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Abstract

Introduction: Biomarkers that reflect pathologic processes affecting neuronal function during
preclinical and early stages of Alzheimer’s disease (AD) are needed to aid drug development.

Methods: A targeted stable isotope, quantitative mass spectrometry-based investigation of
longitudinal changes in concentrations of previously identified candidate biomarkers was
performed in CSF of Alzheimer’s Disease Neuroimaging Initiative participants who were
classified as cognitively normal (CN; n=76) or with mild cognitive impairment (MCI; n=111)
at baseline.

Results: Of the candidate biomarkers, the CSF concentration of NPTX2, a protein involved in
synaptic function, rates of change were significantly different between three comparison groups
(i.e., CN and MCI participants; AD pathology positive and negative defined by p-Taul81/Ap1-
42 ratio; and clinical progressors and non-progressors). The rate of change of NPTX2 also
significantly correlated with declining cognition.

Discussion: CSF NPTX2 concentration is a strong prognostic biomarker candidate of
accelerated cognitive decline with potential use as a therapeutic target.

Keywords

Alzheimer’s disease; dementia; prognostic biomarker; mild cognitive impairment neuropathology;
longitudinal cerebrospinal fluid; stable isotope-based quantitative mass spectrometry

1. Background

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the development
of a gradually increasing burden of amyloid plaque and tau tangle pathology resulting in

the loss of synapses and degeneration of neurons. The disease is characterized by extended
pre-clinical and prodromal (mild cognitive impairment, MCI) stages prior to dementia — the
terminal phase of the disease [1-3]. Despite its outsized societal burden [4], therapeutics that
slow down or reverse the progression of the disease have been elusive [5].

One of the obstacles to drug discovery efforts is the lack of early prognostic biomarkers

for AD. Phosphorylated Tau (p-Tau) and structural and metabolic brain imaging provide

a reliable set of diagnostic biomarkers that strongly correlate with hallmark pathologic
changes in the brain and can therefore be used to follow brain pathology only at more
advanced stages of AD [6]. While amyloid plaque burden is recognized as an early
abnormality in the overall trajectory of development of AD [7], it is insufficient to
accurately predict the time-course for disease progression [8]. Also, approximately 40% of
Alzheimer’s Disease Neuroimaging Initiative (ADNI) individuals with MCI did not conform
to the National Institute on Aging/Alzheimer’s Association framework AT(N) classification
scheme for defining AD biologically [9], and their cognitive status could therefore be
attributed to other factors [10]. Additional measures that track early pathophysiologic
processes involved in the progression of patients classified as MCI are needed to help
determine whether AD pathology is truly present, and to estimate with greater accuracy

the time of dementia onset [11]. Specifically, early detection of neuro-dysfunction, such as
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synapse damage or loss, could provide an improved ability to predict future decline caused
by multiple ongoing pathophysiologic processes occurring in the AD brain [12].

Most studies of candidate biomarkers that used cerebrospinal fluid (CSF) have examined
samples collected at a single point in time, failing to capture the potentially important
feature of within-individual changes in relation to disease progression. Since longitudinal
studies could improve our ability to detect early changes in disease pathology, we evaluated
the time course of five candidate biomarkers in cognitively normal (CN) patients at baseline
and patients with a baseline diagnosis of MCI. The five biomarkers — 1. chromogranin

A (CMGA); 2. fatty acid binding protein (FABPH); 3. neuronal pentraxin 2 (NPTX2); 4.
secretogranin (SCG2); and 5. neurosecretory protein VGF (VGF) — were selected based

on evidence gathered from prior research including a cross-sectional mass spectrometry
(MS)-based proteomic study of CSF samples from the ADNI cohort using a multiplexed
MRM panel, developed with Caprion, and published previously by our team [13]. Given
the goal of ruling in or out significant rates of change in this group of analytes in MCI
subjects with a quantitative MS assay, we did not include the many MCI/AD relevant
biomarkers already identified with immunoassays, mainly in cross-sectional studies, such as
neurogranin, Vilip-1, neurofilament light and YKL-40. To the extent that these have been
evaluated in longitudinal studies, none have shown marked rates of change that consistently
relate to the trajectory of pathology and/or symptoms [11,14,15].

CMGA: Two longitudinal CSF studies using MS reported 7-15% annualized decreases in
relatively small groups of participants (30 & 45) with AD [,17, 18]. In the Wildsmith et al.
study using MS, CSF CMGA was robustly correlated with CSF tau (r = 0.69)[18] raising the
question of how much additional information it would contribute as a predictor of disease
trajectory.

FABPH: Several studies have reported fairly large group differences for CSF FABPH using
radioimmunologic assays [19-21], and this finding was replicated in our earlier study [13]
using the Caprion multiplex MRM panel. FABPH may play a role in hippocampal loss in
AD [18].

NPTX2: NPTX2 is a member of the family of neuronal pentraxins that include NPTX1

and NPTXR, proteins secreted from pyramidal neurons that can oligomerize to form mixed
NPTX complexes that bind to and modulate post-synaptic AMPA type glutamate receptors
on GABAergic parvalbumin interneurons [22,23]. Notably, NPTX2 was reported by both
Wildsmith et al. [18] and Hendrickson et al. [17] as showing annualized decreases of 7% or
more in AD participants. It also emerged as a very strong predictor of “progression” from
MCI to AD in the cross-sectional ADNI samples analyzed by the MRM assay [13].

SCG2 and VGF: These members of the dense core protein families are typically transported
in synaptic vesicles and may also serve as markers of synaptic loss and neuronal injury/
degeneration [24]. Both emerged as strong predictors from the Spellman et al. [13]
cross-sectional study of participants with MCI who progressed to dementia. In the one
longitudinal study in AD from Hendrickson et al. [17] that reported VGF values, annualized
decreases of 15 — 20% per year were reported in patients with moderate to severe AD.
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Additionally, VGF has been identified as the single most common ‘candidate target’ in the
AMP-AD consortium effort to date (personal communication; unpublished results).

The availability of a detailed clinical characterization of participants and longitudinally
collected CSF samples provided by the ADNI resource in conjunction with employing

a rigorous method of absolute quantification of analyte concentration using targeted MS,
allowed us to estimate the shape of the mean within-subject trajectory of the five analytes’
concentration in participants with various clinical features and biomarker profiles. By
correlating these trajectories with the evolution of the participants’ clinical characteristics,
we were able to assess the suitability of each analyte as an early prognostic biomarker in
patients meeting clinical criteria for MCI.

2. Methods

2.1 Participant characteristics

The study participants consisted of 187 participants from the ADNI I, 11, and GO

Cohorts that participated in a minimum of three longitudinal CSF sample collections and
clinical assessments over a minimum of three years. The requirement of at least three
longitudinal samples and assessments rather than two was intended to provide a more
reliable estimate of the within-subject rate of change in analyte concentration as well

as clinical and physiological parameters. ADNI is a public-private partnership aimed at
evaluating known biomarkers and facilitating the discovery of novel biomarkers in early
stages of AD to support the development of drug treatments [25]. Procedures for participant
recruitment and sample processing followed standardized operating procedures that can

be reviewed at www.adni-info.org. The participants ranged across the disease spectrum
from those diagnosed at baseline as cognitively normal (CN; n=76) to those diagnosed

as MCI (n=111) as defined in ADNI. Thirteen percent of participants who were initially
diagnosed as CN were later diagnosed as MCI and 26% initially diagnosed as MCI, were
later diagnosed with Dementia (n=42). Participants’ data were downloaded from the ADNI
database (adni.loni.usc.edu) on June 6, 2019. Key clinical and demographic characteristics
of the study participants are summarized in Table 1. Data for approximately 80% of these
participants (n=144) included fluorodeoxyglucose-positron emission tomography (FDG-
PET) measures obtained within six months of their respective baseline visit, and these
participants were also categorized within the AT(N) framework (see Table 1 for details).

2.2 CSF samples

A total of seven hundred and fifty (750) unique CSF samples were included in the study.
Seven hundred and thirty (730) longitudinal samples were from the ADNI-1, ADNI-2

and ADNI-GO studies representing 198 participants (187 participants which were used

in the analyses provided 3 or more samples). Additionally, 20 blinded replicate aliquots,
one for each of 20 participants, were distributed throughout the analysis runs and used

to assess assay reproducibility. Sample aliquots were stored at —80°C until use. Due

to the presence of endogenous levels of the five absolute quantitation target proteins in
CSF, standard curve samples were prepared using recombinant proteins: CMGA (AbCam,
#AB85486); FABPH (Sigma Aldrich, SRP4503); NPTX2 (R&D Systems, 7816-NP-050);
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SCG2 (LSBio, #L.S-G25659); and VGF (Origene, TP309477) in 0.2 mg/mL BSA in water.
Quality control (QC) samples were prepared using the recombinant proteins diluted in a
CSF pool from 300 individual donors, representative of the study samples and supplied

by ADNI. Aliquots of the standard and QC samples were prepared and frozen at —-80°C
until use. The multiplexed MRM panel was composed of peptides representing five
proteins: CMGA (EDSLEAGLPLQVR), FABPH (SLGVGFATR), NPTX2 (TNYLYGK),
SCG2 (THLGEALAPLSK), and VGF (VLEYLNQEK) for absolute quantitation. Purified
synthetic stable isotope (1°N and 13C) labelled (SIL) peptides were from CPC Scientific
(EDSLEAGLPLQVR (CMGA); SLGVGFATR (FABPH); VLEYLNQEK (SCG2); and
THLGEALAPLSK (VGF)); and JPT Peptide Technologies (TNYLYGK (NPTX2)).

2.3 CSF sample processing

The 750 CSF samples were processed in four batches, keeping longitudinal samples from
each individual participant in the same batch. Fifty (50) pL of CSF were denatured with
trifluoroethanol (Sigma) followed by proteolytic digestion with trypsin (Promega) at an
approximate 1:25 protease to protein ratio overnight at 37°C. Digestion was stopped by
acidification with trifluoroacetic acid. SIL peptides (300 fmol) were spiked into the peptide
samples. Peptides were subsequently desalted using Oasis MCX desalting plates (Waters),
aliquoted into two replicate mass spectrometry plates, dried by vacuum evaporation and
stored at —20°C prior to MS analysis. A flow chart summarizing the sample processing steps
is presented in Supplemental Figure S1.

2.4 LC-MRM/MS analysis of CSF samples

Samples were injected by processing batch. The processed samples were re-solubilized
with 10 pL of 97/3 (v/v) water/acetonitrile, containing 5 internal standard peptides (ISP):
FSDISAAK (ISP-1), ASSILAT (ISP-2), NVDQSLLELHK (ISP-3), QNNGAFDETLFR
(ISP-4) and ELWFSDDPDVTK (ISP-5), each at 100 ng/mL. The ISP peptides elute at
different retention times during the chromatographic gradient and were used to monitor
instrument performance during sample analysis. Seven (7) pL of material was injected, per
sample, onto a NanoAcquity UPLC (Waters) coupled to a 6500 QTRAP mass spectrometer
(AB Sciex). Peptide separation was achieved using a 500 pm x 10 mm, 2.7 um particle

size Halo Peptides ES C18 column (Canada Life Science) at a flow rate of 18 pL/min
(Supplemental Table S4). Two 6500 QTRAP (AB Sciex) mass spectrometers were used in
the analysis of the samples. Two runs were analyzed on one instrument and the other 2 runs
were analyzed on a separate instrument. Prior to analysis, the two mass spectrometers were
cross validated by testing the backup plates from three precision and accuracy runs. Further
details are described in the Supplemental Methods section.

2.5 Absolute quantitation

Absolute quantitation was performed using the surrogate peptide approach. A single peptide/
transition was used for quantitation and was selected based on the following criteria:
sensitivity, chromatographic performance, lack of interference, linearity, precision, and
accuracy (Supplemental Table S3). Peak integration was performed using MultiQuant
software (Version 2.1, AB Sciex). The peak area ratio (endogenous peptide signal/SIL
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peptide ratio) was used to back calculate the concentration of the respective target protein
from standard curves created using recombinant versions of the target proteins.

2.6 Data QC and normalization

Each sample batch consisted of three digestion/MS plates. The 20 replicated samples
spanned 11 of the 12 analysis plates providing a means of interrogating replication between
both plate level processing and run order effects. Block and batch effects due to sample
processing or injection run order are common with LC-MS based assays. The standards

and calibration curves utilized in this study to generate absolute concentrations for the
targeted analytes, however, were designed to minimize or eliminate these biases. Simca-P 15
(Umetrics, Inc.) with 7-fold cross validation was used to generate multivariate quantitative
partial-least-squares (PLS) and class discriminant models (PLS-DA) to test for residual
block effects in the final quantitative data. The data from the five targeted analytes were used
as the independent block to predict the noted outcomes. All data processing was performed
on Z-normed log-2 scaled data.

2.7 Primary Statistical Analysis

Our primary goal was to investigate longitudinal changes in the concentrations of five
candidate analytes (CMGA, FABPH, NPTX2, SCG2, and VGF) in the CSF of individuals
from the ADNI cohorts. Specifically, we estimated and compared the mean rates of change
in analyte concentrations between study participants categorized at baseline as CN and
MCI. In addition to estimating the rates of change in analyte concentration, we tested

the hypothesis that the rate of change in each subgroup was different from zero, and

that the rates of change differed between the subgroups. We also compared the rates

of change between participants with baseline CSF p-Taul81/AB1-42 ratio below 0.025
(ratio negative), and participants with baseline p-Taul81/AB1-42 ratio at or above 0.025
(ratio positive)[26]. Lastly, we compared the rates of change between participants whose
diagnosis changed from CN to MCI or from MCI to dementia within 4 years and 1 month
(progressors) and participants who maintained their diagnosis of CN or MCI for longer
than 4 years and 1 month (non-progressors). The cutoff of 4 years and 1 month was
established based on examining the data; approximately 20% of the participants’ diagnosis
changed within 4 years, with a handful of participants progressing just a few days after this
cutoff. The proportion of participants who progressed after 4 years and 1 month declined
sharply (68 study participants (36%) did not progress from their baseline diagnosis during
the follow-up period and 11 of those 68 reverted to their earlier diagnosis). The statistical
methodology employed in the data analysis had been defined in a formal statistical analysis
plan before the final data became available.

The endpoint was defined as the change from baseline in the estimated concentration of each
of the five candidate proteins. To estimate the mean rates of change and test the hypotheses,
we employed Linear Mixed Effects (LME) modelling with participant and recruitment site
as random factors. Three separate models were fitted to compare CN and MCI participants,
p-Tauig1/AB1_4 ratio positive and negative participants, as well as clinical progressors and
non-progressors:
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1 The first LME model involved time (continuous), baseline diagnosis (CN or
MCI) and their interaction as predictors, baseline concentration of the analyte,
sex, ApoE e4 carrier status, education level, age at study entry, sample position
on plate, sample injection order and sample storage time as covariates.

2. The second model featured time (continuous), p-Tau;g1/AB1-_42 ratio status
(positive or negative) and their interaction as predictors, and all the covariates
listed in Model 1 with baseline diagnosis as an additional covariate.

3. The final model included time (continuous), progression status (‘progressor’
or ‘non-progressor’) and their interaction as predictors, and all the covariates
listed in Model 1 with baseline p-Tau;g1/AB1_4 ratio and baseline diagnosis as
additional covariates.

Post-hoc analyses examining the relationship between the rates of change in NPTX2
concentration and the rates of change in known biomarkers of neurodegeneration (p-Taujg,
FDG-PET, hippocampal volume) and measures of cognitive ability (MMSE, Adas-Cog13)
involved assessing the correlation between pairs of mean yearly slopes obtained from the
same participant using Pearson’s product moment correlation coefficient, and testing the
null hypothesis of the correlation coefficient being equal to zero. All reported p-values are
unadjusted for multiplicity.

2.8 Data availability

The authors confirm that the data supporting the findings of this study are available within
the article and its Supplementary material. Per the data-sharing ADNI requirement, all data
associated with this study has been uploaded to the central ADNI data site (LONI).

3. Results

3.1 Primary results models of longitudinal NPTX2 changes across clinical subsets

The goal of the present study was to examine the rate of change in the concentration

of five proteins — CMGA, FABPH, NPTX2, SCG2 and VGF - in the CSF, and to

compare these rates between participants stratified on the basis of clinical diagnosis,

ratio positivity and clinical progression. Specifically, we fitted three longitudinal linear
models to statistically test whether: 1. The repeated within-subject measurements of analyte
concentration exhibited robust changes in time across all participants in our analysis set or
their pre-defined subsets; and 2. whether the rate of change in the analyte concentrations
was associated with differences in clinical characteristics such as diagnosis, p-Tau1gi/Ap1-42
ratio, and clinical progression.

The results of the longitudinal modeling effort, which allowed us to adjust for important
covariates such as each participant’s age, gender, APOE status and education level,
suggested that the concentration of CMGA, NPTX2, SCG2 and VGF proteins in the
participants’ CSF tended to decrease in time. These declines were especially evident among
participants who were p-Tau1g1/AP1_42 ratio positive at baseline (Figure 1 and Figure

2B for NPTX2, Table 2, Figures S4-S7). However, the largest declines, which were also
supported by the strongest statistical evidence, were observed for NPTX2. The concentration
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of NPTX2 among participants with a baseline clinical diagnosis of MCI declined by 0.08
ng/mL per year on average (p < 0.0001), and by 0.09 ng/mL (p < 0.0001) among participants
with the biomarker profile indicative of AD (baseline p-Tau1g1/AB1_42 ratio = 0.025; i.e.,
ratio positive). The declines in NPTX2 concentration were statistically significantly larger
among participants classified as MCI compared to cognitively normal participants (p =
0.008); as well as between p-Tau;g1/AB1_4 ratio positive participants at baseline compared
to ratio negative participants (p = 0.001; see Figure 2 and Table 2 for details); i.e., among
groups of participants that are farther along the disease continuum.

The magnitude of the declines in NPTX2 concentrations also varied between progressors
and non-progressors (-0.11 vs. —0.03 ng/mL; p = 0.0004, Figure 2C and Table 2), further
validating the association of NPTX2 concentration and clinical prognosis. To put these
differences in context, consider that the average baseline concentration of NPTX2 in the
study participants was 4.7 + 0.6 ng/mL (mean * standard deviation). Thus, over a five-year
period, a decline of 0.1 ng/mL per year amounts to a cumulative decrease of around

10% or one standard deviation (Figure S8). To validate these findings, we analyzed a
restricted dataset involving 110 (59%) participants with at least three measures of NPTX2
concentration in the first four years since their first visit to rule out potential undue influence
of a small number of measurements from a minority of participants with longer than usual
follow-up. This analysis yielded very similar results to those presented here (data not
shown).

3.2 Correlations of the rate of change in NPTX2 concentration with cognitive measures
and AD biomarkers

To elucidate the potential role of NPTX2 in the pathophysiologic processes involved in the
progression of AD, we examined the relationship between the rates of change in NPTX2
concentration and the rates of change in known biomarkers of neurodegeneration (p-Taujg,
FDG-PET, Hippocampal volume) and measures of cognitive ability (Table S7). These were
exploratory post-hoc analyses. Among the observed relationships, there was a modest
positive relationship between the rates of change in NPTX2 and p-Tau;g; concentrations

in CSF, such that individuals with high rates of decline in NPTX2 had either no change

in p-Tauyg; or slight decreases over the same period. (Figure S12). This relationship was
especially evident among participants with baseline p-Tau1g1/AB1-42 = 0.025 (i.e., ratio
positive).

Declines in NPTX2 concentration were also correlated with cognitive declines primarily
among participants classified as MCI or p-Tau;g1/AB1_4 ratio positive (Figure 3). These
correlations appear fairly robust; even after excluding potentially influential observations
(i.e., mean yearly changes in MMSE < -4 and Adas-Cog13 > 10) the correlations

remained statistically significant (MMSE: p = 0.016, Adas-Cog13: p = 0.012), albeit
moderate in strength (MMSE: r = 0.26, Adas-Cog13: r = —0.28). The statistically significant
correlation observed between NPTX2 concentration and Adas-Cog13 cognitive measure and
hippocampal volume among CN participants (Table S7), may point to NPTX2 as a potential
prognostic marker of impending brain degeneration and cognitive decline.
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4. Discussion

Out of the five studied candidate biomarkers, NPTX2 showed the most significant within-
subject changes over the course of three or more years. While within-subject trajectories

of CSF concentrations of the five proteins of interest in ADNI CN and MCI participants
were highly variable over a period of three or more years, group level trajectories based on
baseline diagnosis, baseline p-Tauig1/Ap1-42 ratios in CSF and clinical progression showed
differential patterns of change, with those in NPTX2 standing out. CMGA, NPTX2, SCG2
and VGF all showed steeper declines in ratio positive participants, classified as exhibiting
p-Tauig1/AB1-_47 baseline ratio above 0.025 [26]. In contrast, a hypothesized decline in
FABPH across the subgroups based on earlier cross-sectional studies comparing control,
MCI, and AD participants [13] was not observed. This finding highlights the importance of
within-subject longitudinal studies for validating or refuting inferences from cross-sectional
comparisons between diagnostic groups. This study specifically focused on assessing within
MCI participant changes over time in selected analytes that had not previously been
followed longitudinally. Baseline values in MCI participants of neurogranin, VILIP-1 and
others, are predictive of subsequent clinical worsening. However, given their very modest
(< 5%) annualized rates of change at the group level and small number of participants with
large changes, their longitudinal trajectories have not emerged as likely to provide much
additional biologically relevant information [14,27-32].

From the perspective of identifying a novel biomarker that might apply to drug development,
we required a sufficiently accurate and precise assay to interpret individual level changes as
reflecting biologic processes. Therefore, we developed a quantitative MS assay with labeled
analyte internal standards, building on our earlier semi-quantitative one [13]. Moreover, a
minimum of three CSF samples at roughly annual or longer intervals allowed for more
reliable within-subject calculations of rates of change. Using this refined methodology, we
identified NPTX2 as the analyte that, at a group level, exhibited statistically significant

rates of decline in its CSF concentration far greater than any of the other four analytes
among MCI participants versus CN; among progressors versus non-progressors; as well

as in participants with positive baseline CSF values of p-Tauig1/AB1_42 Versus ratio

negative participants. Second, we observed that NPTX2 declined in 77% (30 out of 39)

of progressing and 72% (61 out of 85) of ratio positive participants, a substantial proportion
(See Figures S10 and S11). These results extend those from cross-sectional studies, which
supported that “baseline” values of NPTX2 concentration in the CSF of MCI participants
when added to AB4» provided for improved early prognosis compared to AP, alone,

and that when added to AR, and p-Tauygs [23], this information provided for a more
accurate prediction of disease progression using the National Institute on Aging/Alzheimer’s
Association AT(N) classification scheme [9]. The important extension that our longitudinal
study provides is the presence of a substantially accelerated clinical progression as indexed
by meeting AD diagnostic criteria or by measures of cognitive decline in those individuals in
whom NPTX2 decreases regardless of its baseline value.

From the perspective of multiple processes contributing to clinical progression beyond the
degree of AD pathologic changes, our findings provide a rationale for exploring whether
modulation of NPTX2 as a therapeutic target for slowing clinical progression in at least
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a subset of MCI patients who are biologically positive for AD according to the AT(N)
classification.

The biological role of NPTX2 has been of wide interest and, at least in animals, one relevant
to neuronal function related to cognition based on its involvement in activity-dependent
plasticity [33]. NPTX2 is a member of a family of ‘long’ neuronal pentraxins that traffic to
the extracellular surface at excitatory synapses [33]. They have been shown to bind AMPA
type glutamate receptors and contribute to both developmental and adult synaptic plasticity
[34-41]. Xiao et al. [22] found that NPTX2 was down-regulated in the post-mortem brain
of human participants with AD and reduced in the CSF of AD patients, which correlated
with diminished cognitive function. Xiao et al.[22] interpreted their findings as supporting
the hypothesis “that NPTX2 down-regulation ... represents a previously unrecognized
mechanism important for human cognitive dysfunction and progression in Alzheimer’s
disease”. Furthermore, they noted that since NPTX2 is not down-regulated in a widely used
model of mouse amyloidosis [42], and is distinct from other CSF markers attributed to
neurodegeneration including Tau and p-Tau, NPTX2 is an indicator of specific rather than
general decrease in excitatory synapse function. This stands in contrast to the more general
synaptic marker neurogranin, increased concentrations of which are highly correlated with
Tau and overall pathology [11,14,27,28]. A subsequent study in a UCSD cohort showed that
the CSF concentration of NPTX2 correlated with cognitive function in MCI participants and
was predictive of progression to dementia using the MS data generated by our team and
available online [23]. An independent follow-up analysis of the same cross-sectional dataset
further demonstrated the strong predictive power of decreased NPTX2 concentration in
memory decline and medial temporal lobe atrophy [43]. Overall, these studies and analyses
show that lower values of NPTX2 in the CSF are associated with poor cognitive function
consistent with the possibility that NPTX2 concentrations reflect the function of a discrete
population of excitatory synapses in the brain [22]. Recently, NPTX2 decline has also been
reported to be associated with the clinical progression of FTD [44], which suggests that it
taps into a process that may be relevant to interactions with other primary pathophysiologic
processes.

Our findings on the relationship of longitudinal changes in NPTX2 to the degree of AD
pathology as indexed by the p-Tau;g1/AB1_42 ratio; stable or progressing MCI; and cognitive
function address a related question: To what extent do within-subject decreases of CSF
NPTX2 in MCI participants independent of baseline values predict or correlate with various
clinical trajectories? Since within-subject declines of NPTX2 in the present study correlate
with declines in cognitive function of patients beyond what could be explained by AB1_4,
Tau and structural measures, we explored whether these changes could be clearly related to
other processes that were documented over time in the same ADNI participants. If the loss
of NPTX2 was simply a reflection of the general loss of grey matter (an aspect of AD), then
it would not be as useful as a biomarker with direct relevance.

The patterns of change (Figure 2 and Figures S9-S11) argue strongly against an overall

loss of tissue or extent of brain pathology as an explanation for the decline in NPTX2. For
instance, a substantial proportion of individuals, who progress or have high p-Tauig1/AP1_42
ratios, did not show a decline in NPTX2 concentration. Furthermore, no correlations
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were observed between declines in NPTX2 and hippocampal volume among the studied
participants.

Unexpectedly, individuals who showed the greatest rates of decline in NPTX2 were those
in whom p-Tauqg; did not change or slightly decreased. This is in the opposite direction
of what would be expected if worsening pathology, as indexed by increased p-Taujg,

was the main determinant of decline in NPTX2. This raises the possibility that in some
participants who are positive for AD pathology, a process underlying the declines in NPTX2,
accelerates a cognitive decline that is not simply a cascading downstream consequence of
AD pathology. Put another way, the present findings indicate that no matter what an MCI
participant’s starting NPTX2 concentration is in the CSF, if it decreases over a period

of several subsequent years, cognitive function will decrease more rapidly, supporting our
findings that the presence of AD pathology as indicated by p-Tau;g1/AP1_42 ratios is not
a necessary or sufficient determinant of decreases in NPTX2. This further strengthens

the speculation raised by Xiao et al. [22], that NPTX2 could be a therapeutic target for
intervention with the added perspective that this might be the case in only a subset of MCI
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Mean yearly rates of change in the CSF concentration of each of the five studied analytes
(columns) in subgroups of study participants defined by baseline diagnosis (Model 1; first
row), baseline p-Tau;g1/AB1-42 ratio positivity (Model 2; second row) and progression
(Model 3; third row). CN: cognitively normal (blue); MCI: mild cognitive impairment
(red); Ratio+: participantswith p-Tau1g1/Ap1_42 = 0.025 (red); Ratio—: participants with
p-Tau1g1/AB1-42 < 0.025 (blue); Prog.: progressors (red), i.e., participantswho were initially
diagnosed as CN (resp. MCI) and who were diagnosed within 4 years and 1 month after the
initial diagnosis with MCI or dementia (resp. dementia). Nonprog.: non-progressors (blue).
The x-axis corresponds to a period of one year.
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Figure2:
Longitudinal changes from baseline in CSF concentration of NPTX2 (raw data from

individual participants: thin lines; mean changes resulting from the LME model: thick lines,
also shown in Figure 1 under ‘NPTX2"). A) Participants categorized as CN at baseline
(blue); participantscategorized as MCI at baseline (red). B) Participants categorized as
p-Tauyg1/AB1-_47 ratio positive at baseline (red); participants categorized as p-Tau1g1/AB1-42
ratio negative at baseline (blue). C) Participants categorized as progressors (red); participants
categorized as non-progressors (blue).
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Table 1:

Demographic, cognitive and biomarker characteristics of the study participants

Page 20

Cognitively normal (n=76) | MCI (n=111) Total (n =187)
Age (years; mean + sd) 755+55 71+£73 73+6.9
Sex (% female) 49% 40% 43%
Education (years; mean * sd) 16.1+29 16.3+27 16.2+28
ApOE status (% e4 carriers) 22% 50% 39%
Number of visits (median (range)) 3(3-7) 3(3-8) 3(3-8)

Length of follow-up (years; mean + sd; median (range))

51+2.0; 4.1 (3-10.2)

45+1.4;4(2.8-10.1)

47+17;4(2.8-10.2)

Progressors (%) 13% 26% 21%

p-Tauyg;/AB1_4; ratio at baseline (mean * sd) 0.026 +0.021 0.042 £0.039 0.036 +0.034

p-Tauyg1/AP;_4, ratio status at baseline (% positive) 32% 55% 46%

MMSE (mean * sd) 203+11 271.7+18 284+1.7

ADAS-cog (mean =+ sd) 8.7+45 15.4 + 6.2 (N=110) 12.6 + 6.5 (N=186)
Cognitively normal (N =53) | MCI (N =91) Total (N = 144)

A-T-N- 32% 26% 28%

A+T-N- 15% 15% 15%

A+T+N- 11% 21% 17%

A+T+N+ 4% 22% 15%

A+T-N+ 2% 4% 3%

A-T+N- 23% 7% 13%

A-T-N+ 9% 3% 6%

A-T+N+ 4% 1% 2%

MCI: Mild cognitive impairment

ApoE: Apolipoprotein E

Progressors: participants who were initially diagnosed as CN (resp. MCI) and who were diagnosed within 4 years and 1 month after the initial

diagnosis with MCI or Dementia (resp. Dementia)

p-Tau181/AP1-42 ratio status: participants with p-Tau181 / AB1—42 = 0.025 were classified as “ratio positive”, all others were “ratio

negative”[26].

MMSE: Mini-Mental State Examination

ADAS-cog: Alzheimer’s disease Assessment Scale - cognitive subscale

A+: AB1-42 <980 pg/mL; A—: AB1-42 > 980 pg/mL [9]

T+: p-tau181 = 24 pg/mL; T-: p-tau181 < 24 pg/mL [9]

N+: FDG-PET SUVr value < 1.21; N-: FDG-PET SUVTr value > 1.21 [9]
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Table 2:

Mean yearly rates of change in the CSF concentration of the five analytes under study resulting from
the mixed-effects modeling and their differences among various subsets of study participants. P-values

(unadjusted for multiplicity) are associated with the tests of the hypothesis that mean rate of change is equal to

zero, or the hypothesis that the two rates of change estimated for two participant groups are the same.

CMGA FABPH NPTX2 SCG2 VGF
CN at baseline vs. zero -0.01+0.01 0.01+0.01 —-0.03 £ 0.02 -0.02+£0.01 —-0.02 £ 0.02
Model 1 | MCI at baseline vs. zero -0.04+001 | 002+001 " | -008+0027 | ~002£001 | _004+002
CN vs. MCI at baseline 0.02+0.01 001001 | ggs5+002 * | 0.01£001 0.02+0.02
Ratio- at baseline vs. zero -0.01+0.01 0.02 +0.01 -0.03 £ 0.02 0+0.01 -0.01 +0.02
Model 2 | Ratio+ baseline vs. zero -0.05+0017 [ 0:02£0.01 | _009+0.027 | 004001 | -0.06+0.02 %
Ratio+ vs. Ratio— at baseline 004+0017 [ 0+001 006002 7 | 003001 | 005+0027
Non-progressors vs. zero -0.02 £ 0.01 0.01+0.01 —0.03 £0.02 -0.02 £ 0.01 —0.02 £ 0.02
Model 3 | Progressors vs. zero -0.05+002 7| 0012002 | 91140027 | 003002 | 9064002~
Progressors vs. Non-progressors | 0.03 +0.02 0+0.01 0.08+002% | 001£002 0.04+0.02

CN: cognitively normal

MCI: mild cognitive impairment

Ratio+: participants with p-Tau181 / AB1-42 = 0.025 [26]

Ratio—: participants with p-Tau181 / AB1-42 < 0.025 [26]

Progressors: participants who were initially diagnosed as CN (resp. MCI) and who were diagnosed within 4 years and 1 month after the initial
diagnosis with MCI or dementia (resp. dementia)

*
)<0.05;

f)<0.005;

’t)<0.0005
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