, 5 pm, Thermo) using an Ultimate 3000
UHPLC autosampler at a flow rate of 5 pul/min. Mobile phase consisted of 0.1% Formic Acid in
water (Solvent A) and 0.1% Formic Acid in acetonitrile (Solvent B). Analyte was loaded on sta-
tionary phase for 3 minutes with 2% B, followed by a mobile phase gradient from 2-40% B
over 70 minutes to elute surrogate peptides from a C18 stationary phase EASY-spray analytical
column (75 um ID, 15 cm, Thermo) at a flow rate of 0.3 ul/min at 45 °C. The analytical column
was washed with 70% B for five minutes and re-equilibrated with 2% B for 15 minutes.

Mass spectrometry analysis was performed on a Q Exactive Quadrupole Orbitrap instru-
ment (Thermo) operating in positive electrospray ionization mode. A parallel reaction moni-
toring (PRM) method with 17,500 resolution (m/z = 200), 0.7 m/z mass tolerance, automatic
gain control of 2e5, and HCD fragmentation was used to analyze 5 surrogate tau peptides and
their co-eluting N15-labeled internal standards with an error of < 5 ppm (S2 Table).

CSF Total Tau bioanalysis method

The sample preparation workflow was optimized from multiple reports in the literature [17,
20], with modifications (Fig 1). These include: 1.) Changing the final concentration of perchlo-
ric acid (PCA) in CSF samples to 1%, 2.) Eliminating the intact protein solid phase extraction
(SPE) and forced oxidation steps, 3.) Performing enzymatic digestion with Trypsin/LysC, and
4.) Adding a peptide-level SPE using mixed cation exchange (MCX) chromatography.
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Calibration and quality control standards. A reference standard curve was prepared for
each analytical run by performing a serial dilution of Tau 441 Recombinant Protein in an arti-
ficial CSF matrix consisting of 0.5% human serum in phosphate-buffered saline (PBS). Quality
Control (QC) samples were prepared by spiking-in Tau 441 Recombinant Protein into artifi-
cial CSF at low (1,000 pg/mL), medium (4,000 pg/mL), and high (16,000 pg/mL) concentra-
tions. Reference standard curve and QC samples were run in duplicate.

Sample preparation. 50 uL of N15-labeled Tau internal standard solution was added to
500 uL of human CSF, reference standard, and QC samples. The final mass of N15-labeled Tau
in CSF samples was 5 ng (concentration: 10 ng/mL). Samples were treated with 10% perchloric
acid (Millipore Sigma, St. Louis, MO) to a final concentration of 1% per sample and incubated
at 4 °C for 15 minutes with shaking at 1000 rpm using a Thermomixer (Eppendorf). Samples
were then placed in a tabletop centrifuge and spun at 16,000 x g for 15 minutes. The sample
supernatants, containing tau protein, were then transferred to a Lo-bind 96 well plate (Eppen-
dorf). 275 uL of 1 M Tris HCI (Millipore Sigma, St. Louis, MO) was added to each sample to
bring the solution to a pH = 8. 10 ug of Sequencing Grade Trypsin/LysC (Promega) was added
to each sample and incubated overnight at 37 °C, with shaking at 1000 rpm in a Thermomixer.
Samples were then cooled to room temperature and the digestion reaction was quenched
using 125 pL of 20% phosphoric acid (Sigma). Samples were then transferred to individual
wells of a Mixed Cation Exchange (MCX) SPE plate (Waters, Milford, MA) and washed per
the manufacturer’s protocol. Samples were eluted from MCX columns using 95% Methanol/
5% ammonium hydroxide into a new Lo-bind 96 well plate, dried under vacuum at 45 °C
(LabConco), and resuspended in 80 uL of 2% Acetonitrile/0.1% Triflouroacetic Acid (TFA)
for LC-MS/MS analysis.

CSF Total Tau LC-MS/MS analysis. 30 pL of sample was loaded onto an HSS T3 station-
ary phase column (2.1 mm x 15 cm, 1.7 pm, Waters Inc.) using a Vanquish UHPLC System
(Thermo) at a flow rate of 200 pl/minute at 60 °C. Mobile phase consisted of 0.1% Formic
Acid in water (Solvent A) and 0.1% Formic Acid in acetonitrile (Solvent B). Analyte was
loaded on stationary phase for 2 minutes with 2% B, followed by a mobile phase gradient from
2-45% B over 11 minutes to elute surrogate peptides. The analytical column was washed with
95% B for two minutes and re-equilibrated with 2% B for 2 minutes.

Mass spectrometry analysis was performed on a Fusion Orbitrap Tribrid instrument
(Thermo) operating in positive electrospray ionization mode (Ion Spray Voltage: 3700 V, Cap-
illary Temperature 320 °C, Sheath Gas: 35 PSI, Auxillary Gas: 8 PSI, Radio Lens RF: 40). A par-
allel reaction monitoring (PRM) method with 30,000 resolution (m/z = 200), 0.7 m/z mass
tolerance, automatic gain control of 5e5, and HCD fragmentation was used to analyze the 7
surrogate tau peptides and their co-eluting N15-labeled internal standards with an error
of < 5 ppm (S3 Table).

Data analysis

Data was collected using XCalibur software (Thermo), and chromatograms were extracted
using Skyline software (Seattle, WA). The top 3-4 transitions for each precursor ion were ana-
lyzed. All endogenous tau peptide signals (light) were normalized to internal standard (heavy)
and imported into Microsoft Excel for data analysis. The calculated concentration for each
sample was determined by linear regression of the light: heavy peptide ratio to Tau 441 recom-
binant protein concentration in the reference standard curve. Coefficient of variation (CV) is
reported for sample preparation replicates, and mean bias was calculated by determining the
relative error of the calculated concentration to the known peptide concentration for each
sample.
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Method validation

Analytical run acceptance criteria. An analytical run was accepted if the following crite-
ria were met: 1.) A coefficient of determination from the reference standard curve of > 0.95,
2.) QC High and Medium samples showed a coefficient of variance (CV) and mean bias (abso-
lute value of % relative error) < 20%, and 3.) QC Low samples showed CV and mean bias
levels < 30%.

Accuracy and precision in Human CSF with recombinant tau standard. The precision
of CSF tau peptide measurements and accuracy of calculated concentrations against the refer-
ence standard curve were determined in non-disease, pooled human CSF samples. Four
conditions were assayed in an analytical run: endogenous protein concentration and three con-
centrations of recombinant tau 441 spiked into CSF samples: 1,000 pg/mL, 4,000 pg/mL, and
16,000 pg/mL. Samples were prepared in triplicate, and the experiment was repeated across
three independent analytical runs. The calculated concentration for each sample is reported as
the mean of all three analytical runs, and the variance was calculated across all sample prepara-
tion replicates. The accuracy of each spike-in concentration level was determined by calculating
the relative error of comparing the known tau 441 recombinant protein spike-in concentration
to the difference of the calculated peptide concentration and the endogenous peptide concentra-
tion. The predetermined acceptance criteria for accuracy and precision of recombinant tau 441
in CSF matrix was a calculated concentration value with mean bias < 30% and CV < 30%.

Parallelism and dilutional linearity of endogenous tau protein in Alzheimer’s Disease
CSF. Parallelism of endogenous tau peptide signal was tested in two AD CSF samples with
high concentrations of Tau (AD1, AD2). AD1 and AD2 were subject to 3 1:2 serial dilutions in
a pool of AD CSF from donor samples AD 4, AD8, AD9. This pooled AD CSF had calculated
tau peptide concentrations that were 3X lower than AD1 and AD2 peptide concentrations (S1
Table). CSF Tau peptide concentrations for the undiluted and diluted CSF samples were calcu-
lated from the reference standard curve. To determine parallelism, the slopes of the reference
standard curve samples were compared to the slopes of diluted AD1 and AD2 samples. Sam-
ples were considered parallel if the calculated slopes of each curve were within 30% of the slope
of the reference standard curve. Linearity was determined for Alzheimer’s Disease CSF by a
coefficient of determination from the diluted AD CSF standard curve of > 0.8.

Biomarker assay categorization. The fit-for-purpose utility of this assay was determined
for each of the 7 tau peptides independently by the previously defined biomarker criteria [21].
Each surrogate peptide analysis was treated as an independent biomarker assay when deter-
mining fit-for-purpose. This investigation determined if the assay was either a relative quanti-
fication, quasi quantitative, or qualitative biomarker assay.

Alzheimer’s Disease CSF biological variability. 11 AD CSF samples (S1 Table) were ana-
lyzed in sample preparation duplicates across 2 independent analytical runs. The CV of the cal-
culated concentrations for each AD CSF sample is reported for the 4 sample preparation
replicates across the 2 analytical runs.

Therapeutic antibody interference. Non-diseased pooled CSF samples were incubated with
ABBV-8E12 [8] at varying concentrations (0 pg/mL, 2.5 pg/mL, 5 ug/mL) for 1 hour at 37°C with
shaking at 800 rpm in a Thermomixer before 1% PCA precipitation. Three sample preparation
replicates were analyzed for each condition. Antibody interference was determined by calculating
the mean bias of the calculated CSF tau concentrations in 2.5 pg/mL and 5 pg/mL samples com-
pared to the 0 ug/mL. Antibody interference was defined as a mean bias > 30% between the calcu-
lated concentrations of samples with ABBV-8E12 compared to 0 pig/mL samples.

Ethical conduct of research statement. AbbVie is committed to the internationally-
accepted standard of the 3Rs (Reduction, Refinement, Replacement) and adhering to the
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highest standards of animal welfare in the company’s research and development programs.
Animal studies were approved by AbbVie’s [Institutional Animal Care and Use Committee or
Ethics Committee]. Animal studies were conducted in an AAALAC accredited program
where veterinary care and oversight was provided to ensure appropriate animal care.

Results
CSF Total Tau assay modifications

Before assay validation, we optimized multiple parameters from the published protocol by Barthe-
lemy et al. with the goal of improving sample throughput and operational efficiency (Fig 1A) [17].
Previous reports that used PCA precipitation for tau protein purification suggested that 1% PCA
precipitation improved tau recovery compared to 2.5% PCA final concentration [22]. To deter-
mine how different PCA concentrations impact assay sensitivity, we compared the lower limit of
quantification (LLOQ) of recombinant Tau 441 in artificial CSF using 1% PCA and 2.5% PCA
[17]. For 3 out of the 5 surrogate peptides assayed across the tau protein sequence (25-44, 181-
190, 354-369), we observed a lower LLOQ using 1% PCA compared to 2.5% PCA, while two sur-
rogate peptides (260-267, 396-406) showed no changes in sensitivity (S4 Table). 1% PCA concen-
tration conditions also enabled the use of a low volume of 1 M Tris HCl to buffer the tau-
containing supernatant to pH = 8. These conditions allowed for a direct digest of buffered solution
using Trypsin/Lys-C in a Lo-Bind 96 well plate format, improving standardization of the assay to
mimic existing workflows for pharmacokinetics-based bioassays by LC-MS.

Because two surrogate tau peptides of interest (25-44, 243-254) contained a methionine in the
primary amino acid sequence, we analyzed the abundance of unoxidized, mono-oxidized (+16 m/
z) and di-oxidized (+32 m/z) in our workflow with and without forced oxidation by incubation
with H,0, in the SPE step described in the original Barthelemy et al. protocol [17] (S5 Table). We
demonstrated the ability of forced oxidation with H,0, to shift the predominant peptide species to
the +16 m/z mono-oxidized species. However, the percent abundance of the +16 m/z species to
total peptide signal was similar to the unmodified peptide abundance without the forced oxidation
step. The relative abundance of each peptide, as measured by LC-MS/MS peak area, remained
consistent after re-analyzing these samples after 72 hours of incubation in the autosampler,
with < 5% change in relative signal abundance for each quantified peptide. These data suggest no
further peptide oxidation occurred within this timeframe (S5 Table). Therefore, we concluded
that the forced oxidation step is not necessary for improving the abundance of methionine-con-
taining tau surrogate peptides in this workflow. Finally, sample clean-up with mixed cation
exchanged SPE at the peptide level resulted in more consistent sample dry-down times compared
to SPE at the intact protein step. Taken together, these data demonstrate modifications that
improve sample preparation consistency and throughput for CSF Tau bioanalysis (Fig 1B).

CSF Total Tau assay performance

To benchmark the CSF Total Tau assay compared to previously published methods using PCA
precipitation, we performed a serial dilution of Tau 441 in artificial CSF (0.5% serum in PBS),
an artificial matrix used in similar protocols for quantification of tau peptides against a refer-
ence standard [17]. In three independent analytical runs, we defined the linear range for each
surrogate peptide where mean bias and CV were < 20% (Table 1). The dynamic range for each
surrogate peptide was 2-3 orders of magnitude in artificial CSF surrogate matrix. The lower
limits of quantification for each peptide were in the range of hundreds of pg/mL to single ng/
mlL, as previously reported [18]. These data suggest that our CSF Total Tau Assay shows a lin-
ear response over the range of endogenous CSF Tau surrogate peptide concentrations.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269157  June 2, 2022 6/15


https://doi.org/10.1371/journal.pone.0269157

PLOS ONE

An immuno-enrichment free quantification of tau protein in human CSF

Table 1. Tau LC-MS accuracy and precision validation using recombinant tau 441 in non-disease CSF.

Surrogate
Peptide
25-44
181-190
212-221
243-254
260-267
354-369
396-406

Functional
Domain

N-Terminus
Mid-Domain
Mid-Domain

MTBR
MTBR
MTBR

C-Terminus

Measured Concentration (pg/mL)

Measured Concentration Mean Bias (|% RE|)

aCSF Calibration Endogenous (% | Endogenous + 1,000 pg/ | Endogenous + 4,000 pg/ | Endogenous + 16,000 pg/

Range CV) mL mL mL
1,250-40,000 7,843 (2) 76 4 17
312-40,000 12,358 (5) 127 11 19
625-40,000 4,972 (9) 70 4 12
625-40,000 457" (23) 92 17 18
625-40,000 1,700 (15) 130 11 21
625-40,000 1,740 (9) 107 16 22
625-40,000 797 (68) 94 18 21

* Below linear range of reference standard curve

Reported values represent the inter-assay mean endogenous concentration, mean bias, and variance across the three analytical runs (n = 9 replicates)

https://doi.org/10.1371/journal.pone.0269157.t001

We next spiked in known concentrations of recombinant tau 441 to non-disease human

CSF to test for matrix effects compared to our reference standard. Endogenous CSF Tau surro-
gate peptide concentrations within the defined linear range from the reference standard curve
ranged from 797 pg/mL (396-406) to 12,358 pg/mL (181-190), and one calculated peptide
concentration (243-254) was detected below the lower limit of quantification on the reference
standard curve. Moreover, 6 of the 7 peptides met analytical acceptance criteria of CV < 30%
(Table 1). Although we defined linear ranges for multiple peptides < 1,000 pg/mL in surrogate
CSF using recombinant tau, the mean bias for non-disease human CSF plus 1,000 pg/mL Tau
441 did not meet analytical acceptance criteria of < 30% for all peptides analyzed. However, all
peptides had a relative error < 30% for the other two spike-in conditions (+ 4,000 pg/mL,

+ 16,000 pg/mL). Taken together, these data confirm the ability to measure recombinant tau
441 in artificial CSF surrogate matrix at sensitivities similar to previous reports [18]. However,
the inability to accurately quantify 1,000 pg/mL of recombinant tau in CSF suggests a lack of
assay parallelism between surrogate and CSF matrix.

Linearity and parallelism in Alzheimer’s Disease CSF

We next tested for parallelism of recombinant Tau 441 in artificial CSF with endogenous tau
in Alzheimer’s Disease CSF for 6 out of the 7 peptides that were detected in the two AD CSF
samples (Fig 2). Peptide 354-369 was excluded from this analysis because a peak was not
detected in the AD CSF samples. 4 peptides demonstrated a linear concentration-response of
calculated concentration in both AD CSF sample dilution series (25-44, 181-190, 212-221,
243-254), as evidenced by reported R* > 0.85 for each dilution curve (Fig 2A-2D). However,
none of the 6 peptides assayed demonstrated parallelism of endogenous tau with the recombi-
nant tau 441 in artificial CSF (Fig 2A-2F). These data suggest that this assay can successfully
determine abundance changes of endogenous tau surrogate peptides 25-44, 181-190, 212-221
and 243-254, but that the reference standard curve does not accurately quantify the true tau
concentration in Alzheimer’s Disease CSF. According to the Lee et al. publication on bio-
marker method validation, this would meet the criteria of a quasi-quantitative method [21].

Fit-for-purpose biomarker assay determination

We synthesized the results from the two parallelism experiments: one in human CSF with
recombinant tau spiked-in (Table 1), and one in AD CSF monitoring endogenous tau (Fig 2)
to determine the biomarker categorization of each surrogate peptide analysis in our
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Fig 2. Test of dilutional linearity and parallelism between endogenous tau protein in Alzheimer’s Disease CSF
and recombinant tau 441 in artificial CSF. A linear regression analysis of calculated tau concentration versus dilution
factor was performed on AD CSF and artificial CSF matrices and compared for six tau surrogate peptides. Peptide
354-369 was not identified in either undiluted AD CSF sample, so it was excluded from analysis. A. Surrogate peptide
25-44 demonstrates dilutional linearity in all matrices, but AD CSF and reference standard curve are not parallel. B.
Surrogate peptide 181-190 demonstrates dilutional linearity in all matrices, but AD CSF and reference standard curve
are not parallel. C. Surrogate peptide 212-221 demonstrates dilutional linearity in all matrices, but AD CSF and
reference standard curve are not parallel. D. Surrogate peptide 243-254 demonstrates dilutional linearity in all

matrices, but AD CSF and reference standard curve are not parallel. E. Surrogate peptide 260-267 does not show

dilutional linearity in AD CSF samples. F. Surrogate peptide 396-406 does not show dilutional linearity in AD CSF
samples.

https://doi.org/10.1371/journal.pone.0269157.g002
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multiplexed LC-MS assay. Our results suggest that LC-MS analysis of peptides 25-44, 181-
190, 212-221, and 243-254 can be categorized as quasi quantitative biomarker assays. For
quasi quantitative analysis, we demonstrated a linear range to quantify differences in surrogate
peptide abundance in AD CSF (Fig 2), but the reference standard does not accurately quantify
the absolute concentration of tau based on these surrogate peptides (Fig 2A-2D). Surrogate
peptides 260-267 and 396-406 can be categorized as qualitative assays, where the assay can be
used to determine the presence or absence of tau species containing these amino acid
sequences above the linear range described by the reference standard curve but not to compare
abundance changes between biological states, as demonstrated by a lack of signal proportional-
ity in the AD CSF parallelism experiments (Fig 2E and 2F).

CSF Total Tau in Alzheimer’s Disease CSF

We next assayed CSF Total Tau peptide concentrations in 11 Alzheimer’s Disease CSF samples
across two independent analytical runs (n = 4 replicates) to understand the precision of our
LC-MS assay in diseased CSF (Table 2). We observed signal detection of peptides 25-44, 181-
190, and 212-221 in all 11 samples analyzed, and a lower percentage of 243-254, 260-267 and
396-406 across the 11 samples. CSF tau peptides defined as quasi-quantitative biomarker
assays (25-44, 181-190, 212-221, and 243-254) varied in their performance, as measured by
sample variance. When signal detection of peptide 243-254 was observed in a sample, CV val-
ues were < 20%. For peptide 25-44 and 181-190, CV < 33% for 10/11 samples. For peptide
212-221, CV < 30% for 8/11 peptides, and CV was above 45% for other 3 samples. In sum,
these data demonstrate the differential analytical capabilities of each surrogate peptide by
LC-MS/MS in Alzheimer’s Disease CSF.

Therapeutic antibody interference

To assess the utility of our CSF Total Tau assay in the presence of therapeutic antibody, we per-
formed an ex vivo incubation of non-disease human CSF with varying concentrations of
ABBV-8E12 to model the sample conditions of a CSF sample collected in an anti-tau monoclo-
nal antibody clinical trial (Table 3). For all quasi quantitative peptides assayed, the mean bias
between the endogenous CSF Tau samples with and without ABBV-8E12 was < 10%. There-
fore, for the peptides categorized as quasi quantitative biomarker assays (25-44, 181-190,212-
221, and 243-254), these data suggest that the CSF Total Tau Assay can reliably monitor these
N-Terminus and Mid-Domain peptides without interference by therapeutic monoclonal
antibodies.

Discussion

In the setting of clinical trial bioanalysis, increase in sample throughput is a crucial consider-
ation. In the pharmaceutical industry, where operational efficiency is a key criterion to opti-
mize in method development, our workflow provides significant advantages in sample
throughput, as our sample preparation protocol takes 48 hours to completion, contrary to Bar-
thelemy et al., which uses a 72 hour sample preparation protocol [17]. Additionally, modified
parameters such as the 1% PCA precipitation directly to enzymatic digestion makes the
method more suitable for existing bioanalytical workflows such as antibody pharmacokinetics
measures. These parameters afford the ability to use a 96-well plate format for sample prepara-
tion procedures. In our validation, we analyzed samples up to 24 hours after the completion of
sample preparation. Our LC-MS/MS analytical run time is 15 minutes per sample, which
results in a sample throughput of 96 samples for our CSF Total Tau Assay, of which 72 are
human CSF samples, and 24 represent the standard curve and QC’s. This throughput is similar
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Table 3. CSF Total Tau interference test in the presence of anti-tau monoclonal antibody ABBV-8E12.
Calculated CSF Tau Concentration (pg/mL)

Surrogate + 0 ug/mL Ccv + 2.5 ug/mL CV | Mean Bias| +5.0 ug/mL CV | Mean Bias
Peptide ABBV-8E12 | (%) ABBV-8E12 (%) (%) ABBV-8E12 (%) (%)
25-44 8,248 3 7,699 6 7 7,974 4 3
181-190 12,856 1 12,561 2 2 12,239 2 5
212-221 5,109 8 4,931 2 3 5,004 5 2
243-254 2,686 11 2,480 2 8 2,571 2 4

Reported values represent the mean calculated concentration and variance across one analytical run (n = 3

replicates).

https://doi.org/10.1371/journal.pone.0269157.1003

to a conventional LBA analysis with a 96 well plate, but provides additional advantage to assay
6 epitopes simultaneously across the tau amino acid sequence, whereas an LBA assay can mon-
itor at most 2 epitopes using different capture and detection antibodies.

The method described here quantifies seven peptides representing multiple functional
domains of tau protein, from N- to C-terminus in human cerebrospinal fluid (CSF). Our
method demonstrated similar measures of sensitivity in surrogate matrix with recombinant
protein standards as previously published protocols that aimed to use a CSF Total Tau assay in
the pharmaceutical industry setting [18], with the inclusion of an additional N-Terminus pep-
tide that is crucial for assaying target binding of N-terminal targeting monoclonal antibodies.
The ability to detect this peptide was afforded due to the selection of a high-resolution mass
spectrometer [23], supporting the use of orbitrap mass analyzers for biomarker measurements
in the pharmaceutical bioanalytical space. Although convention is to use a triple quadrupole
mass analyzer, our data establish further strength to the argument that parallel reaction moni-
toring methods are robust and reproducible for measuring endogenous protein-based bio-
markers in pharmaceutical bioanalysis.

Our data corroborate previous studies that utilize perchloric acid as an immunoenrich-
ment-free sample preparation method, with differential detection capabilities of N-terminus
and mid domain peptides detected extracellularly compared to peptides at the C terminus
[23-25]. However, to the best of our knowledge, no studies directly tested parallelism of
endogenous tau protein in CSF to validate these calculated concentrations as accurate mea-
sures of AD CSF tau surrogate peptide abundances using an immuno-enrichment free sample
preparation approach. Barthelemy et al. demonstrated matrix effects of lowered signal inten-
sity of recombinant tau 441 in human CSF compared to artificial CSF and used this difference
in signal intensity as a scaling factor to determine the LLOQ of endogenous tau peptides in
human CSF [17]. The use of such a scaling factor suggests that there may not be parallelism,
but Barthelemy et al. did not provide a thorough evaluation that directly tested the concentra-
tion-response curve of endogenous tau. Our demonstration of the lack of parallelism between
endogenous tau in AD CSF compared to recombinant tau in surrogate matrix suggest that dif-
ferences in tau surrogate peptide abundances may only be compared within one surrogate pep-
tide between samples, as opposed to comparing the abundance of N-Terminus peptides
compared to Mid-domain and C-Terminus peptides. Despite a lack of parallelism, we were
able to establish dilutional linearity in AD CSF for 4 surrogate peptides, and our ability to
detect a range of quasi quantitative concentration values in AD CSF samples suggests that our
assay is sufficient for generating data on changes in endogenous tau protein concentration
using surrogate peptides that add proteoform resolution beyond single epitope LBA-based
assays. The linear range defined in our assay is limited by the AD CSF pool used as a diluent
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that had a baseline level of tau protein itself. Therefore, future investigations should aim to use
AD CSF depleted of tau protein, or other surrogate matrices that can determine the lower lin-
ear range for the quasi-quantitative peptides.

Despite its advantages, our assay does exhibit limitations, including a decreased sensitivity
and limited panel of surrogate peptides compared to the panel Barthelemy et al. have analyzed
using similar methods [17, 23]. Additionally, nanoflow LC and other enrichment strategies
achieve lower LLOQ than what we showed here with higher flow UHPLC [9, 26]. Our assay
requires 500 pL of CSF, a precious and limited biofluid from individuals in clinical trials. In
this regard, we do not believe the CSF Tau Assay defined in this report should be used as a
diagnostic biomarker, where established assays are in place with superior sensitivity by both
LBA and LC-MS. However, tau concentration will likely be increased in anti-Tau-dosed sub-
jects, as therapeutic monoclonal antibodies are expected to increase the concentration of tau in
biofluids due to increased stability of monoclonal antibodies in circulation compared to tau
protein itself [27]. The CV values defined for each quasi-quantitative CSF tau peptide assay in
AD CSF suggests that our assay will reliably detect > 1.5 fold increases of tau peptide concen-
trations in dosed anti-tau subjects relative to baseline values. Therefore, we believe this assay
should be used for pharmacodynamics biomarker assessment to better understand exposure-
response relationships, as it provides proteoform information beyond current LBA-based
assays.

Many current efforts use ligand binding assays (LBA) with a combination of two epitopes
analyzed by capture and detection antibodies [7]. Although these assays achieve superior sensi-
tivity for relative quantitative assays compared to LC-MS, any analysis using these assays will
ultimately be limited to the tau species containing these two antibody epitopes. In the complex
disease biology of primary tauopathies, where tau protein presents as multiple proteoforms in
biofluid samples, it is important to develop multiplexed assays that explore tau pharmacody-
namics to determine the relevant pathogenic species to target in human disease. Moreover,
careful selection of capture and detection antibodies must be considered in relationship to the
therapeutic antibody, creating a complicated method development strategy that requires cus-
tom assay development for screening monoclonal antibodies targeting different regions of a
protein. Our method provides a simple solution to overcome these time-consuming complexi-
ties, as we detected no interference for our LC-MS assay to calculate CSF total tau concentra-
tions in the presence of anti-Tau antibody (Table 3).

Further work should also aim to increase the proteoform resolution of this assay, particu-
larly for phosphorylated [28-30] and differentially cleaved [29, 31-33] tau proteoforms that
are emerging as diagnostic biomarkers for Alzheimer’s Disease and new targets for next-gener-
ation tau immunotherapies. Incorporation of phosphorylated and semi-tryptic peptides into
an LC-MS approach would be invaluable for testing hypotheses that these phosphorylation
sites have utility as both diagnostic and pharmacodynamic biomarkers. Another possible
approach to indirectly measure changes in abundances of phosphorylated tau peptides using
the current LC-MS/MS is to analyze a sample, incubate the sample with a phosphatase to
dephosphorylate all tau peptides in the mixture, and reanalyze the sample to identify increases
in surrogate peptide abundances that contained phosphorylated tau sites. Such modifications
to the current protocol would be valuable for anti-tau targeting campaigns that target phos-
phorylated tau epitopes. However, as is the case with all bottom-up surrogate peptide LC-MS
analyses, these assays are limited in their ability to draw conclusions on the exact proteoform
of the analytes measured in the assay [34]. Despite these limitations, correlations of the
changes in peptide abundances in the presence of therapeutic intervention may provide insight
into the key PTM/proteoform features that define effective disease modification strategies.
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Conclusions

The CSF Total Tau LC-MS method described here successfully achieved the fit-for-purpose
biomarker specifications needed for a total tau bioanalysis in the presence of therapeutic
monoclonal antibodies. As reported here, our method can be immediately applied to the anal-
ysis of large clinical cohorts of AD patients treated with an antibody directed against the N-ter-
minus of tau. In sum, we believe that LC-MS based assays to quantify extracellular tau peptides
hold great promise as a translatable bioanalytical tool for future target binding studies in pre-
clinical models of tauopathy and human clinical trials.

Future perspective

We believe that future investigators should employ LC-MS biomarker techniques as a translat-
able bioanalytical tool in both preclinical models and clinical drug development to understand
pharmacokinetics-pharmacodynamics relationships and predict doses for first-in-human
studies. Additionally, reported concentrations of extracellular tau in brain interstitial fluid
overexpressing human tau protein are within our assay range [35], supporting a use for this
analytical method in preclinical AD models. The further integration of additional tau surrogate
peptides into this assay, including those with disease-relevant PTMs, will be invaluable in
determining the relevant pathogenic proteoforms to target in neurodegenerative disease states.
Contrary to LBA assay, this workflow could be adapted to also analyze antibody-unbound
(free) and antibody-bound (bound) fractions of CSF tau to further understand antibody target
binding in human biofluids.
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