
Citation: Hepp, D.H.; van

Wageningen, T.A.; Kuiper, K.L.; van

Dijk, K.D.; Oosterveld, L.P.; Berendse,

H.W.; van de Berg, W.D.J.

Inflammatory Blood Biomarkers Are

Associated with Long-Term Clinical

Disease Severity in Parkinson’s

Disease. Int. J. Mol. Sci. 2023, 24,

14915. https://doi.org/10.3390/

ijms241914915

Academic Editor: Hari Shanker

Sharma

Received: 18 July 2023

Revised: 21 September 2023

Accepted: 25 September 2023

Published: 5 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Inflammatory Blood Biomarkers Are Associated with
Long-Term Clinical Disease Severity in Parkinson’s Disease
Dagmar H. Hepp 1,2,3,†, Thecla A. van Wageningen 1,3,†, Kirsten L. Kuiper 1,3, Karin D. van Dijk 4,
Linda P. Oosterveld 1,3, Henk W. Berendse 2,3 and Wilma D. J. van de Berg 1,3,*

1 Department of Anatomy and Neurosciences, Amsterdam UMC Location Vrije Universiteit Amsterdam, de
Boelelaan 1108, 1081 HZ Amsterdam, The Netherlands; d.hepp@amsterdamumc.nl (D.H.H.)

2 Department of Neurology, Amsterdam UMC Location Vrije Universiteit Amsterdam, de Boelelaan 1117,
1081 HZ Amsterdam, The Netherlands; h.berendse@amsterdamumc.nl

3 Amsterdam Neuroscience, Program Neurodegeneration, Amsterdam UMC Location Vrije Universiteit
Amsterdam, 1081 HZ Amsterdam, The Netherlands

4 Sleep Wake Centre, Stichting Epilepsie Instellingen Nederland (SEIN), 2103 SW Heemstede, The Netherlands
* Correspondence: wdj.vandeberg@amsterdamumc.nl
† These authors contributed equally to this work.

Abstract: An altered immune response has been identified as a pathophysiological factor in Parkin-
son’s disease (PD). We aimed to identify blood immunity-associated proteins that discriminate
PD from controls and that are associated with long-term disease severity in PD patients. Immune
response-derived proteins in blood plasma were measured using Proximity Extension Technology by
OLINK in a cohort of PD patients (N = 66) and age-matched healthy controls (N = 52). In a selection
of 30 PD patients, we evaluated changes in protein levels 7–10 years after the baseline and assessed
correlations with motor and cognitive assessments. Data from the Parkinson’s Disease Biomarkers
Program (PDBP) cohort and the Parkinson’s Progression Markers Initiative (PPMI) cohort were used
for independent validation. PD patients showed an altered immune response compared to controls
based on a panel of four proteins (IL-12B, OPG, CXCL11, and CSF-1). The expression levels of five
inflammation-associated proteins (CCL23, CCL25, TNFRSF9, TGF-alpha, and VEGFA) increased
over time in PD and were partially associated with more severe motor and cognitive symptoms at
follow-up. Increased CCL23 levels were associated with cognitive decline and the APOE4 genotype.
Our findings provide further evidence for an altered immune response in PD that is associated with
disease severity in PD over a long period of time.

Keywords: immune response; blood biomarkers; Parkinson’s disease; disease severity; CCL23;
TGF-alpha; TNFRSF9

1. Introduction

There is increasing evidence for the involvement of neuroinflammation in Parkinson’s
disease (PD) [1,2]. In 1988, a post-mortem study described the presence of activated
microglial cells and infiltrating T lymphocytes in the substantia nigra of PD patients [3].
More recently, an association between cytotoxic T cell density and nigral dopaminergic cell
loss was reported in post-mortem human brain tissue from PD patients [4]. Evidence for
the direct involvement of the adaptive immune system in PD has also been documented,
whereby T cells in PD were shown to react specifically to alpha-synuclein peptides [5].

Upon activation, all immune cells secrete cytokines and chemokines that can be quan-
tified in blood plasma. Previous studies have shown that derivatives of the activated
immune system measured in the blood of PD patients may serve as a non-invasive pe-
ripheral resource to reflect immune-mediated pathological changes in the central nervous
system [6–9]. Recently, plasma cytokine levels were investigated in PD, PD with dementia
(PDD), and dementia with Lewy bodies (DLB). A more pronounced immune response was
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observed in cases with dementia (i.e., PDD and DLB), compared to PD without demen-
tia [10]. Moreover, in PD patients with a mutation in the LRRK2 gene, a higher level of
inflammatory proteins in blood was associated with a clinical subtype characterized by a
more severe and broad spectrum of motor and non-motor symptoms [11]. Taking these
results together, it could be hypothesized that enhanced inflammation in PD is associated
with a more severe disease course and a higher risk of dementia.

To date, only a few studies have shown longitudinal associations between serum
cytokine levels in PD patients and clinical function over time [12,13]. Elevated levels
of pro-inflammatory associated cytokines were associated with lower cognitive scores
at the baseline and a higher rate of motor progression, whereas elevated levels of anti-
inflammatory cytokines predicted better cognitive performance at the baseline and stable
motor function at 36 months of follow-up [12]. A limitation of this as well as other previous
studies investigating inflammation in PD, is that only a limited selection of proteins was
examined and that the follow-up period was relatively short [2]. More recent studies have
investigated a very broad panel of plasma inflammatory biomarkers over a longer follow-
up period and have identified some promising plasma biomarkers of neuroinflammation in
PD that warrant further investigation [13–15]. The aim of the present study is to compare
the expression of a broad panel of proteins involved in the immune system between PD
patients and controls and to investigate the relationship between expression levels of
immune-related proteins and long-term disease severity in PD. The Parkinson’s disease
Biomarkers Program (PDBP) cohort and the Parkinson’s Progression Markers initiative
(PPMI) cohort biomarker datasets were used for independent validation [16].

2. Results
2.1. Demographics and Clinical Data

Age was comparable between PD patients and controls, whereas gender distribution
was significantly different, with more males in the PD group (p < 0.001; Table 1). Cognitive
performance, as measured with the MMSE, was lower in PD patients, compared to controls
(p = 0.02). The clinical data of the PD patients for whom longitudinal data were available
are shown in Table 2. As expected, motor symptoms (UPDRS-III and H and Y stage; p = 0.01
and p < 0.001, respectively) were significantly more severe at follow-up measurements (T1),
compared to the baseline (T0). When comparing MMSE scores, no significant cognitive
decline was measured at T1 compared to T0. However, when using more sensitive neuropsy-
chological assessments, cognitive decline was evident over time. At the baseline, all but
1 demented PD patient were cognitively unimpaired, whereas at follow-up, 5 were classified
as MCI and 9 as PDD (p < 0.001). The AMP-PD validation cohort included 105 PD patients
and 83 controls whose demographics are shown in Supplementary File S1 (Table S1).

Table 1. Demographics and clinical measures of PD patients and controls at the baseline.

PD Patients Healthy Controls

N 66 52

Male nr. (%) 44 (67%) * 18 (35%)

Age (years) 62 ± 10 63 ± 7

Verhage education score (1/2/3/4/5/6/7) 0/1/1/7/14/7/10 n/a

Disease duration (years) 6 ± 5 n/a

H and Y stage (1/1.5/2/2.5/3/4/5) 5/5/32/17/7/0/0 n/a

UPDRS-III score 22 ± 8 n/a

MMSE score (range) 28 ± 2 (23–30) * 29 ± 1 (25–30)

LEDD 417 ± 453 n/a
Data are presented as mean ± standard deviation unless indicated otherwise. Abbreviations: H and Y stage = Hoehn
and Yahr stage, UPDRS-III = Unified Parkinson’s Disease Rating Scale III, MMSE = Mini-Mental State Examination,
LEDD = Levodopa Equivalent Daily Dose, n/a = not applicable. * Difference is statistically significant (p < 0.05).
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Table 2. Demographics and clinical measures of PD patients of which follow-up data were available
(N = 30; follow-up is 7–10 years after the baseline).

Baseline Follow-up

Male nr. (%) 23 (77%) n/a

Age (years) 57 ± 9 65 ± 9

Verhage education score (1/2/3/4/5/6/7) 0/1/0/4/11/3/11 n/a

Disease duration (years) 5 ± 5 14 ± 5

H and Y stage (1/1.5/2/2.5/3/4/5) 4/5/16/4/1/0/0 0/0/13/7/4/6/0 **

UPDRS-III score 20 ± 10 26 ± 14 *

MMSE score 29 ± 2 29 ± 2

LEDD 548 ± 481 1075 ± 455

Cognitive status (normal/MCI/PDD) 29/0/1 16/5/9 **
Data are presented as mean ± standard deviation unless indicated otherwise. Abbreviations: H and Y
stage = Hoehn and Yahr stage, UPDRS-III = Unified Parkinson’s Disease Rating Scale III, MMSE = Mini-Mental
State Examination, LEDD = Levodopa Equivalent Daily Dose, MCI = Mild Cognitive Impairment, PDD = Parkin-
son’s disease dementia, n/a = not applicable. * Difference is statistically significant (p < 0.05). ** Difference is
statistically significant (p < 0.001).

2.2. Cross-Sectional Analysis: A Panel of Four Inflammatory Proteins Can Discriminate PD
from Controls

Three samples at the baseline (one PD and two healthy controls) were excluded
from further analysis; one was excluded due to technical errors and two were because
they were classified as significant outliers (Supplementary Figure S1). Of the 92 markers,
20 were excluded due to a low detection rate, resulting in successful measurement of
72 markers. PCA analysis revealed no clear clustering of PD patients relative to controls
upon visual inspection. Based on the ANOVA, no individual marker was significantly
different between PD and the controls. However, the binary logistic regression showed that
a subset of four different proteins, i.e., IL-12B, OPG, CXCL11, and CSF-1, could discriminate
PD from controls (p < 0.001), with an area under the curve of 0.787 (Figure 1).

2.3. Longitudinal Analysis: Five Inflammatory Proteins Increase over Time and
Clinical Correlations

The expression levels of five proteins were significantly increased at follow-up com-
pared to the baseline in PD patients (Figure 2). Increased levels of CCL23 and TGF-alpha
correlated significantly with higher UPDRS III scores at follow-up, indicating worse motor
performance (CCL23, ρ (rho) = 0.4, p = 0.04; TGF-alpha, ρ (rho) = 0.4, p = 0.02; Figure 3).
TGF-alpha levels correlated with higher HY disease stage at follow-up (ρ (rho) = 0.4,
p = 0.03). Higher levels of CCL23, TGF-alpha, and TNFRSF9 were related to cognitive
status at follow-up, being higher in cognitively impaired PD patients (CCL23: t(27) = 2.737,
p = 0.01; TGF-alpha: t(27) = 3.426, p < 0.01; TNFRSF9: t(27) = 2.432, p = 0.02; Figures 2
and 4). Patients with the APOE4 genotype showed increased plasma levels of CCL23 only
(t(58) = 2.508, p < 0.05, Figure 4). This APOE4 genotype effect was not observed in controls.

2.4. Independent Validation in AMP-PD Program

We could not validate changes in any of the protein levels of our discriminatory
panel with the cross-sectional analysis (corrected for age and multiple comparisons) on the
OLINK neuroexplore data of AMP-PD. However, we were able to validate an increase in
the protein levels of two of the five proteins, i.e., TGF-alpha and CCL25, in PD patients
over time (Supplementary Figure S2). A third protein, VEGFA, also increased but only at
a trend level in the independent validation cohort. CCL25 was also increased over time
in control subjects over a 48-month follow-up period. Increased levels of TGF-alpha did
not correlate with more severe motor symptoms at follow-up. Details of the analysis in the
independent validation cohort can be found in Supplementary File S1.
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Figure 1. Expression levels of a combination of inflammatory proteins are significantly different in 
PD patients, compared to healthy controls based on binary logistic regression analysis. A subset of 
4 different proteins, i.e., OPG (exp(B) = 0.09; Wald = 12.39), CSF-1 (exp(B) = 41.34; Wald = 6.79), IL-
12B (exp(B) = 0.44; Wald = 5.24), and CXCL11 (exp(B) = 0.50; Wald = 6.38), could discriminate PD 
patients from controls. Panel (A) shows the ROC curve and panel (B–E) shows the expression levels 
of the individual proteins in PD and controls. 
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Figure 1. Expression levels of a combination of inflammatory proteins are significantly different in
PD patients, compared to healthy controls based on binary logistic regression analysis. A subset
of 4 different proteins, i.e., OPG (exp(B) = 0.09; Wald = 12.39), CSF-1 (exp(B) = 41.34; Wald = 6.79),
IL-12B (exp(B) = 0.44; Wald = 5.24), and CXCL11 (exp(B) = 0.50; Wald = 6.38), could discriminate PD
patients from controls. Panel (A) shows the ROC curve and panel (B–E) shows the expression levels
of the individual proteins in PD and controls.
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Figure 2. Levels of inflammatory proteins increased significantly in Parkinson’s patients over 7–10 
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points, relative to the expression levels of the control subjects. CCL23, TGF-alpha, and TNFRSF9 
levels (C,D,F) were higher in cognitively impaired subjects (PD-MCI and PDD) compared to cogni-
tively normal PD patients. * = p value <0.05 

 
Figure 3. Increased TGF-alpha (A) and CCL23 (B) levels correlated with higher UPDRS III scores, 
indicating decreased motor performance at follow-up (TGF-alpha: ρ = 0.4, p = 0.02; CCL23: ρ = 0.4, p 

Figure 2. Levels of inflammatory proteins increased significantly in Parkinson’s patients over 7–
10 years of follow-up. (A): Volcano plot; p-value versus the magnitude of change; (B–F): Expression
profiles of all 5 proteins that increased over time for each individual subject at the two different time
points, relative to the expression levels of the control subjects. CCL23, TGF-alpha, and TNFRSF9 levels
(C,D,F) were higher in cognitively impaired subjects (PD-MCI and PDD) compared to cognitively
normal PD patients. * = p value < 0.05.
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Figure 3. Increased TGF-alpha (A) and CCL23 (B) levels correlated with higher UPDRS III scores,
indicating decreased motor performance at follow-up (TGF-alpha: ρ = 0.4, p = 0.02; CCL23: ρ = 0.4,
p = 0.03). The yellow line represents T0; the red line represents T1; correlation analysis was performed
on T1.
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apolipoprotein E3 genotype; E4 = apolipoprotein E4 genotype. * = p value <0.05; ns = non-significant 

2.4. Independent Validation in AMP-PD Program 

Figure 4. PD patients, but not controls, with the APOE4 genotype showed increased levels of plasma
CCL23 (A) and a trend for an increased level of TGF-alpha (C), but not of TNFSRF9 (E). PD patients
who were cognitively impaired at follow-up had higher levels of CCL23, TGF-alpha, and TNFRSF9,
compared to PD patients who remained cognitively unaffected (panel B,D,F). Legend: E3 = apolipopro-
tein E3 genotype; E4 = apolipoprotein E4 genotype. * = p value < 0.05; ns = non-significant.
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3. Discussion

In the present study, we provide further evidence of an altered immune response in
PD compared to healthy controls, measurable in blood plasma and allowing discrimination
between groups. In addition, we demonstrate increasing levels of 5 out of 92 inflammatory
proteins during long-term follow-up (7–10 years) in PD patients, 3 of which are associated
with worse cognitive and/or motor performance. These results provide further insight
into the relationship between the immune response and long-term clinical disease severity
in PD.

A panel of four proteins (IL-12B, CSF-1, CXCL11, and OPG) was able to discriminate
between PD and the controls. All of these proteins are associated with a pro-inflammatory
environment and are involved in either the recruitment or maintenance of activated T
lymphocytes [17–21]. The proteins osteoprotegerin (OPG), interleukin 12-b (IL-12B), and
C-X-C motif Chemokine ligand 11 (CXCL11), which are all three markers associated either
directly or indirectly with the T-cell response, were decreased in PD compared to con-
trols [17]. Although reduced OPG levels have previously been reported in PD compared
to controls [22], the results have been inconsistent [20]. Possibly, the adaptive immune
response mediated by T cells is more elevated at the time of PD diagnosis or even prior to
diagnosis. In line with this hypothesis, a longitudinal case study showed that increased
T-cell mediated intracellular cytokine levels in peripheral blood mononuclear cells (PBMC)
peaked around the time of PD motor diagnosis and declined thereafter [23]. This has also
been shown in the central nervous system itself, as CD8+ T-cell infiltration was observed
prior to the presence of alpha-synuclein aggregates in the substantia nigra of brain donors
with incidental Lewy Body Disease (iLBD), considered to be the premotor phase of PD [4].
In addition, it has been shown that there is a selective decrease in CD4+ memory T-cells in
PD patients which correlates with increased disease severity [24]. Indeed, lower levels of
IL-12B, OPG, or CXCL11 could possibly be indicative of less activity of CD4+ (memory)
T-cells [25–27]. Taken together, our results may implicate a failure of the alpha-synuclein
induced adaptive immune response in PD patients, possibly allowing a-synuclein to spread
further in the brain and body [28]. In contrast, the mean level of CSF-1, which is known to
promote microglial proliferation and the production of pro-inflammatory mediators, was
slightly higher (ns), consistent with the previous literature [17]. This could possibly indicate
a difference in the innate macrophage (as reflected by CSF-1) response and adaptive T cell
response (as reflected by IL-12B, OPG, and CXCL11). Future studies including patients in
a prodromal phase of the disease should be performed to verify possible changes in the
expression levels of markers implying a role for the adaptive immune system such as OPG,
IL-12B, and CXCL11.

In our longitudinal analysis, five inflammation-associated proteins (CCL23, CCL25,
TNFRSF9, TGF-alpha, and VEGFA) were increased at follow-up in PD patients. These
inflammatory proteins are more related to an innate immune response rather than an
adaptive immune response. CCL23 (CC chemokine ligand 23) is released by macrophages
and induces the trafficking of immune cells which results in the release of pro-inflammatory
cytokines [29]. Increased CCL23 levels in PD patients were associated with worse cog-
nitive performance and more severe motor impairment. Interestingly, both in acquired
brain lesions such as ischemic stroke as well as progressive neurodegenerative disorders
such as Alzheimer’s disease (AD), a recent study in PD showed that CCL23 levels were
elevated compared to healthy controls and it predicted a steeper cognitive decline in AD
patients [13,30]. CCL23 may thus be an interesting predictive biomarker for faster disease
progression in PD.

Since it has recently been demonstrated that the presence of one or more APOE4
alleles in PD is associated with higher odds of developing dementia, as well as a shorter
time to develop dementia [31], we investigated the relationship between CCL23 levels and
APOE4 genotype.

Indeed, CCL23 levels were higher in PD patients that carried an APOE4 allele, com-
pared to non-carriers, while this was not seen in controls. In AD, both CCL23 levels in
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the CSF as well as APOE4 status are known as independent predictors for conversion
from mild cognitive impairment (MCI) to dementia [30]. Also, CCL23 blood plasma levels
were higher in AD patients who carried an APOE4 allele [30]. Since the protein product
of the APOE gene, apolipoprotein E, modulates inflammatory and immune responses in
an isoform-dependent manner [32], it may be hypothesized that the APOE4 genotype
enhances the immune response as measured with CCL23 levels in both AD and PD and
accelerates disease progression. In the independent validation cohort, CCL23 levels did
not change over time. This could be due to the shorter follow-up period in the available
AMP-PD cohort (2 years) compared to the present study (7–10 years), as well as possible
differences in genotype distribution.

The levels of both CCL25 (C-C Motif Chemokine Ligand 25), which exhibits chemotac-
tic activity towards inflammatory cells, and of tumor necrosis factor receptor superfamily
member 9 (TNFRSF9; a protein that promotes T cell apoptosis), were significantly increased
in PD patients at follow-up, consistent with a previous report for CCL25 [13]. The elevation
of TNFRSF9 was related to worse cognitive performance at follow-up. In multiple sclero-
sis, TNFRSF9 appears to be involved in cell death via the activation of microglia [33,34].
Alterations in the TNFRSF9 gene have just recently been described in relation to PD, with
the TNFRSF9 genotype being a possible disease modifier in patients with a known DJ-1
mutation [35].

Transforming Growth Factor alpha (TGF-alpha) functions as a ligand for the epi-
dermal growth factor receptor (EGFR), resulting in increased cell proliferation. It is an
important player in the innate immune system and is expressed by astrocytes in the brain
parenchyma [36]. We report an increase in TGF-alpha at follow-up, compared to the base-
line, which correlated with more severe motor symptoms and cognitive performance. This
is in line with previous findings in CSF [37], which is interesting since for TGF-alpha, blood
and CSF levels are known to be related [38]. The correlation between TGF-alpha levels and
motor symptoms at follow-up was not present in the validation cohort. This could be due
to clinical differences, e.g., motor performance was worse in the validation cohort and/or
differences in the follow-up period.

Another protein involved in the (brain) innate immune system, Vascular Endothelial
Growth Factor A (VEGFA), also showed increased levels in the blood of PD patients over
time. Interestingly, in a very recent animal study, increased production of VEGFA was
reported in astrocytes that were treated with oligomeric alpha-synuclein [39]. Upregulation
of VEGFA has also been reported in reactive astrocytes in the substantia nigra of PD
patients [40]. The increased production and release of VEGFA may contribute to the
degradation of the blood–brain barrier (BBB), making the brain even more vulnerable
to oligomeric alpha-synuclein. Clinically, higher VEGFA levels have previously been
associated with the development of dementia in an elderly population [41]. However, in
the current study, no association was observed between the increase in VEGFA levels and
changes in any of the clinical measures. This may be due to our relatively small sample size
in the longitudinal analysis and a shorter follow-up period compared to the above study,
i.e., 7–10 years compared to 17 years [41]. To our knowledge, a direct relationship between
alpha-synuclein and the other markers that were associated with disease severity in our
cohort, i.e., CCL23, CCL25, TNFRSF9, and TGF-alpha, has not been investigated to date.
This would be an interesting topic for future research.

Taken together, our data seem to imply that a failure of the adaptive immune system
may occur in PD compared to controls, whereas PD disease progression and especially
cognitive decline are associated with an enhanced innate immune response characterized
by macrophage or local glial activation, similar to what is observed in other neurodegener-
ative diseases.

Several limitations should be considered in the interpretation of the present results.
First, our study had a small sample size. However, we were able to validate the increase
over time of two out of the five proteins in an independent cohort. Second, we had no
follow-up measurements in controls. This is particularly relevant since age is known to
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significantly influence cytokine expression levels, such as CCL25 and VEGFA [42]. However,
we did have follow-up measurements of controls in the validation cohort and only CCL25
levels increased over time in controls as well and may thus not be PD-specific. Third,
gender could not be included in the binary logistic regression due to significant gender
differences between groups. This might have affected the outcome as the immune system
is known to display sex-specific differences [43]. Indeed, OPG levels were significantly
lower in men with PD compared to women with PD in the present study cohort, which
may have influenced our results. However, the other three inflammatory proteins did not
differ in levels between the sexes. Lastly, differences in immune cell populations were not
measured and/or defined in the present study and some promising plasma inflammation
biomarkers from previous studies, such as IL6 [13], were not included in the OLINK panel.
However, a positive point of our study is that we managed to find meaningful differences
possibly reflecting pathological processes in protein levels in blood plasma which is more
easily acquired than CSF.

4. Conclusions and Future Directions

In conclusion, our data-driven and exploratory study provides further evidence for
an altered immune response in PD that can be measured in blood plasma. A panel of
four proteins particularly involved in the adaptive immune response, i.e., IL-12B, CSF-1,
CXCL11, and OPG, was able to discriminate between PD and controls. Five proteins
involved in the innate immune response increased in PD patients during long-term follow-
up. Three of these, namely CCL23, TGF-alpha, and TNFRSF9, were related to disease
severity, making them promising immune-related biomarkers for disease progression
in PD.

Future mechanistic studies investigating a direct link between these peripheral im-
mune markers and alpha-synuclein are warranted. One possible approach would be to
incubate peripheral mononuclear blood cells from clinical cohorts with alpha-synuclein
and measure the immune markers. Ideally, such a study would include patients at dif-
ferent stages of PD, including prodromal cases, to follow changes in the immune system
throughout the course of the disease. In this way, the hypothesis that neuroinflamma-
tion in PD begins with a failed adaptive immune response and then involves an ongoing
low-grade innate immune response could be tested. Ultimately, a better understanding of
neuroinflammation in PD is of the utmost importance to advance the development of novel
immunomodulatory approaches in PD treatment [44].

5. Materials and Methods
5.1. Study Population and Clinical Assessment

PD patients and age-matched healthy controls participated in an Amsterdam UMC
cohort study of which recruitment and inclusion has been described elsewhere [45]. Briefly,
PD patients were recruited from the outpatient clinic for movement disorders at the Amster-
dam UMC, the Netherlands. The healthy controls were recruited through an advertisement
of the Dutch Parkinson Foundation. PD patients fulfilled the clinical diagnostic criteria of
the UK PD Brain Bank [46]. Patients were included if no signs of moderate dementia were
detectable upon Mini-Mental State Examination (MMSE score < 19) at the baseline. After
7–10 years of follow-up, patients were included for repeated clinical assessment and blood
sampling. Exclusion criteria were a change in PD diagnosis, inability to understand the
study procedures, and/or having an MMSE score of <19. The local ethics committee ap-
proved the study and written informed consent for the use of clinical data and biomaterial
for research purposes was obtained from all participants.

The disease duration was calculated based on a subjective estimate of the time since
the first occurrence of the characteristic PD motor symptoms. The Unified Parkinson’s
Disease Rating Scale part III (UPDRS-III) and the Hoehn and Yahr (HY) classification were
used to quantify the severity of parkinsonism and disease stage, respectively, and were
assessed in the “on” state. The education level was determined using the Verhage score
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which ranges from level 1 (elementary school not finished) to 7 (university). Cognitive
status was examined using the MMSE at the baseline (T0). At follow-up (T1), an extensive
neuropsychological examination was performed and resulted in a diagnosis of ‘normal
cognitive status’, ‘PD with mild cognitive impairment’ (PD-MCI), or ‘PD with dementia’
(PDD). PD-MCI was diagnosed if the performance on at least two neuropsychological tests
in at least one cognitive domain was impaired (i.e., >1.5 SD below normative means) [47,48].
PDD was diagnosed if test scores were >2 SD below normative means in ≥2 domains. In
addition, the Levodopa Equivalent Daily Dose (LEDD) was calculated for each patient as
described elsewhere [49]. For the present study, we only included the data of PD patients
of whom blood-derived EDTA plasma samples as well as extensive neuropsychological
data at follow-up were available (Figure 5).
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5.2. Validation in PDBP and PPMI Cohorts

For validation purposes, we used proteomics data of the Accelerating Medicines
Partnership Parkinson’s Disease (AMP-PD) initiative, which consists of data from plasma
samples of the Parkinson’s Disease Biomarkers Program (PDBP) cohort and Parkinson’s Pro-
gression Markers Initiative (PPMI) cohort. The data are available at https://amp-pd.org/
data/targeted-proteomics-data (accessed on 1 July 2023), as summarized in Supplementary
File S1. Data was accessed on 1 July 2023.

Plasma samples and Proximity Extension Technology (PEA) by OLINK

EDTA blood plasma sampling was performed as described earlier [45]. EDTA plasma
samples were centrifuged at 1800× g at 4 ◦C for 10 min and were aliquoted and stored in
−80 ◦C within 2 h. To quantify the levels of inflammation related proteins in plasma, the
96 Target Inflammation Panel of OLINK (Uppsala, Sweden) was used. This panel consists
of 92 markers for proteins that are either directly or indirectly involved in inflammatory
processes. The 96 Target Inflammation panel was chosen based on the inclusion of proteins
specifically associated with either innate or adaptive immunity within the panel. The list of
these proteins is available at the company’s website; https://www.olink.com/products/
target/inflammation/ (accessed on 1 July 2023). Nunc™ 96-Well Polypropylene Storage
Microplates in combination with MicroAmp™ Optical Adhesive Film (Applied Biosystems,
Waltham, Massachusetts, US, catalog number #4311971 was used for sample transport.
Blood plasma samples stored at −80 ◦C were thawed on ice and 40 µL for each sample was
plated following a randomized and centered plate-design. Plate controls, negative controls,
and sample controls were provided by OLINK. Plate controls included samples of healthy
blood donors and were used as references for inter-plate differences. The negative control
consisted solely of buffer to set the background noise and determine the limit of detection

https://amp-pd.org/data/targeted-proteomics-data
https://amp-pd.org/data/targeted-proteomics-data
https://www.olink.com/products/target/inflammation/
https://www.olink.com/products/target/inflammation/
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(LOD). Sample controls consisted of external plasma samples for the inter- and intra-plate
precision of each assay.

For the expression level measurements, a Proximity Extension Technology (PEA) was
used, after which real-time qPCR allowed for simultaneous read-out of the 92 markers per
sample. Normalized Protein Expression (NPX) is OLINK’s arbitrary unit in the Log2 scale
used to present normalized protein levels per marker per sample. Both inter-plate and
intra-plate controls were included for quality control and data validation of the analysis.
NPX values were filtered and selected based on exceeding the determined LOD threshold.
Moreover, protein markers were only included for quantitative analysis if less than 10%
of their within-sample NPX values were below the LOD. Distribution plots and Principal
Component Analysis was used to evaluate unsuccessful measurements and to identify
outliers that were not included in the analysis.

Independent validation of inflammatory protein biomarkers was performed using
data from the AMP-PD program which exploited the OLINK Explore 1536 panel (in-
cluding the 384 Cardiometabolic, 384 Inflammation, 382 Neurology and 384 Oncology
panel; https://olink.com/products-services/explore/ (accessed on 1 July 2023)). In the
explore panels, next-generation sequencing was used as a read-out instead of real-time
qPCR [50]. All of the proteins in the 96Target Inflammation panel are part of the OLINK
Explore 1536 panel.

5.3. APOE Genotyping

Since the APOE4 genotype is associated with an increased risk of cognitive decline
in PD [51], we evaluated the relationship between protein plasma values of proteins that
were related to cognitive decline at follow-up and the APOE4 genotype. DNA samples
were genotyped using the neurochip [52]. APOE genotypes were determined based on
combinations of the absence or presence of the SNPs rs429358 and rs7412. Data were
analyzed using Plink 2.0.

5.4. Statistical Analysis

All statistical analyses were performed with R studio (version 4.0.3) or IBM SPSS Statis-
tics (version 26). A p-value below 0.05 was considered significant. Descriptive variables
were compared between groups using the Pearson’s Chi squared test for categorical data, a
two-sided T-test for normally distributed continuous data, or a Mann–Whitney U test for
non-normally distributed continuous data when appropriate.

Principal Component Analysis (PCA) was performed to visualize clustering of protein
panels between groups. A two-sided ANOVA was performed to detect individual protein
differences between PD patients and controls adjusted for age. To correct for multiple
testing, the Benjamin-Hochberg False Discovery Rate (FDR) calculation (q < 0.05) was used.
In addition, a binary logistic regression analysis with forward conditional selection was
carried out in SPSS with inflammatory markers as predictors and age as a covariate. We
tested for multicollinearity by determining the variance inflation factor (VIF) of all proteins,
whereby a VIF factor of 2.5 or greater would indicate considerable multicollinearity [53].
Thereafter, a receiver operating characteristic (ROC) curve analysis was carried out resulting
from the predictive values from the binary logistic regression model to detect the area
under the curve.

For the longitudinal analysis, differences in group characteristics were measured in the
same way as described above, only a paired sampling design was used. Therefore, a paired
t-test was used to calculate differences between participants over time. Correlation analysis
between protein expression levels and clinical evaluations was carried out using Spearman’s
Correlation coefficient (UPDRS III and HY stage) and a two-sided T-test (cognitively intact
vs. cognitively impaired).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241914915/s1.
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