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Abstract

The AP42/40 ratio and the concentration of phosphorylated Taul81 in blood plasma represent attractive biomarkers for Alz-
heimer's disease. As a means for reducing potential matrix effects, which may interfere with plasma immunoassays, we have
previously developed a pre-analytical sample workup by semi-automated immunoprecipitation. Here we test the compatibility
of pre-analytical immunoprecipitations with automated AB1-40, AP1-42 and phosphorylated Taul81 immunoassays on the
Lumipulse platform and compare the diagnostic performance of the respective immunoprecipitation immunoassay approaches
with direct plasma measurements. 71 participants were dichotomized according to their APf42/40 ratios in cerebrospinal
fluid into the diagnostic groups amyloid-positive (n = 32) and amyloid-negative (n =39). The plasma AP1-42/1-40 ratio and
phosphorylated Taul81 levels were determined on the Lumipulse G600II platform (Fujirebio) by direct measurements in
EDTA-plasma or after AB- or Tau-immunoprecipitation, respectively. Pre-analytical immunoprecipitation of A turned out
to be compatible with the Lumipulse A assays and resulted in a numerical, yet statistically not significant increase in the
area under the ROC curve for plasma Ap1-42/1-40. Additionally, we observed a significant increase in the standardised effect
size (Cohen’s D). Pre-analytical immunoprecipitation of Tau resulted in increased differences between the diagnostic groups
in terms of median and mean phosphorylated Tau 181 levels. Furthermore, we observed a greater Cohen’s d (p <0.001) and
a larger area under the ROC curve (p =0.038) after Tau-IP. Our preliminary findings in a small, preselected sample indicate
that pre-analytical immunoprecipitation may have the potential to improve the diagnostic performance of plasma biomarker
immunoassays for Ap1-42/1-40 and phosphorylated Taul81 to predict brain amyloid deposition.
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Introduction

Alzheimer’s disease (AD) is the most common cause of
dementia [1]. Preclinical AD is characterised by early
molecular changes in the brain in the absence of overt and
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severe cognitive symptoms. The typical pathophysiological
changes found in AD brains include accumulation of extra-
cellular amyloid plaques and intraneuronal neurofibrillary
tangles, composed of aggregated amyloid-f (AP) peptides
and hyperphosphorylated Tau protein (pTau), respectively
[2, 3]. Clinical AD (dementia due to AD) is diagnosed at
a relative late stage after substantial irreversible cognitive
deficits have manifested. Early, pre-dementia diagnosis
based on biomarkers has become increasingly important,
in particular regarding the development of novel disease-
modifying treatments [4], which need to be initiated in an
early disease stage to be most effective.

In 2016, a framework was proposed that grouped AD
biomarkers into three categories: biomarkers of amyloid
pathology (A), hyperphosphorylated Tau aggregates (T)
and neurodegeneration (N) [5]. The classification of study
participants according to the AT(N) scheme can be made
on the basis of biomarker measurements in cerebrospinal
fluid (CSF (CSF Ap42, CSF Ap42/40, phospho-Tau, total
Tau) and/or imaging (amyloid positron emission tomogra-
phy (PET), Tau-PET, structural MRI and FDG-PET) [6, 7].
Efforts have been made to explore blood-based biomarkers
that reliably reflect the pathological changes in the brain,
avoiding the complexity of CSF sampling, as well as the
high costs, radiation hazard and poor availability of PET
neuroimaging [8]. A decreased blood plasma Ap42/40 ratio
has shown correlation to abnormal CSF A concentrations
[9] or positive amyloid-PET [10]; however, the magnitude
of the difference in plasma is smaller than in the CSF [11]. It
has been estimated that the Ap42/40 ratio in CSF decreased
by 50% in the presence of brain amyloidosis [12], whilst in
plasma, it decreased by approximately 10-15% [10, 13]. Our
recent work supports the hypothesis that selective measure-
ment of plasma AP1-42 and AB1-40 (i.e. AP variants pep-
tides starting with Asp(1)) and calculation of the Ap1-42/1-
40 ratio may allow for a diagnostic contrast enhancement
[14].

Several assays for plasma Ap42/40 have been reported to
be able to identify individuals with abnormal brain Af bur-
den, such as ultrasensitive immunoassays, fully automated
immunoassays and immunoprecipitation mass spectrometry
(IP-MS) approaches [10, 13, 15—-18]. However, technical and
analytical performance of the different platforms appears to
differ to some extent [19]. Additionally, pre-analytical sam-
ple handling and cohort characteristics greatly contribute to
variability between AP assays across studies [20].

In 2018, our group developed a “two-step immunoassay”’
approach consisting of magnetic bead immunoprecipitation
(IP) of AP from EDTA—plasma followed by quantification
of AP42 and AB40 by a commercially multiplex immunoas-
say kit (Mesoscale Discovery) to identify patients with AD
[17]. In analogy to assay platforms combining IP-MS, this
method can be referred to as IP with subsequent read-out
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by immunoassays (IP-IA). In an earlier study, it was shown
that direct measurements of plasma Ap42 and Ap40 using
the same MSD immunoassay performed poorly and did not
reveal a statistically significant difference in the plasma
AP42/40 ratio between amyloid-PET positive and negative
individuals [21]. The effect of pre-analytical Ap immuno-
precipitation from plasma was further investigated in a pre-
selected cohort analysed with fully automated prototype
Elecsys® A immunoassays (Roche Diagnostics GmbH).
We observed that pre-analytical sample workup by Ap-IP
led to a statistically significant increase in the area under
the receiver operating characteristics (ROC) curve (AUC)
for the discrimination of subjects with low CSF Ap42/40
from those with normal CSF Ap42/40 [22]. In the present
study, we investigated whether AB-IP from blood plasma
was also compatible with fully automated Lumipulse G
System (Fujirebio) plasma A assays and if it might also
improve the diagnostic performance.

In addition to the plasma AP42/40 ratio, several phos-
phorylated forms of Tau protein in blood plasma, namely
pTaul81, pTau231 and pTau217, were discovered to rep-
resent highly attractive biomarkers for AD [23-25]. To
complement our studies on plasma IP as a pre-analytical
sample workup aiming for attenuation of possible matrix
interferences, we finally investigated if the IP-IA assay was
also applicable to the analysis of plasma pTaul81 on the
Lumipulse platform. It is of note that very recently direct
plasma biomarker measurements on the Lumipulse platform,
including AB42/40 and pTaul81, were shown to perform
well in detecting AD pathological changes in CSF in cogni-
tively unimpaired subjects [26].

Materials and methods
Study cohort and study approval

Study participants were recruited at the Department of Psy-
chiatry and Psychotherapy at the University Medical Center
Goettingen, from August 2016 to March 2020. Individual
informed consent was required prior to study inclusion from
all subjects or their legal representatives. Respective pseu-
donymized collection of biological samples and clinical data
were conducted according to the revised Declaration of Hel-
sinki and good clinical practice guidelines and their use in
biomarker studies was approved by the ethics committee of
the University Goettingen (9/2/16).

Classification of the study participants
The pre-selected study cohort comprised 71 subjects rep-

resenting a sub-set of a sample of originally n =80 sub-
jects used in the previous studies [14, 22] and for whom
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sufficient EDTA-blood plasma was available in our local
biobank. The study participants were diagnosed by a bio-
marker-supported clinical diagnosis [22] and dichotomized
according to their CSF AP42/40 ratios measured with com-
mercial AB-ELISA kits in the Laboratory of Clinical Neu-
rochemistry and Neurochemical Dementia Diagnostics,
Department of Psychiatry and Psychotherapy, University
of Erlangen-Nuremberg, Germany. The subjects were clas-
sified according to the clinical cut-off point of 0.050 into
the groups AB-positive (CSF Ap42/40 <0.050, n=32) and
Ap-negative (CSF AB42/40> 0.050, n =39). This classifica-
tion was consistent with the biomarker-supported clinical
diagnosis based on clinical evaluations [27], CSF biomark-
ers (AP ratio, pTaul81 and total-Tau) and psychometric and
neuroimaging biomarker data (16 of 71 patients), classify-
ing all Ap-positive participants as probable or possible AD
and all other patients as AB-negative disease controls. In the
group of AP-positive participants with possible or probable
AD, 8 patients had mild cognitive impairment (MCI) and 24
patients had dementia, whilst in the group of A negative
participants with improbable AD, 1 had subjective cognitive
decline (SCD), 23 had MCI and 15 had dementia. In this
retrospective analysis of the participants, the evaluation of
cognitive impairment was based on a combined neuropsy-
chological and clinical examination. APOE status was deter-
mined using a modified quantitative real-time PCR protocol
as described previously [28]. DNA was prepared from whole
blood with the DNeasy Blood & Tissue kit (Qiagen) and
analyses were performed on a CFX Connect Real-Time PCR
system using the iTaq™ Universal SYBR Green Supermix
(BIO-RAD). All samples were measured in duplicates for
all primer combinations including negative controls. The

characteristics of the study cohort and CSF biomarkers are
summarised in Table 1.

Preparation of functionalized magnetic beads

Functionalized magnetic beads for Af-immunoprecipitation
(Ap-IP) were produced by covalently coupling the monoclo-
nal antibody (mAb) 1E8 (nanoTools, Teningen, Germany)
with Dynabeads M-280 Sheep anti-Mouse IgG (Invitrogen/
Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions and as described in detail
previously [17].

For immunoprecipitation of Tau proteins, functional-
ized magnetic beads were produced by coupling two mAbs
directed to Tau. First, mAb 2B8 was used (Roboscreen,
Leipzig, Germany) that binds to brain derived Tau because
its binding site is formed by the last 4 amino acids of exon
4 and the first 4 amino acids of exon 5. This epitope con-
tains amino acids 121-128 (HVTQARMYV) of 2N4R Tau.
Second, mAb 7E5 (Roboscreen) was used which is directed
to amino acids RGAAPPGQKGQA (156-165 of 2N4R
Tau). Dynabeads M-270 Epoxy (Invitrogen/ Thermo Fisher
Scientific) were coupled with both mAbs according to
the manufacturer’s protocol using 100 ug of mAb per 5 mg
(~3.3x 10%) of lyophilized beads. Coupling was performed
at 37 °C using rotation at 25 rounds per minute overnight
(12-18 h) in a mixture of 20 mM phosphate-buffered saline
pH 7.4 (PBS), 0.1 M sodium phosphate buffer pH7.4 and
3 M ammonium sulphate in 0.1 M sodium phosphate buffer
pH7.4 (v/v 1/1/1). After coupling, the beads were washed
3 times using 20 mM PBS pH 7,4 containing 0,1% bovine
serum albumin (BSA) und 0,05% (v/v) Tween 20 and stored

Sy cohortami baseline CSF All (n=71) AR (1=39) AP+ (1=32)  palue’

biomarker data Age [years] 67+8.9 66+7.4 71+6.7 0.031
Female 40 (56.3%) 21 (53.8%) 19 (59.4%) 0.810°
ApoE €4 carrier 32 (45.1%) 7 (17.9%) 25 (78.1%) <0.001¢
CSF AB42/40 0.069 +0.036 0.078 +0.009 0.036+0.008 <0.001
CSF Ap42 [pg/mL] 742.0+333.6 900.0+£271.3 4755+178.7 <0.001
CSF AB40 [pg/mL] 12,051.0+4106.8  11,271.0+432662  12,531.0+4808.8 0.132
CSF t-Tau [pg/mL] 316.0+195.7 202.0+71.2 476.5+186.1 <0.001
CSF pTaul8l [pg/mL]®  49.6+21.1 36.9+10.8 74.55+26.8 <0.001

Numerical variables are reported as median +median absolute deviation (MAD), categorical variables are
reported as absolute and relative frequencies

Ap amyloid-p, CSF cerebrospinal fluid

aThe clinical sample was dichotomized according to the CSF Ap42/40 ratio. Ap-positive (Ap+): CSF
AP42/40 <0.050; Ap-negative (AB—): CSF Ap42/40>0.050

"Two-tailed Mann—Whitney test p values for the comparison between the groups A +and Ap —

“Two-tailed Fisher test p values for the comparison between the groups Ap+and Ap —

4For one subject, the CSF pTaul81 concentration was < 15.6 pg/mL. For the statistical analysis, this value
was artificially set to a fixed value of 15.6 pg/mL
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in the same buffer supplemented with 0.02% sodium azide
or 0.1% proclin300.

Semi-automated AB and Tau-immunoprecipitations

Plasma AP peptides were immunoprecipitated from
EDTA-blood plasma in a semi-automated fashion on a
CyBio FeliX liquid handling instrument (Analytik Jena,
Jena, Germany) following a modified version of our pre-
viously published AP IP protocol [14]. In brief, aliquots
of 500 ul EDTA-blood plasma stored at —80 °C in Matrix
0.5 mL tubes (Thermo Scientific) were thawed at room
temperature (RT), mixed vigorously for 5-10 s and centri-
fuged for 10 min at 10,000 X g at RT in a fixed angle rotor
for removal of insoluble material. Next, 200 uL. of plasma
was transferred manually to a 96-deepwell sample plate
(DeepWell MegaBlock®, 96 wells, 2.2 mL, PP (Sarstedt,
Niimbrecht, Germany)) and placed inside the CyBio FeliX
instrument. The plasma samples were mixed with 200 uL
H,0, 100 pL of 5 X IP buffer concentrate (250 mM HEPES/
NaOH, pH 7.4, 750 mM NaCl, 2.5% Igepal CA630, 1.25%
sodium deoxycholate; 0.25% SDS and Complete Mini Pro-
tease inhibitor cocktail (Roche)) and 25 L of functional-
ized 1E8 magnetic beads (see above), followed by overnight
incubation at 4 °C with continuous agitation at 1,000 rpm
on an Eppendorf ThermoMixer C (Eppendorf, Hamburg,
Germany). On the next day, the incubated plate was placed
in the FeliX instrument for subsequent washing steps. The
magnetic beads were then immobilised with an ALPAQUA
MAGNUM FLX Universal Magnet (Beverly, MA, USA)
adapter and the supernatants (unbound material) were dis-
carded. The beads were immediately washed 3 X for 5 min
with 1 mL of PBS/0.1% BSA and 1 X for 3 min with 1 mL
of 10 mM Tris/HCl, pH 7.5. Per well, 2x 25 uL of PBS
containing 0.05% Tween 20 (PBS-T) were used to elute the
Ap peptides from the 1E8 magnetic beads by heating the
96-deepwell round bottom plate without a lid for 5 min at
99 °C and 1,100 rpm on a BioShake 3000-T elm (QInstru-
ments, Germany) mounted in the CyBio FeliX instrument.
Per sample, a remaining volume of approximately 38 uL of
bead-free AP eluate was obtained and diluted ~ six-fold with
190 pL of Diluent 35 (MSD). Finally, the diluted Af IP
eluates were divided into three aliquots of 60uL and stored
at— 80 °C until the Ap measurements on the Lumipulse G
System.

For the immunoprecipitation of Tau proteins, we started
from 400 pL aliquots of EDTA—plasma. First, the plasma
samples were depleted of AP peptides. For that purpose, 400
uL of EDTA—plasma was mixed with 100 uL of 5 X IP buffer
concentrate and 25 pL. 1E8 magnetic beads on the CyBio
FeliX liquid handling robot (see above). After overnight
incubation, the magnetic beads were immobilised and the
unbound fractions (supernatants) were collected and stored
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at 4 °C for subsequent Tau IP. To each of the precleared
samples, 50 uL of Tau beads (described above) were added,
followed by an overnight incubation at RT with periodi-
cal mixing by pipetting up and down on the CyBio FeliX
instrument. After the incubation, the beads were collected
on the ALPAQUA MAGNUM FLX Universal Magnet, and
the supernatants were discarded. The beads were washed
3 x for 5 min with 1 mL of PBS/0.1% BSA and 1 X for 3 min
with 1 mL of PBS-T. Finally, Tau proteins were eluted in
2x25 uL of PBS-T by heating the 96-deepwell round bot-
tom plate without a lid for 5 min at 99 °C and 1,100 rpm in
a BioShake 3000-T elm (QInstruments, Germany). To the
remaining volume of approximately 38 pL of Tau IP eluate
per sample, 75 ul of PBS-T was added, resulting in a final
volume of approximately 113 pl per sample. The eluates
were divided into two aliquots of 50 ul and stored in 0.5 mL
Protein LoBind tubes (Eppendorf) at— 80 °C until pTaul81
measurements on the Lumipulse G System.

Quantification of AB1-40, AB1-42 and pTau181
on Lumipulse

The concentrations of AB1-40, Ap1-42 and pTaul8l1
were determined using the commercially available plasma
B-Amyloid 1-40, 1-42 and pTaul81 Immunoreaction Car-
tridges on the fully automated Lumipulse G600II System. A
new calibration curve was performed for each analyte before
the experiment. Quality control analyses were performed
every start of the day using AP and pTaul81 control samples
included in the kit.

For the direct measurements of EDTA—plasma, 400 pL of
centrifuged plasma was introduced into the instrument using
individual 2 mL screw cap micro tubes (Sarstedt, Germany).
Single measurements of Ap1-40, AB1-42 and pTaul81 were
performed consecutively by the automated Lumipulse sys-
tem using the same sample.

IP eluate analysis was divided in two steps. Quantifi-
cation of AB1-40 and AP1-42 was performed by diluting
one of the three 60 pL aliquots of A IP eluates stored at
-80 °C to a final volume of 300 pL using Specimen Diluent
1 (Fujirebio). Tau IP eluate was used to measure the levels
of pTaul81. A sample of 50 pL, corresponding to approxi-
mately half of the eluate volume, was diluted to a final vol-
ume of 250 pL. Diluted samples were transferred to 2 mL
Sarstedt tubes and introduced into the Lumipulse instrument
for the respective measurement. All assays were performed
as single measurements following the kit instructions.

Statistical analysis
All statistical evaluations were performed with R version

4.2.3. Baseline statistics are reported as median + median
absolute deviations with scaling factor 1.4826 (MAD). To
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compare between amyloid-positive and amyloid-negative
groups, we used two-tailed Mann—Whitney tests for numeri-
cal variables and Fisher’s exact test for categorical variables.
For the calculation of correlation coefficients, we used Pear-
son correlations. For fitting regression lines, we used a Dem-
ing regression (R package MethComp version 1.22.2) since
both variables were measured experimentally.

For assessing effect sizes, we used three parameters as
measures of the magnitude of the effect:

(i) The relative median difference, calculated as:

median(AB+) — median(Af—)

Mediandifference(%) = 100 x median(Ap—)

(i1) The relative mean difference, calculated as:

mean(Af+) — mean(AB—)

Meandifference(%) = 100 x mean(Ap—)

(iii) Cohen’s d (standardised effect size), calculated with
R package “effsize” (version 0.8.1).

For testing the significance of the observed difference of
effect sizes, we applied a 0.632 bootstrapping (re-sampling
of patients with replacement including refinement of the
estimator as proposed by Efron in 1983) [29]. We applied
1000 replications of the bootstrapping and calculated the dif-
ference of effect sizes (e.g. 0.632 X median difference of the
resampling + 0.368 X median difference of data without resa-
mpling). The differences of the resulting effect sizes were
normally distributed (Shapiro p value: 0.85). Making use of
this fitted normal distribution, bootstrapping p values were
calculated using a normal distribution after normalisation of
the standard deviation. Single value ROC curves, AUCs and
Delong p value for comparing ROC curves were calculated
with R package pROC (version 1.18.0). Classification with
logistic regression was done with a tenfold cross-validation

in order to avoid overfitting. Classification performance was
assessed at the Youden point of the ROC curve. Mixture
models were used to fit two Gaussian distributions for the
AP1-42/1-40 ratios. R package ‘mixtools’ (version 2.0.0)
was used with the precondition of similar standard devia-
tions between the two groups.

Results

Plasma Ap measurements
without and with pre-analytical Ap IP

EDTA-plasma samples from 71 individuals were analysed
on the Lumipulse G600II platform by single measurements
of undiluted plasma and in eluates obtained after AB-IP from
200 pL of plasma. The measured concentrations of Ap1-40
and Ap1-42 were above the published lower limits of quan-
tification (LoQ) (AB1-40: 0.44 pg/mL and AP1-42: 0.43 pg/
mL) [30] for all samples analysed. Considerably lower lev-
els of AP1-40 and AP1-42 peptides were detected in the
AB-IP eluates as compared to direct plasma measurements
(Fig. 1A and B). This was expected and can be explained
to some extent by the increase in volume caused by the IP
procedure and the sample preparation for the immunoassay:
starting from 200 uL. of EDTA—plasma, approximately 38
uL of IP eluate was obtained. For storage (in aliquots), 190
pL of Diluent 35 was added. Prior to the measurements on
Lumipulse, the samples were diluted fivefold (see above)
resulting in an overall dilution by a factor of approximately
5.7. The actual measured concentrations (means) of AB1-40
and Ap1-42 were 9.8-fold and 7.7-fold higher respectively
in direct plasma measurements than after IP, indicating
incomplete AP recoveries after IP. As explained previously,
the pre-analytical AB-IP protocol aimed for an amelioration
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AB 1-40 (pg/ml) — Plasma direct

Fig.1 Correlations between untreated plasma and IP-Eluate of
A AB1-40, B AB1-42 and C AP1-42/1-40 ratio measurements on
Lumipulse. Diluted IP-Eluate concentrations are plotted against the
corresponding direct plasma measurement. The diagonal dashed lines

AB 1-42 (pg/ml) — Plasma direct

ApB 1-42/1-40 - Plasma direct

correspond to the Deming regressions. Pearson correlation coeffi-
cients and p values are indicated. A amyloid-f, /P immunoprecipita-
tion
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of potential matrix effects, but not for concentration of the
AP peptides prior to the measurements [22]. The concen-
trations of both A isoforms measured in plasma without
pre-treatment were positively and strongly correlated to the
corresponding concentrations found in the diluted Ap-IP
eluates (Pearson’s p =0.810, p <0.001 for AB1-40, Fig. 1A;
Pearson’s p=0.791, p<0.001 for AP1-42, Fig. 1B). The
calculated AP1-42/1-40 ratios showed a positive and strong
correlation between direct plasma measurements and the
respective IP eluate measurements (Pearson’s p =0.726,
p<0.001, Fig. 1C).

Plasma pTau181 measurements
without and with pre-analytical Tau IP

Next, plasma pTaul81 levels were analysed in the same
cohort (n="71) by direct plasma measurements and after
pre-analytical sample workup consisting of AP depletion
followed by Tau-IP with a combination of phosphorylation-
insensitive pan Tau antibodies. Overall, the Tau-IP proce-
dure and sample preparation led to a ~ 1.4-fold sample dilu-
tion compared to the original plasma volume. Assuming
100% recovery after Tau-IP, the expected concentrations of
pTaul81 in the IP eluates would be 1/1.4=71% of those
in the direct plasma measurements. However, the mean
pTaul81 concentration found in the IP eluates accounted for
only 29% of the direct measurements, indicating incomplete
recoveries. Nevertheless, a strong correlation was observed
between the concentrations of pTaul81 measured in plasma
without pre-treatment and those in the Tau IP eluates (Pear-
son’s p=0.910, p <0.001, Fig. 2). All measurements were
above the published LoQ of the assay (0.134 pg/mL) [31].

AP and pTau181 plasma measures in diagnostic
groups

The preselected participants in this study were classified
according to their CSF Ap42/40 ratios into the diagnostic
groups AP-positive (CSF Ap42/40<0.050, n=32) and
Ap-negative (CSF Ap42/40>0.050, n =39). This classifi-
cation was consistent with the biomarker-supported clini-
cal diagnosis: all Ap-positive subjects were diagnosed as
possible/probable AD whilst all AB-negative subjects were
classified as disease controls. There was no statistically sig-
nificant group difference in plasma Af1-40 when measured
either directly or after pre-analytical AB-IP (Table 2). The
measured plasma concentrations of AP1-42 and the ApI1-
42/1-40 ratio were statistically significantly lower in the
Ap-positive group. For the Ap1-42/1-40 ratio, the magni-
tude of the difference in medians between the diagnostic
groups was -14.0% (Ap-positive vs. Ap-negative) in direct
plasma measurements and — 15.9% in AB-IP eluates. The
mean difference between the study groups was — 15.7% in
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Fig.2 Correlations between untreated plasma and IP-Eluate of
pTaul81 measurements on Lumipulse. Diluted IP-Eluate concentra-
tions are plotted against the corresponding direct plasma measure-
ment. The diagonal dashed lines correspond to the Deming regres-
sion. Pearson correlation coefficients and p-values are indicated. IP
immunoprecipitation

direct plasma compared to — 15.0% in IP eluate measure-
ments. The calculated standardised effect sizes (Cohen’s d
values) for the plasma AB1-42/1-40 ratio were 1.62 for direct
plasma measurements and 2.03 for AB-IP eluates. Applica-
tion of a 0.632 bootstrapping experiment (re-sampling from
the study participants with 1000 replications) showed that
the AB-IP led to a significant increase in the standardised
effect size (Cohen’s d) with a p value of 0.0331 (Fig. 3A).
Using an unsupervised mixture model approach, a bimodal
distribution in the AB1-42/1-40 ratios was observed in the
measurements after AB-IP, but not in direct plasma. For the
former, two Gauss curves were fitted showing an intersection
at an AP1-42/1-40 ratio of 0.112 (Fig. 4).

The pTaul81 levels measured on Lumipulse with or
without pre-analytical Tau-IP were statistically signifi-
cantly increased in the Ap-positive group compared to the
Ap-negative group (Table 2). In direct plasma measure-
ments, a difference between both diagnostic groups of 75.9%
in the medians and 71.8% in the means was observed. In the
Tau-IP eluates, the magnitude of the difference in medians
between the diagnostic groups was 98.7% and 107% for the
difference in means. The Cohen’s d values were (—)1.17 for
direct measurements and (—)1.48 after pre-analytical Tau-IP.
Resampling in a 0.632 bootstrapping experiment revealed a
p-value of p <0.001 (Fig. 3B) for the observed improvement
in Cohen’s d after Tau-IP.

Single value receiver operating characteristics
analysis

To compare the classification performance of the plasma
biomarker measurements on Lumipulse with and without
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pre-analytical IP, we calculated single value ROC curves for
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; A . .
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2 cal values of the areas under the ROC curves (AUCs) for all
& S of the three tested biomarkers. However, only in the case of
E ;5 plasma pTaul81, a p value <0.05 was observed after per-
é il == _ %9 - ff)rming pairwise DeLong tests (p =0.038) without correc-
= AR e R e tion for multiple comparisons (Fig. 5). Noteworthy, for the
g =2l E= S s = AT-term, the diagnostic accuracy increased from 0.803 for
é gg § § é g é 5 é é é é direct measurements to 0.915 for IP-IA, which was mainly
= A <\:/‘ <\:/‘ 3 3 S ?/' ?/' < ?/ due to an improvement in diagnostic specificity.
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Fig. 3 Bootstrapping experi-
ment for the comparison of
effect sizes (Cohen’s d) for
plasma (A) AB1-42/1-40, (B)
pTaul81 and the (C) AP1-40/1—
42*pTaul81 ratio with and
without pre-analytical sample
workup by IP. Ap amyloid-f, IP
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pTaul81 in direct measurements (p =0.344, p=0.004) and  Discussion
after AP depletion and Tau-IP (p =0.397, p <0.001), were

significantly lower as compared to the AP peptide ratios  Pre-analytical immunoprecipitation of Ap peptides was
(Fig. 6G and H). previously shown to improve the diagnostic performance
of automated prototype Elecsys plasma AP assays for

@ Springer
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Fig.4 Unsupervised mixed
model histograms of the distri-
bution of the AP1-42/1-40 ratios

A

0 _ _ [
measured in (A) EDTA—plasma - -
and (B) plasma A-IP eluates. =
Two Gaussian distributions .
were fitted to the distribution > 2 3 ©
using an unsupervised mixture S S
model approach. The vertical & AN =
dashed line in (B) shows the :h_’ o [ &’ e
intersection of the two curves L] \
at a AP1-42/1-40 ratio of 0.112 / M o~ A
(threshold). A amyloid-p, IP o "
immunoprecipitation S s S— . . . . 1 O . . . S e |
0.02 0.06 0.10 0.14 0.02 0.06 0.10 0.14
AB 1-42/1-40 - Plasma direct AB 1-42/1-40 - IP-Eluate
Table 3 Statistics for single value ROC analyses evaluated at the Youden point
Variable AUC (95%CI) Tp Tn Fp Fn Ppv Npv Sensitivity ~ Specificity =~ Accuracy
AP1-42/1-40 (plasma direct) 0.907 (0.834-0.980) 30 32 7 2 0.811 0941 0.938 0.821 0.873
AP1-42/1-40 (AB-IP eluate) 0.934 (0.868-1.000) 32 32 7 0 0.821  1.000  1.000 0.821 0.901
pTaul81 (plasma direct) 0.817 (0.717-0916) 25 31 8 7 0.758 0.816  0.781 0.795 0.789
pTaul8l (Tau-IP eluate) 0.894 (0.809-0.979) 28 35 4 4 0.875 0.897 0.875 0.897 0.887
% # pTaul81(plasma direct) 0.887 (0.814-0.960) 29 28 11 3 0.725 0.903  0.906 0.718 0.803
igi:ﬁ s pTaul81(Tau-IP eluate) 0.929 (0.864-0.993) 30 35 4 2 0.882 0.946 0.938 0.897 0.915

Ap amyloid-p, AUC %ClI confidence interval, Tp true positive, Tn true negative, Fp false positive, Fn false negative, Ppv positive predictive

value, Npv negative predictive value, /P immunoprecipitation
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Fig.5 Pairwise comparisons of single value ROC curves for plasma
biomarkers measured directly or after pre-analytical IPs on the Lumi-
pulse platform. ROC curves for the discrimination between amyloid-

detecting low CSF Ap42/40 [22]. In the current study, we
have investigated if automated Ap and pTaul81 measure-
ments on the Lumipulse G System were also compatible
with semi-automated pre-analytical AP and Tau-IP and to
what extent this additional sample workup might impact

positive and amyloid-negative study participants were calculated for
A AB1-42/1-40, B pTaul81 and C igij‘; + pTaul81. AP amyloid-p,
IP immunoprecipitation

the diagnostic performance of the plasma biomarkers Ap1-
42/1-40 and pTaul81.

In direct plasma AP measurements on Lumipulse and
after pre-analytical AB-IP (“IP-IA”), the median and
mean AP1-42/1-40 ratios in the AB-positive group were
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Table 4 Statistics of ROC analysis by logistic regression with 10 leave-out cross-validation

Variable AUC (95%CTI) Tp Tn Fp Fn Ppv Npv Sensitivity ~ Specificity ~ Accuracy
AP1-42/1-40 0.927 (0.859-0.996) 32 32 7 0 0.821 1.000 1.000 0.821 0.901
AP1-42/1-40+pTaul8l 0.946 (0.889-1.000) 31 34 5 1 0.861 0971 0.969 0.872 0.946
AP1-42/1-40 + ApoE4 status 0.950 (0.894-1.000) 31 35 4 1 0.886 0.972 0.969 0.897 0.930
AB1-42/1-40+pTaul81+ ApoE4 status  0.952 (0.897-1.000) 32 35 4 0 0.889 1.000 1.000 0.897 0.944
igij‘; # pTaul81 0.909 (0.833-0.986) 28 36 3 4 0903 0.900 0.875 0.923 0.901
igi:ﬁ s pTaul81+ ApoE4 status 0.953(0.907-0.999) 32 31 8 0 0.800 1.000 1.000 0.795 0.887

Logistic regression analysis was done for the Lumipulse measurements of plasma Ap1-42/1-40 in AB-IP eluates and plasma pTaul81 in Tau-IP
eluates. ApoE4 status was determined by QPCR. The classification statistics were done at the maximum Youden index

Ap amyloid-p, AUC %ClI confidence interval, Tp true positive, Tn true negative, Fp false positive, Fn false negative, Ppv positive predictive

value, Npv negative predictive value, /P immunoprecipitation

decreased to a comparable extent in the range of 14—-16%.
The standardised effect size (Cohen's d) increased statis-
tically significantly after pre-analytical AP IP from 1.621
(direct plasma measurements) to 2.027 (IP-IA) (p =0.03,
0.632 bootstrapping). It appears that pre-analytical plasma
treatment reduced the intra-group variances in terms of
AP1-42/1-40, thereby increasing the standardised effect
size. ROC analysis for the discrimination between
Ap-positive and Ap-negative subjects showed a numerical
increase in the AUC after AB-IP from 0.907 to 0.934 that
did not reach statistical significance (p =0.35).

The performance of pTaul81 measured on Lumipulse
appeared to profit substantially and in a statistically signif-
icant degree from pre-analytical Tau-IP. In direct plasma
measurements, the median and mean pTaul81 levels
in AB-positive subjects were increased by 76 and72%,
respectively, compared to the Af-negative group. An
accentuated increase by 98% in the median and 107% in
mean levels of pTaul81 was observed in the plasma Tau-
IP eluates. Moreover, the standardised effect size (Cohen’s
d) was (-)1.48 in IP eluates as compared to (-)1.17 in direct
plasma measurements (p < 0.001, 0.623 bootstrapping).
The ROC-AUC increased significantly after pre-analytical
Tau-IP from 0.817 to 0.894 (p =0.039).

As a novel term combining the plasma measurements
of AP1-40, AP1-42 and pTaul81, we propose the ratio
AB1-40
A§1—42
cut-point for the combination of both amyloid and Tau
biomarkers. Regarding a possible future clinical applica-
tion it is noteworthy that the diagnostic accuracy of the
AT-term in our sample increased from 0.803 (direct
plasma measurements) to 0.912 after pre-analytical Ap and
Tau-IPs (IP-IA). However, neither the standardised effect
size (Cohen’s d) nor the ROC-AUC for the AT-term was
statistically significantly different between direct measure-
ments and IP-TA. Further studies in larger and independent
cohorts will be required to investigate whether the

* pTaul81 (“AT-term”) which may provide a single

@ Springer

AT-ratio may provide an added diagnostic value. In view
of a number of recent studies indicating that pTau217 is a
particularly promising AD biomarker, future work should
furthermore address the question whether substituting
plasma pTaul81 by pTau217 in IP-IA may further improve
the diagnostic value of the AT-ratio.

Overall, in the small and carefully pre-selected sample
that was studied here, we observed that the IP-IA proto-
col on Lumipulse improved the accuracy to predict CSF
biomarker evidence of amyloid deposition compared to
direct plasma measurements. ROC analysis by multivari-
ate logistic regression showed a maximum AUC of 0.952
for the discrimination between the groups in this selected
cohort by combining the three analytes Apf1-42/1-40 ratio,
pTaul81 and ApoE4 status. However, it was not statistically
significantly better than the model with Ap1-42/1-40 ratio
alone (AUC=0.927, p=0.256) or Ap1-42/1-40+pTaul8l
(AUC=0.946, p=0.705).

Notwithstanding the good correlation between direct
plasma measurements and IP-IA, the measured concentra-
tions of AB1-40, Ap1-42 and pTau 181 in IP eluates were
substantially lower in IP eluates than in untreated plasma.
The lower levels of AP peptides and pTaul81 can be
explained by incomplete recoveries after IP and an increase
in the volume resulting from the particular assay proto-
cols that were used. Importantly, the pre-analytical sam-
ple workup was not intended to pre-concentrate the ana-
lytes but to ameliorate potential matrix effects [22]. Taken
together, our observations indicate that depletion of plasma
proteins, such as albumin, IgG or other potential interfer-
ing substances, by immunoprecipitation resulted in a bet-
ter diagnostic contrast. To the best of our knowledge, this
was the first time plasma pTaul81 was investigated by Tau
immunoprecipitation followed by immunoassay measure-
ment (IP-IA protocol). The novel pre-analytical treatment
significantly improved the diagnostic performance of this
plasma biomarker on the Lumipulse platform.
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Fig.6 Correlations between
CSF ELISA data and the cor-
responding plasma values meas-
ured with Lumipulse directly
or after pre-analytical magnetic
bead IP. CSF concentrations of
A, B Ap1-40, C, D AB1-42, E,
F AP1-42/1-40 ratio and G, H
pTaul81 are plotted against the
corresponding plasma values
measured on untreated plasma
or IP eluate, respectively.
Red=Af+and green=Ap—.
The diagonal dashed lines
correspond to the Deming
regressions. Pearson correla-
tion coefficients and p values
are indicated. AP amyloid-p,

IP immunoprecipitation, CSF
cerebrospinal fluid
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Interesting to mention, in an unsupervised mixed model
approach, the IP-IA showed a bimodal distribution in plasma
AP1-42/1-40, which was not observed for untreated direct
plasma measurements. This allowed calculating two normal
distributions showing an intersection at an Ap1-42/1-40 ratio
of 0.112 in this pilot cohort. Determination of diagnostic
threshold values (cutpoints) for CSF Ap1-42 by Gaussian
mixture modelling was introduced previously as an unbi-
ased approach to address an observed gradual drift in CSF
Ap1-42 values measured with the Innotest ELISA over two
decades [32]. The cross section obtained for the plasma
IP-TA Ap1-42/1-40 ratio by mixed modelling in our study
(0.112) was very close to the corresponding cut-point of
0.109 determined by single value ROC curve analysis at the
Youden point.

In summary, the observations from this study and previ-
ous work [22] suggest that pre-analytical sample workup
by IP may improve the ability of immunological measure-
ments of plasma AD biomarkers, such as Ap42/40 ratio and
pTau, to predict brain amyloid pathology. However, whilst
the proposed IP-IA approach worked reasonably well in our
hands in a small cohort, widespread use or implementation
in clinical immunoassay application may be hampered by
the time-consuming sample pre-treatment, additional costs,
the risk of added technical variability and the need for a high
level of standardisation and automatization. Further limita-
tions of the current study include the small sample size and
the use of a highly pre-selected study cohort.

In conclusion, pre-analytical immunoprecipitation of
blood plasma samples appears to have the potential to
improve the diagnostic performance of specific plasma AD
biomarker immunoassays. Plasma Af1-42/1-40 ratio was
the best single predictor of AD neuropathological changes
in our sample. Yet, the combination with pTaul81 and
ApoE showed a slight improvement in predicting low CSF
AB42/40 as a proxy of Ap status in the brain.
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