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ABSTRACT

Objective: To identify a panel of peripheral inflammatory/immune mediators that could discrimi-
nate Parkinson disease with dementia (PDD) from Parkinson disease (PD) without dementia.

Methods: Plasma samples from 52 patients with PD and 22 patients with PDD were prepared from
freshly collected blood following an institutional review board-approved protocol. A total of 160
proteins were measured using a multiplex antibody array. Plasma «-synuclein levels were analyzed
by an electrochemiluminescence immunoassay. The main objective of the statistical analyses was to
identify PDD discriminants using the plasma protein profile alone or in combination with age.

Results: The PD and PDD groups differed significantly in cognitive measurements (Mini-Mental
State Examination, Auditory Verbal Learning Test-A7, and Clinical Dementia Rating) and age.
The age-adjusted levels of thymus and activation-regulated chemokine (TARC) and platelet-
derived growth factor (PDGF)-AA were significantly different between disease groups. The levels
of plasma a-synuclein significantly correlated with 26 proteins; among them, PDGF-BB, TARC,
PDGF-AA, and epidermal growth factor were the highest. Linear discriminant analysis with leave-
one-out cross-validation identified a 14-protein panel with age as discriminants of PDD (96%
sensitivity, 89% specificity, area under the curve = 0.9615).

Conclusions: We showed that multiple proteins that are mediators of growth/trophic and immune
response-related pathways had discriminatory power for identifying PDD in patients with PD.
Validation of this discovery-based study in longitudinal population-based studies is warranted.

Classification of evidence: This study provides Class Il evidence that a 14-protein panel plasma
assay combined with age has a sensitivity of 96% and a specificity of 89% for PDD. Neurol
Neuroimmunol Neuroinflamm 2016;3:e193; doi: 10.1212/NX1.0000000000000193

GLOSSARY

AUC = area under the curve; ASAND = Arizona Study of Aging and Neurodegenerative Disorders; AVLT-A7 = Auditory Verbal
Learning Test-A7; BLC = B lymphocyte chemoattractant; BMP = bone morphogenetic protein; BTC = betacellulin; CCL =
chemokine (C-C motif) ligand; CD14 = cluster of differentiation 14; CDR = Clinical Dementia Rating; CEACAM-1 = carcinoem-
bryonic antigen cell adhesion molecule-1; CXCL = chemokine (C-X-C motif) ligand; DRS-2 = Dementia Rating Scale-2; DSM-IV =
Diagnostic and Statistical Manual of Mental Disorders, 4th edition; EGF = epidermal growth factor; ENA-78 = epithelial-derived
neutrophil-activating peptide 78; ErbB3 = receptor tyrosine-protein kinase erbB-3; FDR = false discovery rate; FGF-4 = fibro-
blast growth factor-4; GDNF = flial cell-derived neurotrophic factor; GITR = glucocorticoid-induced TNFR-related protein;
GRO = growth-regulated alpha protein; HBEGF = heparin-binding EGF-like growth factor; IGF-1 = insulin-like growth factor-
1; IGFBP = insulin like growth factor binding protein; IL = interleukin; LDA = linear discriminant analysis; LIGHT = TNF ligand
superfamily member 14; MIG = monokine induced by interferon-gamma; MMSE = Mini-Mental State Examination; NGF = nerve
growth factor; NT = neurotrophin; PD = Parkinson disease; PDD = Parkinson disease with dementia; PDGF = platelet-derived
growth factor; PIGF = placenta growth factor; QEEG = quantitative EEG; RANTES = regulated on activation, normal T cell
expressed and secreted; ROC = receiver operating characteristic; SCF = stem cell factor; TARC = thymus and activation-
regulated chemokine; TGF-B 3 = Transforming growth factor-g-3; TIMP-1 = tissue inhibitor of metalloproteinases-1; TNF =
tumor necrosis factor; uPAR = urokinase plasminogen activator receptor.

Progressive cognitive decline leading to dementia is a major nonmotor clinical feature frequently
observed during the course of Parkinson disease (PD). The cognitive deficits affect the domains of
attention, execution function, language, visuospatial functions, and memory in patterns distin-
guishable from Alzheimer disease.” Patients with PD have a 4- to 6-fold greater incidence of
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dementia than normal controls.>* Studies that
followed patients with PD for 8 or 20 years
reported cumulative prevalence rates of demen-
tia of 78% and 83%, respectively.>® Having
both dementia and motor dysfunctions in-
creases mortality by 3.8-fold.” Dementia also
decreases the quality of life for patients with
PD while increasing financial and caregiving
burdens.® "

It is important to diagnose cognitive
impairment at the earliest stage in order to
improve the effectiveness of the limited treat-

ment options.'>'4

Because early symptoms are
often underrecognized, it would be useful if
cognition-associated blood biomarkers that dis-
criminate PD with dementia (PDD) from PD
could improve the accuracy of diagnosis.”
Peripheral inflammatory cytokines, chemo-
kines, and growth factors have been investigated
for their relationship with cognitive decline in
patients with PD."*° Lower levels of epidermal
growth factor (EGF) have been shown to cor-
relate with poor cognitive performance and
development of PDD in a separate cohort.'®'®
Results of these studies support the potential of
blood-based biomarkers for predicting cognitive
dysfunction in patients with PD.

To identify further plasma proteins that may
serve as discriminants for PDD, we used an
unbiased biomarker discovery approach.”’ The
findings from a cohort of 52 patients with PD

and 22 patients with PDD are reported here.

METHODS Classification of evidence. This study aimed to
determine whether there is a specific panel of plasma immune and
growth factors that distinguish PDD from PD. The study pro-
vides Class III evidence that a 14-protein panel plasma assay
combined with age has a sensitivity of 96% and a specificity of
89% for PDD in a cohort of 52 patients with PD and 22
patients with PDD.

Participants. This cross-sectional study consisted of 52 patients
with PD and 22 patients with PDD who were recruited at the
Banner Sun Health Research Institute. Fifty-one of the patients
with PD and 8 of patients with PDD were enrolled in the
Arizona Study of Aging and Neurodegenerative Disorders
(ASAND) (previously called Brain and Body Donation
Program).”> One patient with PD and 14 patients with PDD
were not enrolled in ASAND, but they received clinical
diagnosis from the attending neurologists at the same clinical

center as ASAND was operated.

Standard protocol approvals, registrations, and patient
consents. The study was conducted according to the human
subject study protocol (number 20111004) approved by Western
Institutional Review Board (Puyallup, WA). Written informed

consent was obtained from all participants.
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Diagnosis. ASAND participants received annual movement, clin-
ical, and neuropsychological assessments.”” PD diagnosis is based on
having 2 of 3 cardinal features of PD (resting tremor, bradykinesia, or
rigidity), no obvious symptomatic causes, and documented response
to dopaminergic medication. A large battery of neuropsychological
tests is performed annually on the ASAND participants. These tests
include the Mini-Mental State Examination (MMSE), Rey Auditory
Verbal Learning Test-A7 (AVLT), Controlled Oral Word
Association Test, Stroop Interference, Trails B, Wechsler Adult
Intelligence  Scale-IIl  Digit Span, and Judgment of Line
Orientation Test. Participants were classified as having PDD or
PD by consensus conference among the clinical center movement
disorder neurologist, behavioral neurologist, and neuropsychologists
based on the Movement Disorder Society criteria for the diagnosis of
PDD and the DSM-IV criteria for dementia. The present study
excluded patients with PD who were diagnosed as having PD with
mild cognitive impairment.”> The record of when PD and PDD
were diagnosed was available in 18 patients with PDD. The duration
of PD prior to diagnosis of PDD as well as the duration between
PDD diagnosis and blood draw were calculated for these patients.

Blood sample collection. Approximately 16 mL of blood from
each participant was collected into 2 ethylenediaminetetraacetic
acid—coated tubes and processed within 30 minutes to obtain
plasma by centrifugation at 1,500¢ for 15 minutes, a standardized
procedure according to the recommendations of the Parkinson’s
Progression Marker Initiative.?* Plasma samples were aliquoted
into 250 pL volume and stored at —80°C until analysis. Aliquots
were thawed and mixed gently prior to all of the assays. No gen-
otype and gene mutation were determined in this study because

DNA samples were not available.

Quantibody multiplex ELISA assays. The Quantibody
Human Cytokine Array Q3000 (RayBiotech, Norcross, GA) was
used to measure the concentrations of 160 cytokines, chemokines, re-
ceptors, and growth factors, with results calculated relative to the
known concentrations of protein standards. The list of these proteins
is available at the company’s Web site (http://www.raybiotech.com/
quantibody-human-cytokine-array-3000.html).  The arrays were
constructed on glass slides spotted with 16 wells of an identical
antibody panel with each antibody spotted in quadruplicate. The
standard curves were generated from 6 to 8 diluted concentrations
of standard proteins on each slide. The assay procedure followed the
manufacturer’s protocol. Lower limits of detection were determined
using the lowest concentrations of standards that were at least 3 times
above the background. Data output was analyzed with Quantibody
Q-Analyzer software. The reproducibility of the assay determined by

coefficient of variation is <20%.

a-Synuclein ELISA. The plasma a-synuclein levels were mea-
sured by Human a-Synuclein kit (Meso Scale Diagnostics, Rock-
ville, MD) following the manufacturer’s protocol. The assay was
similar to conventional ELISAs except captured antigen was
detected by the a-synuclein antibody conjugated with electro-
chemiluminescent labels. The emitted electrosignals were read
by a MESO QuickPlex SQ 120 plate reader (Meso Scale Diag-
nostics). The values of standard curves and protein concentrations
in each replicate were calculated with Discovery Workbench Soft-
ware provided by the manufacturer. The optimal dilution factor
(1:40) was determined in a subset of the plasma samples before

assaying the entire sample series.

Statistical analysis. The main goal of the statistical analysis was
to identify those measures best able to distinguish PDD from PD.
This was accomplished by using linear discriminant analysis

(LDA) classification models. Levels of individual proteins were
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first examined for their capacity to separate PDD from PD
using independent 2-sample Student # tests with false discovery
rate (FDR) for muldple comparison correction for the
distinguishing power of each individual protein and without
multiple comparison correction as a feature selection procedure
to identify a discriminant protein panel before LDA. A second
LDA was performed using automated stepwise selection of 161
proteins to determine the best protein panel.

In all LDA classification models, performance metrics of sensi-
tivity and specificity, based on the optimal threshold, and the area
under the receiver operating characteristic (ROC) curve (AUC)
were compared using leave-one-out cross-validation. The AUC
serves to evaluate overall model performance by taking into account
both the true-positive rate, or sensitivity, and the false-positive rate
at different confidence thresholds.** In each model, we aimed to
select a threshold corresponding to high sensitivity while maintain-
ing an acceptable specificity, or true-negative rate, in order to accu-
rately identify participants with dementia.

In addition to the primary purpose of identifying proteins
able to distinguish PD and PDD, the strengths of pairwise Pear-
son correlations for those proteins included in each model were
examined to explore possible interactions. Correlation analyses
were also performed to determine the separate association of these
proteins with age, a-synuclein levels, disease duration, and scores
assigned by neuropsychological assessment. The results were sub-
jected to multiple comparison correction using FDR. To assess
the relevance of the selected 14 protein discriminants, we exam-
ined the overall correlation of these proteins with cognitive meas-
ures such as MMSE, CDR, and AVLT-A7 using multivariable
linear regression models. Statistical analyses were performed using
the statistical package SPSS (version 22, IBM, Armonk, NY) with
subsequent modeling and performance comparison completed in

MATLAB (version R2014b, MathWorks, Natick, MA).

RESULTS Study cohort. Our study cohort consisted
of 59 ASAND participants (51 with PD and 8 with
PDD) and 15 non-ASAND participants (1 with PD
and 14 with PDD) who received medical care from
clinic neurologists at the study site. Although no
neuropsychological tests were performed on the 14

patients with PDD, clinical criteria for diagnosis
were consistent for all participants.

The demographic, movement, and neuropsycho-
logical features of the cohort are shown in table 1.
The PDD group was significantly older than the PD
group (p = 0.019). There was no difference in the ratio
of male to female participants between disease groups
(p = 0.697). The PDD group had significantly lower
AVLT-A7 and MMSE scores but higher CDR scores
than the PD group. The Unified Parkinson’s Disease
Rating Scale scores were not significandy different
between the PD and PDD groups (p = 0.270).

Using data from the 18 patients with PDD who
had record of disease diagnosis, the mean * SE of
the duration between diagnosis of PD and PDD was
10.2 & 1.38 years and the mean * SE of the duration
of dementia was 3.67 * 0.63 years.

Protein levels by disease group. We determined the
disease group differences in plasma levels of 161 pro-
teins. Significant differences were detected in 12 pro-
teins, including BMP-7, FGF-7, GDNF, IGFBP-1,
Insulin, NT-4, PDGEF-AA, PIGF, TARC, TGFb3,
SCF, and uPAR. Further analysis indicated that
age was a covariate of the protein levels, but not sex.
Because participants with PD and participants with
PDD differed in age, we then determined the disease
group differences after adjusting for age. Only TARC
and PDGF-AA levels remained significantly different
between disease groups. The levels in the PDD group
were higher than those in the PD group: 833.72 =+
92.69 pm/mL in PD and 1,222.25 * 144.74 pg/mL
in PDD (p = 0.029) for TARC and 6,497.12 *
497.64 pg/mL in PD and 8,521.12 = 777.06 pg/mL
in PDD (p = 0.034) for PDGF-AA. However, the
significance did not survive FDR correction.

[ Table 1

Demographic?® PD (n = 52)°

Age (52/22) 731 + 1.27 (47-87)
Sex

Male, n (%) 33(63.5)

Female, n (%) 19 (36.5)

Education, yr (47/7) 15.7 = 0.406 (8-23)

UPDRS score (44/5) 21.0 + 2.02 (0-54)
MMSE score (51/8)
AVLT-A7 score (51/8) 8.49 + 0.481 (2-15)

Global CDR (51/8)

27.96 = 0.284 (21-30)

0.049 =+ 0.0210 (0-0.5)

Demographic and neuropsychological features of the studied cohort ]

PDD (n = 22)° p Value®
78.4 + 1.59 (63-91) 0.019¢
15 (68.2) 0.697
7(31.8)

15.3 + 0.944 (12-20) 0.739
36.0 = 11.7 (6-74) 0.270
20.3 = 1.81 (15-29) 0.004¢
2.50 + 0.756 (0-6) 1.3E-5¢
1.63 + 0.183 (1-2) 5.1E-5¢

Abbreviations: AVLT-A7 = Auditory Verbal Learning Test-A7; CDR = Clinical Dementia Rating; MMSE = Mini-Mental State
Examination; PD = Parkinson disease; PDD = Parkinson disease with dementia; UPDRS = Unified Parkinson's Disease

Rating Scale.

2(No. patients with PD/no. patients with PDD) for each demographic.

®Mean =+ SE (range) for continuous variables.

°p Value from t test for continuous variables and x? test for categorical variables.

d Significant at « = 0.05.
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Biochemical discriminants of PDD. To determine LDA. The statistical steps and the findings of discrim-
whether measures of a single protein or a combination  inant panels are shown in figure 1.
of proteins might be useful for discriminating PDD We first determined whether age-adjusted TARC

from PD, we performed the simple and conventional and PDGF-AA levels could be used for disease

[ Figure 1 Statistical models and discriminant panels that discriminated PDD from PD ]

A

Total cohort:
51 PD + 22 PDD subjects
161 proteins

4 N\ 4
LDA model 1: LDA model 2:
Combining age with Biochemical measures
biochemical measures only
(161 proteins + age) ) L (161 proteins)
1 |
e B e
Stepwise selection: Stepwise selection:
14-protein panel + age 24-protein panel
& J \ J
A A
I 1 I 1
Chemokine GF IM VM Chemokine GF IM VM SP
CCL17 (TARC) BMP-5 IL-2 uPAR CCL13 (MCP-4) BMP-4 CD142 CEACAM-12 a-synuclein
CCL22 (MDC) FGF-4 IL-15 CCL17 (TARC)? BTC2 GITR LYVE-1
CXCL16 IGF-1 TNF-a CCL18 (PARC) ErbB32 IL-21R uPAR?
NGF-R CCL19 (MIP-3B) NT-3 LIGHT2
PDGF-AA CCL20 (MIP-3a) SCF
PDGF-BB CCL21 (6Ckine)
SCF CCL24 (Eotaxin-2)

CXCL1 (GRO)z
CXCL7 (NAP-2)
CXCL10 (IP-10)
CXCL13 (BLC)

1.0

0.9-
0.8
0.7
0.6-
0.5
0.4

True-positive rate

0.34
0.24
0.1

0.0 T T T T T T T T T d
00 01 02 03 04 05 06 07 08 09 1.0
False-positive rate

(A) The steps of linear discriminant analysis (LDA) to identify discriminants for Parkinson disease (PD) with dementia (PDD).
Two LDA models were used. Model 1 combined age with biochemical measures and led to 14 proteins that along with age
resulted in 96% sensitivity and 89% specificity (area under the curve [AUC] = 0.9615). Model 2 analyzed only biochemical
measures and led to 24 discriminants at 91% sensitivity and 100% specificity (AUC = 0.986). A smaller 9-protein (indi-
cated by superscript a in the model 2) panel is illustrated here. This subpanel gave 91% sensitivity and 90% specificity
(AUC = 0.9143). (B) The receiver operating characteristic (ROC) curve for the model including 14 proteins and age as
discriminants is shown here. The curve shows the true-positive rate, or sensitivity, and the false-positive rate, or 1 — spec-
ificity, at various confidence thresholds from the LDA model. GF = growth factor; IM = immune modulator; VM = vascular
modulator.
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discrimination given that the levels of these proteins
differed between disease groups before multiple com-
parison correction. However, the prediction value was
low (45% sensitivity and 67% specificity, AUC =
0.564).

Next, we tested whether combining age as a dis-
criminant with biochemical measures could success-
fully differentiate PDD from PD. In this model, a
14-protein panel (figure 1A) along with age gave
96% sensitivity and 89% specificity (AUC =
0.9615). Figure 1B displays the ROC curve for this
model, from which the optimal threshold was chosen
in order to maximize sensitivity. Based on current
understanding, 7 of these 14 proteins mediate growth
and trophic functions (BMP-5, FGF-4, IGF-1,
NGF-R, PDGF-AA, PDGF-BB, and SCEF).

We then tested a stepwise LDA model in which
only biochemical measures were considered as dis-
criminants. This second model selected 24 pro-
teins that identified PDD with 91% sensitivity
and 100% specificity (AUC = 0.986). The
24-protein panel consisted of 11 chemokines, 5
growth factors, 4 immune modulators, 3 vascular
modulators, and a-synuclein (figure 1). Among
chemokines, 7 belong to the CCL category
(CCL13, 17, 18,19, 20, 21, and 24) and 4 belong
to the CXCL category (CXCL1, 7, 10, and 13).
Notably, CCL17 (TARC), SCF, and uPAR were
selected by both models.

Based on this 24-protein panel finding, we further
determined the minimal number of proteins required
for obtaining an AUC of 0.90 by entering these pro-
teins into a new stepwise LDA model. As a result,
9 proteins (BLC, BTC, GRO, LIGHT, TARC,
CD14, CEACAM-1, ErbB3, and uPAR) were
selected that achieved 91% sensitivity and 90% spec-
ificity (AUC = 0.9143). This panel consisted of che-
mokines (CXCL1, CXCL13, and CCL17), growth
factors (BTC and ErbB3), immune cell modulators
(CD14 and LIGHT), and vascular modulators
(CEACAM-1 and uPAR).

Correlates of plasma a-synuclein. In this cohort, the age-
adjusted levels of a-synuclein did not differ between
the PD and PDD groups (PD: 38,424.546 =
1,958.331 pg/mL; PDD: 37,474.561 * 3,057.912
pg/mL; p = 0.798). However, analysis of correlations
between the levels of a-synuclein and other plasma
proteins showed significant positive correlations for
26 proteins (table 2). Among these proteins, the levels of
PDGF-BB, TARC, PDGF-AA, and EGF were most
highly correlated with a-synuclein (p < 0.0003).
These 4 proteins survived multiple comparison
correction using FDR.

Cognitive measures, age, duration, and biochemical

correlates. We also determined whether MMSE, CDR,

Table 2 Correlation coefficients of the proteins
that correlated with plasma a-synuclein
levels

Correlation

Protein coefficient® p Value®

PDGF-BB 0.535 9.03E-7

TARC 0.516 2.0E-6

PDGF-AA 0.460 3.8E-5

EGF 0.405 3.41E-4

PDGF-Rb 0.356 0.002°

MIF 0.348 0.002°

VEGF-R2 0.336 0.003°

MDC 0.331 0.004°

GRO 0.328 0.004°

Lipocalin-2 0.312 0.007¢

ENA-78 0.299 0.010°

ICAM-3 0.297 0.010¢

MPIF-1 0.295 0.011°

IL-29 0.282 0.015¢

BDNF 0.281 0.015¢

SDF-1a 0.274 0.018°

ICAM-1 0.265 0.022°

I-TAC 0.264 0.023°

VEGF 0.259 0.026°

RANTES 0.256 0.028°

GCP-2 0.255 0.028°

IL-17 0.254 0.029¢

SCF-R 0.244 0.036°

IL-17R 0.240 0.039°

MIP-18 0.234 0.044¢

IL-1-RI 0.234 0.045¢

@Bivariate Pearson correlation coefficient.

bp Value from 2-tailed correlation analysis.

°Did not survive multiple comparison correction using false
discovery rate.

AVLT-A7, age, and disease duraton correlated with
the protein levels in patients with PD (table 3).
Notably, TNF-a and IL-2, which were selected as
discriminants in the model including age, showed
significant positive correlations with CDR scores
(r = 0479, p = 3.75 X 107* for TNF-o; r =
0.365, p = 0.008 for IL-2). However, after
multiple comparison correction only lymphotactin
and TNF-a remained significantly correlated with
CDR scores. Among 19 proteins that showed
significant correlations with age, only TIMP-1 and
MIG remained significantly correlated with age after
FDR correction (» = 0.409, p = 0.0003 for TIMP-
0.397, p = 0.0005 for MIG). The

correlations with disease duration did not survive

1; » =

multiple comparison correction.
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Table 3 Neuropsychological measures, disease [ Table 3 Continued ]
duration, age, and biochemical
correlates Correlation
Protein coefficient® p Value®
Correlation ICAM-3 0.369 0.001°
Protein coefficient® p Value®
GDF-15 0.363 0.001°
MMSE
MIP-1d 0.358 0.002°
DR6 0.346 0.013¢
uPAR 0.331 0.004°
ENA-78 -0.330 0.018°
1-309 0.318 0.006°
IL-18 0.298 0.034°
MCP-1 0.318 0.006°
AVLT-A7
PDGF-Rb 0.311 0.007°
MIP-1d -0.401 0.0035¢
Eotaxin 0.280 0.016°
MIG -0.392 0.0044°
Ax| -0.276 0.017¢
LIF 0.356 0.010°
E-Selectin 0.276 0.017¢
MCP-1 -0.354 0.011°
CcCL28 0.265 0.022°
IL-17R -0.338 0.015°¢
6Ckine 0.264 0.023°
MSPa 0.297 0.034°
NT-4 -0.261 0.025¢
IGFBP-6 -0.282 0.045¢
FGF-4 -0.251 0.031°
Eotaxin -0.281 0.046°
TNF-RII 0.250 0.032°
Fas 0.279 0.047°¢
PF4 -0.232 0.047°
Global CDR
IL-18 -0.230 0.049¢
Lymphotactin 0.494 2.28E-4
TNF-a 0.479 3.75E-4 Abbreviations: AVLT-A7 = Auditory Verbal Learning
Test-A7; CDR = Clinical Dementia Rating; MMSE = Mini-
MCP-3 0.446 0.001°¢ Mental State Examination; PD = Parkinson disease; PDD =
IL-17 0437 0.001° Parkinson disease with dementia.
Number of patients included for analysis: MMSE, AVLT-A7,
IL-1 R4 0.380 0.006° and Global CDR: 51 patients with PD; PD duration and
IL-2 0.365 0.008° years until PDD: 18 patients with PDD with available
disease duration and conversion information; age: 52
Eotaxin-3 0.344 0.013¢ patients with PD and 22 patients with PDD.
MCSE 0.343 0.014¢ @Bivariate Pearson correlation coefficient.
bp Value from 2-tailed correlation analysis.
C
McCP-4 0.340 0.015 °Did not survive multiple comparison correction using false
OPN 0.311 0.026° discovery rate.
IL-16 0.305 0.030°
T p— e We then determined whether the 14-protein dis-
criminant panel collectively correlated with cogni-
Years until PDD . . . . .
tive measures using multiple variable regression
C
(LS EEl? Il analysis. Overall, MMSE and CDR were each corre-
g —0ED 0.006° lated with the panel of 14 protein determinants
IL-1 R4 0617 0.006° (MMSE: R* = 0.412, p = 0.024; CDR: R* =
Eae 0.541 0.020° 0.542, p = 0.0004), but AVLT-A7 was not (R* =
BMP-7 0.521 0.027° 0.290, p = 0.257).
_ c .
MDbC 0.497 0.036 Correlations between biochemical discriminants. While
e =~ QOSSS analyzing the correlations between the levels of each
PDD duration protein in both models, we found that several of these
1P-10 0.589 0.010° proteins significantly correlated with each other in
IL-13 0.530 0.024¢ their plasma concentrations. The majority of the cor-
relations remained significant after multiple compar-
TNF-a ~0512 0.030° : i & : Hp P
ison correction. In figure 2, an illustration of how the
IFN- -0471 0.049¢ L. . . ..
i discriminants correlated shows either direct or indi-
Age rect pairwise associations among proteins. For exam-
TIMP-1 0.409 2.95E-4 ple, in addition to correlating with each other,
MIG 0.397 4.67E-4 PDGF-BB and IL-15 were also correlated with one
Continued common protein, 1L-2, as well as other proteins.
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[ Figure 2 Schematic illustration of relationship between individual discriminants ]

TARC

PDGF-AA

PDGF-BB

MDC

/. o - B \BMF{SCFM NGF-R
AW

Orphans: uPAR and CXCL16

The model that combined age with biochemical measures gave a 14-protein panel. Among
these 14 proteins, 12 of them had significant correlations with various proteins (correlation
coefficients are shown in table 4). uPAR and CXCL16 did not correlate with any other
proteins. The proteins that were significantly correlated after multiple comparison test are
connected with double-headed arrows. Growth/trophic factors are in green, cytokines are in
red, and chemokines are in blue.

DISCUSSION This study used a nonbiased approach
to evaluate whether plasma levels of 160 immune and
trophic factors and the synaptic protein a-synuclein
could be potential candidates for discriminating PDD
from PD. We identified 3 panels of proteins using 2
statistical models, for which age was either included
or excluded as a discriminant. In the model consid-
ering biochemical factors alone, separate panels con-
sisting of 24 or 9 proteins were identified, giving
respective. AUCs of 0.986 and 0.9143. Including
age in the discrimination model led to the discovery
of a 14-protein panel that could discriminate PDD
with 96% sensitivity and 89% specificity (AUC =
0.9615). The association of the 14-protein panel with
cognitive variables was further supported by the
results of a regression analysis that showed
significant correlation with MMSE and global CDR
scores.

Findings from both statistical models demon-
strated that chemokines and growth/trophic factors
were the major contributors to the discriminant pan-
els. The chemokine family has been previously inves-
tigated for cognition-associated markers in PD using
other assay platforms.'®'??>?¢ In a study that analyzed
plasma samples for the levels of 4 chemokines
(CXCL10, CCL2, CCL11 and CCL24) in 25 normal
controls and 40 patients with PD, CXCL10 (IP-10)
was identified as the best correlate of the memory
score (MMSE) and mental flexibility score (the Fron-
tal Assessment Battery).”” IP-10 was also on our 24-
protein panel.

A recent study that identified 11 analytes that cor-
related with Dementia Rating Scale-2 (DRS-2) scores

in patients with PD also showed that the majority of
selected analytes were chemokines (CXCL1, CXCLS5,
and CCL5 or GRO-a, ENA78, and RANTES) and
growth/survival factors (EGF, HBEGF, PDGF, and
SCF).'® Among these analytes, EGF levels showed the
highest correlation with age-adjusted DRS-2 scores,
but as a PDD classifier the maximal accuracy was
79%.'¢ EGF was not identified as a PDD discrimi-
nant by either of statistical models in our study. How-
ever, we did identify PDGF and SCF in both models
and GRO-a in the model excluding age as a discrim-
inant. We also identified additional growth factors
(figure 1), suggesting broad involvement of the
growth/trophic factor family in PDD. Postmortem
human PD brain study has shown deficiency of neu-
rotrophic factors.”” However, how changes in brain
neurotrophic factors correlate with their levels in the
blood remains elusive. Our findings that plasma levels
of PDGF-BB, PDGF-AA, and EGF are highly corre-
lated with the plasma a-synuclein levels after multiple
comparison correction suggest the possibility that the
source of interaction is peripheral.

A novel feature of the discriminant panel obtained
from both models is the identification of factors cru-
cial to the immune functions of T cells. For example,
IL-2, IL-15, LIGHT, GITR, and IL-21R have spe-
cific roles in differentiation and regulation of innate
and adaptive immunity of various T lymphocyte sub-
classes.?®! PD is associated with T cell infiltration in
the pathology-affected brain regions along with
abnormal functions of the subclasses of T  cells.>*=*
Identification of T cell functional mediators as dis-
criminants of PDD suggests that development of
dementia in patients with PD might induce distinct
abnormality in the immune system.

Age-associated blood-brain barrier abnormalities
and systemic inflammation could contribute to the
interplay of peripheral and central inflammation.*>
Older age has been associated with the prediction of
dementia in patients with PD.*”*® However, age by
itself was not sufficient to identify PDD. Rather, our
study demonstrated the potential of distinguishing
PDD by including age as a discriminant along with
biochemical measures; this should be tested further in
a larger population-based study. At present, the pro-
gress in discovering blood-based biomarkers for PDD
is still rather limited. Models that combine biochem-
ical and nonbiochemical measures could be useful for
enhancing the accuracy of prediction. Quantitative
EEG (QEEG) has recently been shown to be a prom-
ising predictor for PDD.'** Studies that combine
QEEG and blood biomarkers could be tested.

This study demonstrated that (1) patients with
PDD have changes in plasma proteins that distin-
guish them from patients with PD; (2) including
age as a discriminatory factor led to a panel of
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Table 4

Correlation coefficients between

identified protein discriminants

Protein pair

BMP-5-IGF-1

BMP-5-SCF
BMP-5-FGF-4
BMP-5-NGF-R
FGF-4-IGF-1

FGF-4-NGF-R

FGF-4-BMP-5
FGF-4-SCF
FGF-4-IL-15
IGF-1-FGF-4

IGF-1-NGF-R

IGF-1-SCF

IGF-1-BMP-5

IGF-1-IL-15
IL-2-IL-15

IL-2-TNF-a

IL-2-PDGF-BB
IL-2-TARC

IL-15-IL-2

IL-15-TNF-a

IL-15-PDGF-BB
IL-15-IGF-I
IL-15-NGF-R
IL-15-FGF-4
MDC-PDGF-AA
MDC-TARC
MDC-PDGF-BB
MDC-SCF
MDC-TNF-a
NGF-R-IGF-1

NGF-R-FGF-4

NGF-R-BMP-5
NGF-R-SCF
NGF-R-IL-15
PDGF-AA-MDC
PDGF-AA-PDGF-BB
PDGF-AA-TARC

Correlation
coefficient®

0.666

0.625
0.587
0.435

0.894

0.814

0.587
0.484
0.229

0.894

0.850

0.685

0.666

0.297

0.829

0.742

0.612
0.256

0.829

0.753

0.560
0.297
0.243
0.229
0.424
0.394
0.338
0.295
0.234

0.850

0.814

0.435
0.395
0.243
0.424
0.397

0.389

p Value®

9.63E-
11

2.58E-9
3.81E-8
1.06E-4

7.21E-
27

1.18E-
18

3.81E-8
1.20E-5
0.050°

7.21E-
27

1.08E-
21

1.66E-
11

9.63E-
11

0.010

8.11E-
20

413E-
14

6.79E-9
0.028°

8.11E-
20

9.47E-
15

2.13E-7
0.010
0.037¢
0.050°
1.69E-4
0.001
0.003
0.011
0.045°

1.08E-
21

1.18E-
18

1.06E-4
4.97E-4
0.037¢

1.69E-4
4.57E-4

0.001

Continued
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[ Table 4 Continued ]

Correlation

Protein pair coefficient® p Value®
PDGF-BB-TNF-« 0.612 6.74E-9
PDGF-BB-IL-2 0.612 6.79E-9
PDGF-BB-IL-15 0.560 2.13E-7
PDGF-BB-PDGF-AA 0.397 4.57E-4
PDGF-BB-TARC 0.361 0.002
PDGF-BB-MDC 0.338 0.003
SCF-IGF-1 0.685 1.66E-

11
SCF-BMP-5 0.625 2.58E-9
SCF-FGF-4 0.484 1.20E-5
SCF-NGF-R 0.395 4.97E-4
SCF-MDC 0.295 0.011
TARC-MDC 0.394 0.001
TARC-PDGF-AA 0.389 0.001
TARC-PDGF-BB 0.361 0.002
TARC-IL-2 0.256 0.028°¢
TARC-TNF-« 0.230 0.048°¢
TNF-a-IL-15 0.753 9.47E-

15
TNF-a-IL-2 0.742 4.13E-

14
TNF-a-PDGF-BB 0.612 6.74E-9
TNF-a-MDC 0.234 0.045°¢
TNF-a-TARC 0.230 0.048¢

2Bivariate Pearson correlation coefficient.

p Value from 2-tailed correlation analysis.

°Did not survive multiple comparison correction using false
discovery rate.

biochemical measures with good sensitivity and spec-
ificity for distinguishing PDD from PD; and (3) pro-
teomic platforms such as Quantibody arrays are
suitable for nonbiased blood-based discovery study
of PDD biomarkers. Our findings demonstrated that
converging mediators from immune and trophic
pathways brought discriminatory power to the cogni-
tive impairment in patients with PD. Because this is a
discovery-based study, replication in a population-

based longitudinal study will be needed.
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