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Abstract (399400words)

CSFreurogranin evel s are el evat ed iandhdve eéeatedter 6 s
cognitive declineAs such, neurogranimlds promise asmonitoringbiomarkerfor disease
progressi on i n.TAreezchmamontyaised wogrdninassayseasuring

slightly different forms of the analytegport divergent concentratiorenges, which trapers

direct comparison afesults Here, weperform an in depth analysis thfe analytical and
diagnostigperformancef these assayns the same cohort of patieritsincrease the

interpretability of CSF neurogranin test results

First, protein quantity of the calibrators of theurogranin Singuleassay from WashU (St.
Louis, MO), the eurogranirELISA from ADx (Ghent, Belgium), and thesarogranin

ELISA from UGot (MdlIndal, Sweden) were compared ussilger staining after gel
electrophoresis. Affinity olll capture and detdon antibodiegor the different calibrators,
CSF, and brain homogenatgasstudiedusing westerrblot. Second, intraand interassay
variation andanalytical sensitivitiesvere defined. We usedBsingBablok regressianin

clinical CSF samples (n=108)astly, we compared clinical performance of the three assays
in samples fronsubjects diagnosed with subjecti@gnitive declingn =22),and inpatients
with Al z h e i isease @M=22),drontotemporal dementia (n=22), dementia with Lewy

Bodies (n=22), or vascular dementia (ns24jjusted for gender and age.

The calibrator of th&JGot assay conta@d about7-fold moreprotein than the Washand
ADXx calibrators. Capturand detection antibodies recogmiskeir own calibrator best. The
assays deteetl different peptides ofenroganin: the WashU assay thetdminal part of
neurogranin (S@-D23), the ADx assayeaurogranin truncated at P75, and theot assay
neurograniratthe Gterminus D78). All assays had goaahalyticalperformancei.e. intra

/inter-assay variability of 8%. Absolute rurogranin levels ranged from (median+range)

di



1881(3308320)pg/mL for the WashU assay, 372(Z191)pg/mL for the ADx assay, and

416(1151 1481)pg/mL for theJGot assayThe results for clinical CSF samples correlated

well( Spear mands r ho 0. i9APx, WashU&adth,an® AD& GothJor Was h U
respectively). PassirBablok regression demonstratadpartional differences amongatl

assys and a systematic difference between WashU andolxANCOVA showed group

differences for ranked neurogranin levels in each assay (all p< 0.05), with specific elevation

in Al zhei mer6s di sease.

The three assays targddifferent epitopes ofieurograin. Together with difference in value
assignment, thisould explain the divergent concentration ranges of the agdayfdes of
neurogranin concentratiorgross diagnostic groups were comparable amatigbiree
assaysThe targeting of different efpipes by these assagsables irdepth studies into

neurograninbés role in Alzheimeroés di sease pat

Keywords (max. 5 cerebrospinal fluid, kassaymarker, Al

comparison, Neurogranin



Abbreviations:

WashU= Washingtotuniversity

ADx= ADx Neurosciences
UGot=Gothenburg University

ELISA= enzymelinked immunosorbent assay
LLOD= lower limit of detection

CV= coefficient of variation

Cl= confidence interval



Background

Neurogranins a postsynaptic protein involved in synaptplasticity and londerm
potentiation(Gerendasy and Sutcliffe, 1997; Kaleka and Gerges, 28b8fmortem analyss

swggested aelationofne ur ogr ani n wi t h Al z h eneunogranthsvasd i s e a s
found to be reduced in Al zhei mer Daviddsonsease b
and Blennow, 1998; Reddt al, 2005) In cerebrospinal fluid (CSFheurogranin levels

were increased in Al zhei merds di sease patien
interestime ur ogranin as a novel bi oma (Thkoeselletc andi da
al., 2010) Subsequent studies confirmibat CSFneurogranin levelareincreased in

Al zhei mer 6s dn nsle@gidve impairmert,| comparex to controls

(Kvartsberget al, 2014, 2015; De Vost al, 2015; Kesteet al, 2015; Porteliugt al, 2015;

Mattssoret al, 2016; Remnestait al, 2016; Sanfilippet al, 2016; Tarawnekt al, 2016)

and compared to other dementigellwig et al, 2015; Janelidzet al, 2015; Wellingtoret

al., 2016; Listeet al, 2017) suggesting that it could be an Alzheidselisease specific

biomarker.Even though eurogranin levels did not correlate with cognitive scores at baseline,

they could predictognitive decliné@ n Al z hei mer 6(Porteliusst al,a26186;, pat i e n
Mattssoret al, 2016; Tarawnekt al, 2016) Neurogranin could even be a fm@nptomatic

marker, asn a former studyneurogranin levels increased over two years in controls, while

no further increase was observedewels inmild cognitive impairmena nd Al zhei mer 6s
diseasdKesteret al, 2015) Thus, neurograninould serve as predictive and possibly

monitoring marker foAl z hei mer 6 s abgnisive deslire, vehigreihiglilyineeded

for treatmentintervention studies.

The measurements of C&Burogranin levels in the aforementioned publications have been

performed using three independent asgKyartsberget al, 2014; De Vo<t al, 2015;



Kesteret al, 2015) which all target different epitopes of the protéigure 1) Yet, the
discriminative power to distinguish patients from controls are strikingly comparable for all
assays, even while the absologirogranin concerdtion ranges vary widely among the
assays, e.g. ~500 pg/mL(De Voset al, 2015)compared to ~1008000 pg/mL(Kesteret

al., 2015)and ~1068340 pg/mL(Kvartsberget al, 2014). These differences could be
explained bydifferences ircohorts, but also by differencesansays, e.g. the use of various
types of calibratarTo allow direct comparison of results across studies, it is important to
understand the assay specificgl to directly compare the outcomes within one cohort of

patients with different dementia diagnosis.

In this study, we aimed to link the threentmonlyusedneurogranin assaydeveloped at

Washington University (WashU), ADx NeuroSciences (ADx), and &dihrg University

(UGot). First, we characterised the three asslagsugh analysis of thecalibratorsand

antibodiesNext, wecompaed CSFneurogranin concentrations measuethe samelinical

dementia cohort. To compare the discriminative poteraifahe assays, we analysed

neurogranin levels in CSF of patients with dementia with Lewy Bodies (n=22), vascular

dementia (n=20), frontotemporal dementia (n=2Bmentiaduetdl z hei mer 6 s di sea
(n=22) andcontrols(n=22). Bidging theseCSFneurograim assays will help translate

neurogranin in multicentre comparisons and improve our understanding of the use of

neurogranin as a biomarker.

Methods

Samples

Brain homogemte preparation




Two different brain homogenate samples were used, the first to hésadhe three assays
using Silver stain and Western blot: 1080 mg of frozen frontal cortex tissue (Biobank
Institute BoraBunge, University of Antwerp) was homogenized using RIPA buffer
containingprotease inhibitor cocktails PhosSTOP (Ro@esel,Germany and canplete
Tablets (RocheBasel, Germany The homogenate wagntrifuged at 10,500g for 30 min at

4°C and the supernatant was storeeB&°C until further use.

The second brain homogenate was used in the immunoassay measurements, taltempare
affinity of the three assays faeurogranirpeptidefproteinpresent irbraintissue:frozen
hippocampatissue(Brain bank, dept. of Pathology, VU University Medical Centea}
homogenized with Mammalian Protein Extraction ReagerP@R, 0.1g/ml, iermo

Scientific, Waltham, USA) containing EDFkee Protease Inhibitor Cocktail (1:25, Roche,
Basel, Germany)T'he homogenat&ascentrifuged at 10,5009 for 30 min at 4°C. The protein
content in the supernatant was 2.06 mg/ml, quantified using bovirma séisumin (BSA)
standards (Thermo Scientific, Waltham, USA) and the@aal Protein Assay (BiRad,
Hercules, USA). Brain lysate was kept&®°C until further analysi@Del Campocet al,

2014) Beforeneurogranirmeasuremertty immunoassay$rain lysate wainitially diluted
1:400 followed by serial dilutions in sample diluent resulting in the following concentrations:

5150, 1030, 515, 103, and 51.5 pg total protein/pl.

Clinical samples

108 CSF samples from patisrftomthe Amsterdam Dementia Coh@vian der Flieet al,
2014)were collected androcessed according to the international consensus guidelines
(Teunisseret al, 2009, 2013)Twentytwo patients with a diagnosis démentia due to

Al z h ei me rwese matdhed donageand sex to 22 controls (individuals with subjective

cognitive decline), agell as patients with a diagnosisfadntotemporal dementign=22),



dementia with Lewy bodig=22), orvascular dementign=20) (all diagnosed according to
consensus criterigromanet al, 1993; Nearet al, 1998; McKeithet al, 2005; McKhanret
al., 2011jtable 1). Thedemenia due toAl z h e i me r patentsdandscentiots @vere
additionallyselected based on th€SF biomarker profiles<CSF A3142 (<640 pg/ml for

Al zhei mer),dBau @375m/anksfae A z h e i me r),@p-FaulBl (552 pgéne for
Al z h ei me r) dassneadures bydmnaest (Fujirebigelgium). All patients signed

informed consentand thestudy wasapproved by the local ethical committee

Table 1 Patient sample characteristics

o <
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= T — o S o o
= E < ES S52E QE
O ng: la it g3 >3
N 22 22 22 22 20
Sex=m 13 (59%) | 13 (59%) | 21 (96%) | 15 (68%) | 13 (65%) | 0.026
Age 64 (6) 65 (8) 68 (6) 63 (5) 68 (6) 0.023
APOE U4
carriers 4 (18) 15 (68) 12 (55) |8(36) 13 (65) | 0.004
28 25 24 24
MMSE [27,29] | 18[16,23] |[21,27] |[18,26] |[22,26] | <0.001
ADb 42 ( pd891(268)|511(160) |730(299)| 914 (245)| 586 (241)| <0.001
t-Tau (pg/ml) 311 (155)| 800 (378) | 366 (256)| 434 (249)| 404 (188)| <0.001
p-Tau (pg/ml) |49 (21) | 98 (45) 54 (33) |55(26) |53(22) |<0.001

Legend:Data are represented as n(%), mean(sd) or median[r&rgeis were compared
usingFisher Exact Test for sex addPOEU 4 ¢ a r, Kruskat\V¥alis rank sum tedor

MMSE, and ANOVAfor age, AlR42,-TTau, andp-Tau. AbbreviationsAR42= Amyloid3 1-



42,1QR= interquartile rangem= male, MMSE= Mini Mental State ExaminatignTau=

phosphorylated Tau at P1&= standard deviatioty,Tau= total Tau.

A priori power calculation

Sample size was based on two power calculations @&iRgwer version 3.1.9,2he first to
discriminate betweenlAz h e i me r ahdconulois(Pavars 290 with effectisz e Cohend s
d= 1.06(De Voset al, 2015)a n derrdd= 0.09 and the second to discriminate between
Al z h e i me rabhdcontlois famtatenmgoral dementi@ementia with.ewy Bodies and

vascular dementigpower> 0.82 with effect size estimated abf= 3 5 -earor=D.08).

Sample distribution

Calibrators and detection and capture antibodies of the three assays were sent to the BIODEM
laboratory at the Institute of BoBunge (University of Antwerp) to perform the Silver stain

and Western Blot experiments. For the immunoassays measuremesisneet of blinded

clinical samplesthe same brain lysate stoand calibrators and controls of the assays were
distributed by VUmandtransported frozen to St. Louis (USA), Gothenburg (Sweden), and
Ghent (Belgium)Neurogranirmeasurements were performedsite according to each

as s ay 0s The Hirmedolicicallsamplesveremeasured in random ordétaw data

were reportedo the VUmc Amsterdanandstatisticaly analyse there

Neurograninmmunassays

Seefigure 1for the composition of the neurogranin calibrators, antibody epitopes, protein,

and peptides.

WashingtonJniversity inhouse neurograniingulex assay
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A sandwich immunoassay was developed for CSF on a Singulex Erenna system using the 2
epitopespecific rabbit antibodies (recognisingtéfminal epitope St®23 and Gterminal

epitope G49560) (for development of antibodies g&esteret al, 2015). The Gterminal

specific antibody (R1793) was coupledtmagnetic beads and used as the capture antibody,
and the Nterminal specific antibody (R794) was labelled with a fluorescent dye and used

as the capping/detection antibody. Synthetier® humameurogranirwas prepared and
characterised by AAPPTeclLC (Louisville, KY, USA) using C18eversed phaskigh
performance liquid chromatography and electrospray ionizatiass spectrometry, and this
material was used as the immunoassay stan@&#.samples were measured in triplicate.
Curve fitting was donby weighted regression of the three signal types (detected events,
event photons, and total photons) using an algorithm (SMDCurve Fit, Singulex software SGX

Link) resulting in a Sparameter logistic equation for interpolation.

ADXx NeuroSiences neurogramELISA

This sandwich ELISA combines two monoclonal mouse antibodies, as previously reported
(De Voset al, 2016) one (ADx403 (clone ADxNGCI2)) directed against the &3l

sequence afieurograninthe other (ADx451 (clone ADXNGCT1)) directed against the C
terminus of therotein, truncated at P75 specifically, i.e. @625. CSF samples were
analysed undiluted (15ulin duplicate. Final concentrations méurogranirwere intrapolated
(log(X); 4-parameter logisticbased on a synthetic calibrator, custorade by Proteogenix

(France), covering the-@rminal sequence truncated at P75.

Gothenburg University #houseneurogranirELISA

A sandwichimmunoassay was developed using a monoclonal antibody against t@8552
epitope of humaneurograniras capturing antibody and alpdonal antibody against the-C

terminus(V66-D78), specifically designed against the D78 termirals2@570; Upstate
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Biotechnology). Ell-length recombinant humareurogranircalibrators with concentrations
ranging between 7810,000 pg/mL, blanks, and ESamples were incubated in duplicate
together with the detector antibody. A fitteghdrameter logistic model was used as the
calibration curve and the blank was included as zero concentrati@uiafgranin

(Kvartsoerget al, 2014)

Analvytical performance

Analytical validation parameters for each assay vest@uatedthe lower limit of detection
(LLOD) had been previouslyetermined in each assay by the mean concentration of 16
blanks plus 10 times the standard deviation. Clinical samplesiteterminedalues

<LLOD were assigned the LLO®Ralue for inclusion in the statistical analyses. hassay
coefficiens of varidion (CV) was defined as the mean of the duplo CVs of all patient CSF
samples used in this study. InegsayCV was defined as the mean of 4 in-house prepared

quality control CSF pools with high and laveurogranin concentrations.

Characterisation adssays gel electrophoresis

Calibratass, two control CSF samples from the BIODEM laboratory (Institute BRuinge,
University of Antwerp) and brain homogenate were separated based on their molecular
weights using a 12% Bolt Bisris gel (ThermoFisher Scientific) with 1x MES SDS running
buffer (ThermoFisher Scientific). Samples were prepared in 1x loading buffer with 0.05 M

Dithiothreitol and the gel was run at 200V.

Characterisation of assaySilver stain

Protein quantities in calibrator solutions were determined using the Pierce Silver stain kit
(Ther moFi sher Scientific) according to manuf

electroploresis the gel was fixed in 30% ethanol and 10% acetic acid, sensitized, stained

12



overnight, and the colour was developed & @inutes and stopped with 5% acetic acid.

Bands were quantified in Imagé3chneideet al, 2012)

Characterisation of assay%Vestern Blot

After gel electrophoresis, gels stayed in transfer buffer (20#anel Tris Glycine) for 10

minutes before assembling the blotting sandwich using the iBlot Transfer Pack containing a
0.2 um nitrocellulose membramec c or di ng t o manufacturer6s i ns
for 6 minutes at 20V. Next, the membrane was blocked for 1 hour using 1:5 Odyssey blocking
buffer in PBS (LiCor). Primary antibody incubation was performed overnight at 4°C, using

the capture andetection antibodies of the assays: polyclonal rabdif ® 1:1000 (WashU)

and polyclonal rabbit#793 1:1000 (WashU), monoclonal mou#dex403 1:2000 (ADx)

and monoclonal mouse ADx451 1:1000 (ADxijonoclonal mouse Ng7 1:2000 (UGot) and
polyclonal rabki07-425 1:2000 (UGot), all in 1:5 Odyssey blocking buffer with 0.1%

Tween20. Secondary antibody incubation was done with either oriB@die 680RD Goat
Anti-Mouse(Li-Cor) andIRDye 800CW Goat AntRabbit(Li-Cor) diluted 1:20000 in 1:5
Odyssey bufferl(i-Cor) with 0.01% SDS for 1 hour at room temperature and blots were kept

in the dark. Blots were read using channel 700 and 800 of the Odyssey imaging system (Li

Cor).

Dataanalysis

PassingBablok regressioanalyses werperformed to compare the WashlUD® and UGot

assays on proportional and systematic differebesged on the 108 clinical samples

For clinical performance validatiomanktransformed neurogranin levels were used since
assumptions for normal distribution were not nMi@.compare neurognan levels amongst

diagnostic groups, an ANCOVA corrected for age and gender was perfpenasdsay,
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followed by Bonferroni adjusted pekbc comparisons. Theffect size of every assay was
defined a gofthdseANEQVA modalsSpearmarcorrelatiors wereused to
correlateneurogranirconcentrations with MMSE scaandA |l z h e i me rbidomsarkeri s eas e

values for each assay. Analyses were done in R vergldh(B. Core Team, 2017)

Results

Calibrator quantification usinglver stain after SDSAGE gel electrophoresis

All calibrators were separated by gel electrophoresis and visualisdddrystain (figure 2).
Thesilver stain showed a single sharp band at 14 kDa for the WashU calibrator only for the
highest calibrator concentration (100 ng). For the ADx calibrator, a clean band at 6 kDa was
observed when 100 or 20 ng was loaddte UGot calibrator showed a largeeam at higher
molecular weights and lower clean bands at 14 kDa and at 6 kDa, although the 6 kDa band
was only observed in the highest calibrator concentration (100 ng). The UGot calibrator
contains by far the largest amount of protein, aroufald’morethan the WashU and the

ADx calibrators.The WashU and ADx calibrators both had similar levels of staining,

indicating that the same relative amounts of calibrator were presentsartipges
Neurogranirepitope recognition by the three assays

To better understand what formsr&urogranirare recognised by the three different assays,
the calibrators of each assay were measured in the other two assays (table 2). The WashU
neurogranirassaydid not detecthe P75truncated ADx calibrator. The Wald assay fully
recognised the UGot calibrator, and tieurogranirvalues obtained by the WashU assay
were approximately 30% higher than the concentrations obtained by the UGot assay itself.
The ADx assay, designed to deteetirogranirtruncated at P75,di not detect the calibrators

of WashU nor the calibrators of UGot, although for the latter very low concentrations at the

14



border of the LLOD were detected for all calibrator dilutions. The UGot assay could not
detect the P fruncated ADx calibrator sindle signal was too weak, whereas the signal of

the WashU calibrator was detected above the upper limit of detection in all dilutieB8912

pg/ml).

Additionally, neurogranirwas measured in brain lysate to compare the affinity of the three
assays foneurograninpeptides in brainfigure 3. All assays recognisateurogranirin this
control brain lysate sample. The WashU and UGot assay quamigdgraninn brain

lysate at similar concentrations, whereas approximatefplddowerneurogranin

concentrations were detected by the ADx assay compared to the WashU and UGot assays.

Quantitative and qualitative comparisons of neurograpitope recognitiotyy

capture and detectiantibodiesof immunoassays

After separation by gel electrophoresis calibrators of the three assays, as well as CSF and
brain homogenate samples were immunoblotted with the antibodies of all three assays (figure
4). All antibodies showed the strongest and cleanest bands when exposed to their own assay
calibrator. The Nlerminal WashU antibody (S1D23) recognised both its own calibrator and

the UGot calibratoat 14 kDa, where the latter gave the strongest signal. The ADx calibrator
was not recognised (figure 4A). The G&60 WashU antibody recognised its own and the

UGot calibrator at 14 kDa, again the UGot calibrator gave the strongest signal. The ADx
calibrator was detected at 6 kDa (figure 4B). The combination of WashU antibodies strongly
detected the UGot calibrator, but did not recognise the ADx calibrator, vgiichine with

the fact that this calibrator lacks thet&minal part of neurogranin. The R854 ADXx

antibody recognised its own calibrator at 6 kDa and the UGot calibrator at 14 kDa. The
WashU calibrator showed a very weak band at 14 kDa (figure 4€)GbE P75 antibody,

on the contrary, only recognised its own calibrator at 6 kDa (figure 4D). The combination of

15



ADx antibodies did not recognise the WashU nor the UGot calibrator, due to the specific
targeting of neurogranin truncated at P75. Thei@&5 UGot antibody recognised its own
calibrator and the WashU calibrator at 14 kDa, and weakly stains the ADx calibrator at 6 kDa
(figure 4E and G). The WashU calibrator in f
was degraded, therefore the experinveas repeated with freshly prepared WashU calibrator

in figure 4G. The V66D78 UGot antibody detected its own and the WashU calibrator at 14
and at 6 kDa, where the ADx calibrator gave no signal (figure 4F). The combination of UGot
antibodieg specificallytargeted at neurogranin ending at P#8cognised the WashU

calibrator, but did not recognise the Rv&ncated calibrator of ADx. The multiple bands at
higher molecular weights in the UGot calibrator were recognized by all neurogranin
antibodies, excegbr the ADx451 antibody that only recognised the-epdope at

neurogranin truncated at P75.

Next, we asessed the affinity of theeurogranin antibodies to CSF and brain lysatees

(figure 4) Neurogranin was recognised in CSF by the WashU and Bi@ititodies, bands

were shown around 60 or 70 kDa, but not by the ADx antibodies. Neurogranin in brain lysate
was recognised as a single band at 14 kDa by most antibodies, where the polyclonal WashU
antibodies additionally recognised bands at multiplenmdiigher molecular weights, and

the ADx451 antibody recognised a low intensity band around 27 kDa.

Analytical performance of the assays

Neurogranirfevels could be determined in all samples using the WashU and ADx assays,
while 9 out of 108 samples webelow the LLOD using the UGot assay. All duplo
neurogranimeasurements had CVs <20% in the WashU and ADx assays, where 20% of the
samples measured with the Gothenburg assay had-20%%, mainlyin samples with

concentrations near the LLOD. Intagsay/mterassay CVs were 5%/6% (WashU); 7%/7%
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(ADx) and 6%/8% (UGot)Neurograninevelsranged from (median (range)) 1881 (330
8320) pg/mL for WashU, 372 (71191) pg/mL for ADx, and 416 (115481) pg/mL for

UGot The strongest correlatidor neurogranin in clinical samplegas found between the
ADx and WashU assays, with a Spearmands Rho
UGot versus ADx ,as08panc(8in aespéctivefassimeBatlok
regression analysgemonstrategroportional differences among all three asgégsre 5),
wherethe WashU assay showed abfi times higheneurogranirconcentrations than the
ADx and UGot assay$lopes of regression lines wesg8 ©5% CI=5.36; 6.09¥or ADx
versus Washlp.17 5% Cl=4.38; 5.83¥or UGot versus WashU, artd82 ©5% CI=0.71;
0.94)for UGot versus ADXA systematic difference was obsentstweerthe ADx versus
WashU assay/(intercept169.72 5% CIl=-266.41;-56.46) but not between ADx and UGot,

or WashU andJGot.
Neurogranirresults differ between diagnostic groups

ANCOVAbGs showed a specific increase in neuro
compared to all other clinical groups in each assay (p< 0.05; figure 6). Effect size was highest
inthe UGo t a $far theyWasht), ADx, and UGot assay was 0.14, 0.11, and 0.21,

respectively. Note that effect sizes are relatively small due to thenamdformed

neurogranin levels that were used in these analyses instead of the absolute concentrations.

Pog hoc Bonferronitestsshowed s peci fic increase for in the
compared to the Lewy body dementia (p< 0.05 for WashU and ADx, p< 0.01 for UGot) and
vascular dementia groups (p< 0.01 for WashU, p< 0.05 for ADx, p< 0.001 for UGot), while

the differences betweenZlh ei mer 6 s di sease patients and co
the WashU (p< 0.05) and UGot assay (p< 0.GEnder and age did not significantly

influence neurogranin levels (supplementary materi@s APOEU 4 c ar slighly s h ad
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higher neurogranilevels thatAPOEU 4on-carriers but this difference reached significance

in the UGot assagnly (supplementary material 3).

Relation ofneurogranirwith MMSE scores and othé&| z h e i me rbidmarkers s e as e

in the three assays

A modest negative correlato n was f ound i .23 p<@05lbGodtinthes s ay (
WashU or ADx assay (supplementary materiaNdne of the assays showedarelation
with AR1-42, but all hadbositive correlatioawith t-Tauand pTau (supplementary material

5).
Discussion

In this study, we compared three commonly used neurogranin assays on their calibrators, their
epitope affinities, and their clinical performances. The WashU and UGot assays could

mutually recognise their calibrators, on western blot as well ieiimmunoassays, while

the ADx assay detects a specific form of truncated neurogrdmnah was not detected by the

others nor could it detect the other calibrators. All assays detected different neurogranin

peptides, since the WashU assay targets theriNinal part of the protein and UGot

specifically targets the-@rminal end. Results from our clinical cohort showed that CSF

neurogranin levels measured by the different assays correlated well amongst each other, but
showed large differences inabselut val ues. Neurogranin | evels w
disease patients compared to controls (although not significantly in the ADx assay), dementia

with Lewy bodies, and vascular dementia, but not compared to frontotemporal dementia.

We characterizednd quantified the calibrators of the three assays gtugy stain to better
understand the large differences in absolute values observed in previous studies. Where the

WashU and ADx calibrators showed clean bands at respectively 14 and 6 kDa, the UGot
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calibrator showed many protein bands at different molecular weights on Silver stain, which
were recognised by neurogranin antibodies on western blot. The recombinant origin of the
UGot calibrator might explain the presence of multiple larger protein es@plthat

comprise neurogranin, possibly due to poahslational modifications such as citrullination

of neurogranin at its @rminal pariLiu et al, 2013) The differences in absolute

neurogranin concentrations were, howewet explained by the amount of protein found in

the calibrators, since the UGot calibrator contained the most protein, while the WashU assays
produced the highest absolute values. A potential explanation could be differences in value
assignment of theatibrators, especially since the WashU assay is developed on an Erenna
system. Another cause could be different antibody affinities amongst the antibodies in the

assays to their calibrator.

The neurogranin levels in CSF and brain homogenate detectedibyntheoassays were not
reflected in high staining intensities in the western blot experimeotdilustrate CSF

samples on western bldid not show the typicdl4 kDa neurogranin band, except for a weak
signal detected by the-términal WashU antibody only, while neurogranin in CSF is
abundantly detected by all immunoassayss is probably due to altered conformational
states of the protein in the different exinents, since samples were denatured and reduced
for the SDSPAGE gel and western blot compared to native conditions used in the

immunoassays.

Our results confirmed th&SFneurogranirconcentrationsvere specifically elevated in

Al z hei mer dients dompaedts entrplaand other types of dementia, although
levels in frontotemporal dementia were slightly elevated as well. Also, we observed an
overlap amongst the different disease groups which had as consequence that neurogranin
levels were ofte not significantly changed amongst the groUpgese findings are consistent

with findings from previous studiésiellwig et al, 2015; Janelidzet al, 2015; Tarawnebt

19



al., 2016; Listeet al, 2017) indicating that neurogranin has limited value as biomarker for

differential diagnosis of dementia.

Importantly, neurogranin concentrations amongst all three assays correlated well in all clinical
dementia groups. Nevegless, we do not support use of a conversion factor between the
neurogranin levels of the different assays, since we showed that the assays have affinity for
different neurogranin peptides. This was not reflected in the clinical neurogranin levels,

althoudh it could explain our finding that neurogranin levels measured by UGot correlated

with MMSE score and related to APOEU4 carrie
and ADx did not. Clinical performance of the immunoassays compared through their effect

sizes of ANCOVA, was highest in the UGot assay, followed by WashU and ADx. A

limitation of the UGot assay was, however, that it measured 8% of the samples at the lower

limit of detection value, which artificially reduced the variance in statistical cosopa:

The major strength of this study is the thorough approach in which calibrators of the
immunoassays were directly compared on Silver stain and western blot, and, that the assays

were directly compared using a similar set of clinical CSF samples.

A limitation of this study was the large difference in assay calibrator composition and
guantities for comparison on western blot. High abundant proteins required other transfer
conditions than did low abundant proteins, likewise did the high molecular veeigitiexes
compared to the small 14 kDa neurogranin peptide. This hamperedjsentification of the
bands observed in western blot, limiting the quantification to the calibrator bands that were

stained in the gel by Silver staining.

The remarkable fachat the different neurogranin peptides detected by the three assays are
not differentially expressed between dementia subtypes, suggests alternative hypotheses

regarding neurograninds role in dementia pat
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mainlydescri bed as hal | maTekyetal 19%| Btehnevietrale r 6 s
1996) also plays a prominent role in other types of demé6@laeet al, 2010; Herms and
Dorostkar, 2016)Studies using ratios of biomarkers, for example neurogranin together with
the presynaptic protein BACE{De Voset al, 2016) the amyloid pathology markéi342
(Tarawnekhet al, 2016) or the neurodegeneration markdrau (Mattssoret al, 2016)could

yield better discriminatory power amongst differential diagnoses of dementia. Mqrémver
different neurogranin peptides were not differentially expressed in thisseosenal design,

but could have increased value in longitudinal designs focused on disease progression.

In conclusion, our researcowed that differergeptidesof neurograninn CSF can be
measured using the three assays describedWewshU targets fullengthneurogranin ADx
targets P78runcatecheurogranirand UGot targetseurogranirending at D78Through
directly comparing these three commonly used assaysye one step closer to
implementation of neurogranin as an additional CSF biomarker for dementia. The next
challenge would be the development of reference material for neurogranin assays. Also,
insight in the relative performance of the assays comparedch other provides new
opportunities for studying neurogranin as a pathological player in the progression of
dementia, since the assays measure relatively similar neurogranin values but different

neurogranin peptides.
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Figure 1 Amino acid sequensef full-length humameurograninits physiological peptides

found in CSF and brain tissugnd the calibrators and antibody epitopes of the neurogranin

assays
Calibrators:
- WashU: 1-MDCCTENACSKPDDDILDIPLDDPGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD-78
- ADx: 27-NAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGP-75
- UGot: 1-MDCCTENACSKPDDDILDIPLDDPGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD-78
Antibodies:
- WashU: LKPDDDILDIPLDD GERGRKGPGPG
- ADx: N GAGVARGGAGGGH
KGPGPG
- UGot: GRKGPGPGGPGGA[:VARGGAGGG SGD/
Parent protein 1-MDccrsuAcsmoolwlpmdmmwxlmsracumamém RKGPGPGGIAGGAGWARGGAGGGPS oln
- 33-IQASFRGHMARKKIKSGERGRKGPG! GAGQVARGGAGGGP-75
- 41-MARKKIKSGERGRKGPGPGGPGGAGQVARGGAGGGP-75
) - 41-MARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD-78
- Fragments detected in CSF only 43-RKKIKSGERGRKGPGPGGPGGAQVARGGAGGGP-75
- 43-RKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD-78
Fragment detected in both brain and CSF -2 44-KKIKSGERGRKGPGPGGPGGA
- 44-KKIKSGERGRKGPGPGGPGGAGVARGGAGGGP-75
- 44-KKIKSGERGRKGPGPGGPGGAGVARGGAGGGPS-76
- 44-KKIKSGERGRKGPGPGGPGGAQVARGGAGGGPSGD-78
- 45-KIKSGERGRKGPGPGGPGGAGVARGGAGGGP-75
- 46-IKSGERGRKGPGPGGPGGAGYARGGAGGGP-75
46-IKSGERERKGPGPGGPGGAGYARGGAGGGPS-76
48-SGERKGRKGPGPGGPGGAGVARGGAGGGP-75
48-SGENGRKGPGPGGPGGAQVARGGAGGGPS-76*
- 49-GERGRKGPGPGGPGGAGVARGGAGGGP-75
NG7 epitope

Legend: Amino acid sequence of flghgth humameurogranirand its epitopes found in

CSF and brain tissue. The upper three rows indicate what epitopes are tagged by the capture
and detection antibodies used in the WashU asgagefrow: S10D23 andG49-G60), ADx

assay (middleow: R53A64 andG62-P75, andUGot assaybottomrow: G52G65and

V66-D78). The red asterisk indicates the fragment found as the most abundant one in brain

and brainrspecific(Kvartsberget al, 2015) Adapted from(Kvartsberget al, 2015)
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Figure 2. Silver staining of the WashU, ADx, and UGot calibrators.
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Table 2. Recognition afeurogranirassay calibrators amurograninn brain lysate by the

WashU assay, ADx assay, and UGot assay.

Recognise calibrator of: | WashU assay | ADx assay UGot assay
WashU (synthetic, fulk -- + +
length)?
Calibrator concentrations: | 399 pg Ng/ml | <LLOD >ULOD
61 pg Ng/ml
12 pg Ng/ml
ADXx (synthetic, truncated | - --
at P75)?
Calibrator concentrations: | 3.3 pg Ng/ml | 500 pg Ng/ml <LLOD

1.8 pg Ng/ml | 300 pg Ng/ml
0.8 pg Ng/ml | 150 pg Ng/ml
- (75,30,15,5,0 pg Ng/ml)
UGot (recombinant, full- | + + -

length)?

Calibrator concentrations: | 5703pg Ng/ml | 18 pg Ng/ml 4458 pg Ng/ml
1772 pg Ng/ml| 16 pg Ng/ml 1114 pg Ng/ml
506 pgNg/ml | 22 pg Ng/ml 279 pg Ng/ml

Degree of detectioaf a calibrator by another assayscored from + + (very good) te (very
poor).

Figure3. Neurogranin concentratioms dilutions of one brain lysate sample measured by the

three immunoassays.
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Figure 4. Western blot analysis of neurogranin calibrators, CSF, and brain homogenate

stained by the antibodies of the three immunoassays.
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Protein ladder
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Figure 5

a
Legend: PassinBablok regression analysis of
theneurogranirassays. a) The ADx vs. the

WashU assays exhibit a proportional difference

WashU ELISA

(slope (95% CI) of regression line: 5.78 (5.36;
6.09)), as well as a systematic difference
(intercept (95% C1)-169.72 (266.41;-56.46)).

b) The UGot vs. the WashU assays exhibita |
proportional difference (slope (95% CI) of

regression line: 5.17 (4.38; 5.83)) but not a

WashU ELISA

systematic difference (intercept (95% CI):

177.48 {448.19; 45.18)). c) The UGot vs. the
ADx assays exhibit a proportional difference
(slope (95% CI) of regression line: (0.82 (0.71;
0.94)) but not a systematic difference (intercept ¢
(95% ClI): 10.36429.37; 57.93)). Orange dots

indicate individual CSF samples (n=108), the

ADx ELISA

dotted lines representdlequation x=y (identity
line), and the blue areas show the 95% confidenc

intervals of the regression lines.
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Figure 6

Legend: Boxplots of CSReurogranin d Washington Univershy assay
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Supplementalmaterial

Supplemental figure 1

Neurogranin and age
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Legend: Association between age aedirogranirievels in the three assays. Correlation plots
of neurogranirievels with age andeurogranirevels measured with the WashU assay (a),
ADx assay (b), and UGot assay (c). Gowindicate different clinical groups. Spearman

correlatiors showed no correlation witheurogranirievels and age in any of the assays.
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Supplemental figure 2

Neurogranin and APOE €4 carriership
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Legend:Neurogranin levels are slightly higherAnP O E dariers compared to nasarriers
andin the three assays, although this differences reached statistical significance in the UGot
assay only (c), but not in thtashU assay (endADx assay (b)T-tests on rarttransformed

neurogranin levels were performed.
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Supplemental figure 3

Legend Neurogranirievelswere not different between females and masanneurogranin
levels werd = 2344pg/mL andm= 2074pg/mL for WashU(a), f= 433 pg/mL andm= 389
pgmL for ADx (b), andf= 551 pg/mL andm= 436pg/mL for UGot(c). T-tests orrank

transformed neurogranin levels were performed.
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