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ABSTRACT: Background: Parkinson’s disease (PD) is a
neurodegenerative disorder with a significant immune com-
ponent, as demonstrated by changes in immune biomarkers
in patients’ biofluids. However, which specific cells are
responsible for those changes is unclear because most
immune biomarkers can be produced by various cell types.
Objectives: The aim of this study was to explore mono-
cyte involvement in PD.

Methods: We investigated the monocyte-specific bio-
marker sCD163, the soluble form of the receptor CD163,
in cerebrospinal fluid (CSF) and serum in two experi-
ments, and compared it with other biomarkers and clini-
cal data. Potential connections between CD163 and
alpha-synuclein were studied in vitro.

Results: CSF-sCD163 increased in late-stage PD and
correlated with the PD biomarkers alpha-synuclein, Tau,
and phosphorylated Tau, whereas it inversely correlated
with the patients’ cognitive scores, supporting monocyte
involvement in neurodegeneration and cognition in
PD. Serum-sCD163 increased only in female patients,
suggesting a sex-distinctive monocyte response. CSF-
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sCD163 also correlated with molecules associated with
adaptive and innate immune system activation and with
immune cell recruitment to the brain. Serum-sCD163 cor-
related with proinflammatory cytokines and acute-phase
proteins, suggesting a relation to chronic systemic inflam-
mation. Our in vitro study showed that alpha-synuclein
activates macrophages and induces shedding of sCD163,
which in turn enhances alpha-synuclein uptake by myeloid
cells, potentially participating in its clearance.
Conclusions: Our data present sCD163 as a potential
cognition-related biomarker in PD and suggest a role for
monocytes in both peripheral and brain immune
responses. This may be directly related to alpha-syn-
uclein’s proinflammatory capacity but could also have
consequences for alpha-synuclein processing. © 2020
The Authors. Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson and
Movement Disorder Society
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Parkinson’s disease (PD) is characterized by intra-
neuronal aggregations of alpha-synuclein (a-syn) and
dopaminergic neuronal death in the midbrain. PD also
involves early and chronic immune activation,! where
a-syn acts as a damage-associated molecular pattern, initi-
ating inflammation and promoting disease.” The immune
response involves microglia in the brain and blood
immune cells, such as monocytes/macrophages and lym-
phocytes. In patients with PD, the monocytic population
shows increased proliferative and phagocytic capacity,
abnormal response to immune stimuli,>* and an altered
transcriptome.’ PD-derived T cells show a bias toward
proinflammatory Th1/Th17 phenotypes.®” Accordingly,
the PD immune response involves both innate and adap-
tive immune components. These peripheral alterations
will affect the central nervous system (CNS) because T
cells and monocytes infiltrate the brain in patients with
PD and PD models.>'® This results in changes in cyto-
kines and chemokines in patients’ serum and cerebrospi-
nal fluid (CSF). A recent meta-analysis reports increased
interleukin (IL)-1B, tumor necrosis factor-o (TNF-ar), IL-6,
and IL-10 in the blood of patients with PD, whereas in
CSF, IL-1p, IL-6, transforming growth factor (TGF)-p1,
and C-reactive protein (CRP) are elevated.'’ These bio-
markers correlate with PD symptomatology,' further
supporting their disease relevance.

These PD-related immune biomarkers can be pro-
duced by multiple cell types'? and cannot truly reveal
the unique intervention of each cell population involved
in the PD immune response. Conversely, this is not the
case with soluble CD163 (sCD163), a well-
characterized protein produced exclusively by the
monocyte cell lineage, but not by lymphocytes,

neurons,'>'* or microglia, as confirmed recently by

single-cell RNA analysis.">"” In the brain, CD163 is
expressed only by non-microglia CNS myeloid cells,
such as meningeal and perivascular macrophages.'” !’
sCD163 is constitutively produced in serum and CSF*°
upon immune signals, through mechanisms similar to
that releasing TNF-a during inflammatory pro-
cesses.”1*? Therefore, increased sCD163 levels in bio-
fluids relate to macrophage activation and correlate
with the degree of inflammation.'® In this study, we
analyze sCD163 levels in serum and CSF from patients
with early and late PD to evaluate monocytic activation
in different PD stages.

Patients and Methods
Study Participants

Patients with PD were recruited from the outpatient
clinic and/or ward for PD, University Hospital of
Tuebingen, Germany. Healthy control subjects (HCs)
were assessed as having no neurodegenerative disease.
All participants were examined by a neurologist

specialized in movement disorders. A PD diagnosis was
made according to the UK Brain Bank Society Criteria.*
Serum and CSF were collected and stored at the Neuro-
Biobank, University of Tuebingen and sent for experi-
mental work at Aarhus University, Denmark (see
Supporting Information). The study was approved by
the local ethics committee (480/2015BO2), with all par-
ticipants providing informed consent.

This cross-sectional study included serum and CSF
from patients with idiopathic PD [early (<5 years) and
late (=5 years from diagnosis)] and HCs (Supporting
Information Fig. S1). Samples were received and ana-
lyzed in two separate experiments with a 2-year separa-
tion: Exp#1 included 109 patients with PD and 44 HCs
(Supporting Information Table S1), and Exp#2
included 106 patients with PD and 16 HCs (Supporting
Information Table S2). Twenty-eight individuals from
Exp#1 were also part of Exp#2; however, other ali-
quots were used. Furthermore, 26 additional serum HC
samples remaining from Exp#1 were included in the
40-plex mesoscale analysis in Exp#2 (Supporting Infor-
mation Table S3).

Biomarkers Measurements

sCD163 was measured in serum and CSF using an
in-house ELISA.>** ELISAs was used to measure CSF
levels of total human Tau (h-Tau), phosphorylated
threonine 181-Tau (p-Tau), Abeta;_4;, (all by Innotest),
and total a-syn (Analytica Jena Roboscreen GmbH,
Leipzig, Germany). MSD MULTI-SPOT Assay System
(Meso Scale Discovery, MD) was used to measure 40
different molecules in serum and CSF (see Supporting
Information).

a-Syn and sCD163 Association

Evaluation of sCD163-a-syn binding was done using
Microscale Thermophoresis.

Monocyte-derived macrophages (MDMs) from iso-
lated and maturated human monocytes”® were stimu-
lated with 100 nM, 1 pM, or 5 pM monomeric or
fibrillar a-syn for 6 or 24 hours, followed by
sCD163-ELISA measurement in supernatants.

Differentiated THP-1 macrophage-like cells or BV-2
murine microglia cells were used to study '*’I-a-syn
fibril uptake (50 ng/mL) alone or with sCD163 (5 pg/
mL) as a co-treatment or pre-treatment. Full-length
(domains 1-9) or truncated (domains 1-5) sCD163
was used, and when stated, lipopolysaccharide (LPS)
was removed from sCD163 preparations as described
previously?® (see Supporting Information).

Statistical Analyses

GraphPad Prism V7, JMP 14, and STATA v15 IC
were used for statistical analyses where normality was
first informed (see Supporting Information).
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Results

sCD163 as a Biomarker Related to
Cognition (Exp#1)

First, we investigated any PD-related changes in
sCD163 in Exp#1: biobank samples from 109 patients
with PD and 44 HCs (Supporting Information Fig. S1;
Supporting Information Table S1). CSF-sCD163 was
elevated in late PD (Fig. 1A) with no sex differences.
Serum-sCD163 levels were influenced by sex and treat-
ment (two-way ANOVA [F(7, 140) = 2.86, P = 0.008],
sex effect P = 0.039, treatment effect P = 0.017). There-
fore, we separated the data by sex, and to eliminate the
treatment variable, we analyzed only treated patients.
We found elevated serum-sCD163 levels in women
with late PD (versus early), but not in men (Fig. 1B).
To confirm that changes in CSF-sCD163 were not a
simple leakage from serum, we calculated the amount
of intrathecally produced and serum-derived sCD163
using the ratio of albumin CSF/serum as reference
(when available).?” We found no difference in the
amount of CSF-sCD163 of serum origin (late PD:
0.0132 = 0.001, early PD: 0.0139 = 0.001). In contrast,
intrathecally produced sCD163 was higher in late PD
(0.0739 = 0.037) than in early PD (0.0601 = 0.019,
P = 0.03), confirming elevated cerebral CD163
shedding.

Interestingly, for patients with PD, CSF-sCD163 cor-
related positively with well-characterized neurodegener-
ative CSF markers (a-syn, h-Tau, and p-Tau), even
after compensating for age and disease duration
(Fig. 1C-E; Supporting Information Table S4). sCD163
also correlated with h-Tau (Spearman r = 0.477,
P <0.01) and p-Tau (r = 0.36, P<0.05) in HCs.
Because these biomarkers have been related to PD
symptomatology, we examined putative correlations
between sCD163 and patients’ clinical scores. Remark-
ably, CSF-sCD163 was negatively correlated with the
cognitive scores Montreal Cognitive Assessment
(MoCA) and Mini-Mental State Examination (MMSE)
in the patients with PD (Fig. 1F-H). Serum-sCD163
also correlated positively with neuronal CSF markers
(Fig. 11-K), even after compensation for covariance
(Supporting Information Table S4). However, serum-
sCD163 did not correlate with cognitive scores. Neither
serum- nor CSF-sCD163 correlated with other clinical
parameters [Unified Parkinson’s Disease Rating Scale
part III (UPDRS-MI) or Levodopa Equivalent Daily
Dose (LEDD)] after compensating for covariables (data
not shown).

AS

Confirmation of sCD163 as a Biomarker in
PD (Exp#2)

We aimed to confirm these findings in a second inde-
pendent measurement with samples from additional

A

BIOMARKER FOR COGNITION IN PD
individuals in the same biobank (Exp#2) with a 2-year
time gap between experiments (Supporting Information
Fig. S1; Supporting Information Table S2). Indeed, we
corroborated an increase in CSF-sCD163 in late PD in
Exp#2 (Fig. 2A). Again, the estimated amount of
sCD163 in CSF with serum origin was similar across
groups (late PD: 0.011 = 0.002, early PD:
0.014 = 0.002, HCs: 0.009 = 0.002), whereas the intra-
thecally produced sCD163 increased in late PD
(0.109 = 0.047) versus early PD (0.071 = 0.018,
P = 0.004) and versus HCs (0.074 = 0.023, P = 0.02).
This suggests increased cerebral sCD163 production.
We also confirmed the sex difference observed for
serum-sCD163 with an increase in female patients only
(Fig. 2B).

In agreement with observations from Exp#1, CSF-
sCD163 correlated with the neuronal CSF markers
(a-syn, h-Tau, and p-Tau) in Exp#2 (Fig. 2C-E). CSF-
sCD163 in HCs also correlated with h-Tau (Spearman
r = 0.61, P<0.05) and p-Tau (r = 0.62, P <0.01).
Moreover, in Exp#2, CSF-sCD163 was significantly
correlated with levels of Abeta;_4;, (Fig. 2F). The associ-
ation between serum-sCD163 and CSF biomarkers
showed a similar pattern, with significant correlation
with a-syn and p-Tau (Fig. 2]J-M).

Notably, this was also true for cognitive scores,
which decreased while sCD163 increased in patients
with PD (Fig. 2G-I). Age influenced cognition scores
and sCD163; however, CSF-sCD163 levels remained
significantly associated with cognitive decline after
adjusting for age at visit alone or in combination with
age at onset or disease duration for the MMSE O + C
scores (Supporting Information Table S5). Therefore, a
0.1-mg/L increase in CSF-sCD163 corresponded to a
decline of ~3 MMSE O + C score. When adjusting for
both age at visit and disease duration, the expected
MMSE decline would be ~1.8 (Supporting Information
Table S5). This suggests that sCD163 is associated with
cognitive decline, even when patient age and disease
duration are considered.

Other CSF and Serum Biomarkers (Exp#2)

To define the patients’ immune profile, we measured
40 immune-related serum and CSF biomarkers from
Exp#2. In CSF, we observed that of 16 reliable assays
(Supporting Information Table S3; Supporting Informa-
tion Fig. S2), 7 showed PD-related changes with
P < 0.05: VCAM-1 (vascular cell adhesion molecule 1),
ICAM-1 (Intercellular Adhesion Molecule 1), IL-8,
SAA (Serum amyloid A), PIGF (Placental growth fac-
tor), IL-15, and VEGF-D (Vascular endothelial growth
factor-D) were increased in patients with PD (Fig. 3A-

K). However, none remained significant after
Bonferroni correction (o = 0.0031).
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FIG. 1. Identification of soluble CD163 (sCD163) as a biomarker in Parkinson’s disease (PD) (Exp#1). sCD163 levels in cerebrospinal fluid (CSF) (A) and
serum (B) from healthy control subjects (HCs) or patients with PD at early (<5 years) or late (=5 years since diagnosis) stage. Serum measurements were
separated into female (F) and male (M) groups as a result of a priori identification of sex difference and include only treated patients. Data are
mean + SD, and values were log transformed to achieve normality. CSF-sCD163 for all patients with PD was correlated with well-characterized neuro-
degenerative CSF markers: (C) alpha-synuclein (x-syn), (D) total Tau (h-Tau), and (E) phosphorylated Tau (p-Tau), as well as with clinical cognitive
scores: (F) the Montreal Cognitive Assessment (MoCA), (G) the Mini-Mental State Examination (MMSE) original score (O), or (H) original plus converted
from MoCA (O + C). (I) CSF levels of a-syn (J) h-Tau (olny trend), and (K) p-Tau correlated with serum-sCD163. P values for one-way ANOVA with
Tukey’s multiple comparisons test values, respectively, Spearman two-tailed P values (*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001), Spearman r,
and best-fit slope with 95% confidence intervals are plotted.
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FIG. 2. Confirmation of soluble CD163 (sCD163) as a biomarker in Parkinson’s disease (PD) (Exp#2). sCD163 measurements in (A) cerebrospinal fluid
(CSF) and (B) serum from healthy control subjects (HCs) or patients with PD with early (<5 years) or late (=5 years since diagnosis) status, with serum
measurements being separated into female (F) and male (M) groups as a result of a priori identification of sex difference and include only treated
patients. Data are mean + SD, and values were log transformed to achieve normality. CSF-sCD163 for all patients with PD correlated with well-
characterized neurodegenerative/PD-CSF markers, (C) alpha-synuclein (x-syn), (D) total Tau (h-Tau), (E) phosphorylated Tau (p-Tau), and (F) Abeta;_4o
(Abeta4?2), as well as with clinical cognitive scores, (G) the Montreal Cognitive Assessment (MoCA), (H) the Mini-Mental State Examination (MMSE) orig-
inal score (0), or (I) original plus converted from MoCA (O + C). (J) CSF a-syn, (K) h-Tau (trend only), and (L) p-Tau correlated with serum-sCD163. No
correlation was found for serum-sCD163 and (M) Abeta42 in CSF; P values for ordinary or Kruskal-Wallis (hnonparametric) one-way ANOVA with Tukey’s
or Dunn’s multiple comparisons test values, respectively, Spearman two-tailed P values (*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001), Spearman
r, and best-fit slope with 95% confidence intervals are plotted. Further information on cognitive scoring correlations with respect to progression status
and covariance can be found in Supporting Information Table S5.

Movement Disorders, Vol. 36, No. 4, 2021 967



\
ET AL J

In serum, only 4 markers (of 27 reliably assayed
markers; Supporting Information Table S3; Supporting
Information Fig. S2) showed PD-related changes with
P <0.05 (Fig. 3L-S): VCAM-1 was increased in
patients’ serum, and IL-15 and VEGF-D were both
increased in late versus early PD (Fig. 3L,R-S), whereas
VEGF-C was decreased in all patients (Fig. 3M). Never-
theless, none remained statistically significant after
Bonferroni correction (o = 0.0018).

NISSEN

Correlation Between CSF and Serum
Biomarkers With sCD163 (Exp#2)

To better describe the immune profile related to
increased sCD163, we investigated any association with
sCD163 and other immune molecules in CSF and
serum (Fig. 4A-D). CSF-sCD163 was positively corre-
lated with several biomarkers in CSF, both when exam-
ining all patients with PD and with early/late
separation, even after Bonferroni correction. The stron-
gest significant correlations for CSF-sCD163 observed
at all disease stages were those with IL-15 (r = 0.72)
(Fig. 4G), ICAM-1 (r = 0.63), VCAM-1 (r = 0.61), and
Fle-1 (VEGFR1, r = 0.51). Several chemokines were
also strongly correlated with CSF-sCD163 in late PD:
CXCL10 (r = 0.52), CCL4 (r = 0.51), and CCL2
(r = 0.44) (Fig. 4A,B).

In serum, the sCD163 correlations were weaker and
fewer (Fig. 4C,D): serum-sCD163 was correlated with
CRP (r = 0.41), IL-6 (r = 0.39), ICAM-1 (r = 0.34), and
SAA (r = 0.35) in all patients and with TNF-a (r = 0.55),
IL-12/IL-23p (r = 0.47), and VCAM-1 (r = 0.57), corre-
lating at late PD. The strong sCD163/IL-15 correlation
observed in CSF was absent in serum as a result of sex
discrepancies in CD163 and not in IL-15.

Phenotypic Related Biomarkers (Exp#2)

In CSF, besides sCD163, only IL-15 had a strong neg-
ative correlation with MMSE (O + C) and a significant
linear regression (Fig. 4E,F,H) as expected, because
sCD163 and IL-15 in CSF were strongly correlated
(Fig. 4G). Interestingly, IL-15 was the only serum bio-
marker found to negatively correlate and have a signifi-
cant linear regression with MMSE (O + C) (Fig. 4I).
Other CSF markers also showed a significant negative
(but weaker) correlation with cognitive scores MMSE
(O + C), although only in late PD: IL-7 (r = —0.48), C-C
Motif Chemokine Ligand 2 (CCL2) (r= -0.33), IL-8
(r = —=0.32), and PIGF (r = —0.31) (Fig. 4E,F). Only
serum-VEGF-A showed a significant negative correlation
and linear regression with UPDRS III scores (Fig. 4]).
Accordingly, serum-VEGEF-A displayed UPDRS III prog-
nostic potential in our mathematical analysis (see later;
Supporting Information Fig. S5A). No CSF biomarker
correlated with UPDRS III (data not shown).

Mathematical Modeling of sCD163 as
Phenotypic Biomarker in PD (Exp#2)

To statistically evaluate the potential of sCD163 and
the other assayed markers to predict PD diagnosis
(PD versus HC) and PD phenotypic scores (UPDRS-III,
MoCA, MMSE O, and MMSE O +C), we used
receiver-operating characteristic (ROC) analysis [area
under the curve (AUC) estimates] and linear regression
(regression slopes) (Supporting Information Figs. S3,
S5, and S6). In CSF, sCD163, VCAM-1, ICAM-1, IL-
15, IL-8, SAA, PIGF, and VEGF-C and in serum,
sCD163 (female), CRP (female), and VCAM-1 (all)
showed statistical power to predict PD (Fig. 4K-L;
Supporting Information S3). Principal component anal-
ysis of CSF data confirmed sCD163, VCAM-, ICAM-1,
IL-15, and IL-8 as markers associated with PD diagno-
sis (Supporting Information Fig. S4). In CSF, the best
individual markers to predict scores of all three cogni-
tive scales used were sCD163, SAA, and IL-15, while in
serum, they were SAA, CRP, and IL-8 (Supporting
Information Figs. S5 and S6).

Therefore, our analysis showed the prognostic power
of serum- and CSF-sCD163 for PD diagnosis and cog-
nitive scores (in CSF only). However, the specificity and
sensitivity of sCD163 were not enough to be used
alone. Therefore, we aimed to compute combined bio-
marker panels to address PD diagnosis and phenotypic
scores using three variants of stepwise forward model-
ing with variable probability for biomarkers to enter
the model (M) and with sCD163 being forced in M3
(Supporting Information Tables S6 and S7). The best
prediction model of serum and CSF biomarker panels
was selected and plotted as PD prediction ROC plots
(Fig. 4M,N) or as goodness-of-fit plots for PD pheno-
typic scores (Supporting Information Fig. S7). M3
including sCD163 together with other independently
contributing biomarkers resulted in the best prediction
of PD diagnosis, both in serum and CSF (both AUC
0.88). Likewise, M3 including sCD163 [in serum
together with IL-15, CRP, CCL2 (monocyte chemo-
attractant protein-1 (MCP-1)), PIGF, and IL-7; and in
CSF together with p-Tau, IL-7, and IL-8] resulted in the
best prediction of MoCA scores with the highest R*
values (serum 0.29, CSF 0.32) (Supporting Information
Fig. S7B,F). Therefore, sCD163 in serum and CSF holds
promising potential as a significant contributor in a bio-
marker panel to address PD diagnosis and cognitive
scores and deserves future investigation.

Exploring in vitro Interaction Between CD163
and a-Syn
Because sCD163 positively correlated with a-syn
in CSF, we sought to further investigate any possible
relation between them in wvitro. No signs of direct
cointeraction were observed using Microscale
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Thermophoresis in any condition assayed (Supporting
Information Fig. S7). However, incubation of human
primary MDMs with increasing concentrations of
monomeric and fibrillar o-syn induced macrophage
activation and dose-dependent sCD163 shedding
(Fig. 5A), supporting the inflammatory capacity of
a-syn and its ability to induce CD163 cleavage, as seen
for LPS (positive control).

We then evaluated the effect of sCD163 on a-syn
uptake using human monocytic THP-1 cells differenti-
ated into macrophages and mouse microglia BV-2 cells
to obtain information from the two myeloid cells
involved in PD. Cells were incubated with radiolabeled
a-syn fibrils alone or with recombinant sCD163 as
cotreatment or pretreatment (30 minutes) (Fig. SB).
After 5 minutes, THP-1 cells increased a-syn internali-
zation when co-treated or pre-treated with sCD163
compared with a-syn alone. In BV-2 cells, the uptake of
a-syn increased after 5 and 15 minutes of pre-treatment
with sCD163, whereas co-incubation increased a-syn
uptake only after 45 minutes (Fig. 5C). This increased
a-syn fibril uptake in THP-1-derived macrophages was
specifically associated with full-length sCD163 because
LPS removal did not affect uptake, whereas truncation
of the sCD163 protein did (Fig. 5D).

Discussion

Genetic data suggest that the PD inflammatory com-
ponent is driven by the myeloid immune compartment,
which includes microglia and monocytes/macrophage.®
Numerous studies show alterations on immune bio-
markers in CSF and serum associated with symptoms
in patients with PD.!" However, these biomarkers are
not cell type specific and therefore provide no informa-
tion on cellular relevance in the disease mechanism.
Here, we show that CSF-sCD163, a monocyte/macro-
phage-specific biomarker,'* increases in late versus
early PD, hence suggesting increasing monocytic activa-
tion with disease duration. sCD163 was associated with
well-accepted PD biomarkers and inversely correlated
with cognitive scores, supporting a role for monocytes
in neurodegeneration. Serum-sCD163 was also
increased, although only in female patients, suggesting
a sex-distinctive monocytic response. This increase in
sCD163 levels is indicative of monocytic activation
occurring in parallel with variations in cytokines,

chemokines, and angiogenic factors. These changes
were different in CSF versus serum, supporting a dis-
tinctive immune profile in the brain and periphery.
Step-forward regression models and ROC analysis con-
firmed sCD163 as a predictor of PD and cognitive
scores. In addition, mathematical models confirmed the
prognostic potential of sCD163 in combination with
other biomarkers in serum and CSF. Interestingly, our
in vitro studies suggest that a-syn itself can induce mac-
rophage activation and sCD163 shedding, while
sCD163 might enhance a-syn uptake by myeloid cells
and participate in the clearance of a-syn. In conclusion,
our data suggest that sCD163 is a promising biomarker
associated with inflammation in PD, thereby supporting
a role for a-syn in monocyte activation and sCD163
shedding that could have direct consequences for a-syn
processing.

Our analysis of the two experiments in the PD cohort
showed increased sCD163 in biofluids from patients
with PD. CD163 is cleaved by ADAM17,>* which also
cleaves VCAM-1 and ICAM-1.>*% ADAM17 activity
is enhanced by inflammatory signals, such as Toll-like
receptor 2/4 (TLR2/4) activation; therefore, sCD163
levels are related to monocyte activation and associated
with severity of diseases with an inflammatory compo-
nent.'* Indeed, sCD163 is widely used as an inflamma-
tory marker for disease prognosis in multiple disorders,
including diabetes, asthma, and atherosclerosis.>’ Two
diseases genetically related to PD also show increased
sCD163: Crohn’s syndrome** and Gaucher’s disease,>*
confirming a shared common myeloid disease mecha-
nism. The inflammatory signals responsible for CD163
shedding in PD are yet unknown, but a-syn may be a
contributor because it can activate TLR2/4,> which are
upregulated in the monocytes of patients with PD.*>*
Accordingly, we demonstrated sCD163 shedding in
human primary MDMs incubated with fibrillar a-syn,
confirming the inflammatory ability of a-syn in macro-
phages® and its relation to the increase of
sCD163 in PD.

Our data from this cross-sectional cohort showed
increased sCD163 with time from onset, supporting
increasing involvement of CD163" monocytes in the
different PD stages. Higher CSF-sCD163 levels were
not a simple leakage from serum, because the increase
was not found in male serum. Furthermore, the esti-
mated amount of sCD163 produced intrathecally was,
indeed, elevated in PD. The sCD163 found in CSF can

controls (HCs) and patients with Parkinson’s disease (PD) groups, or (G,H and R,S) between PD stages: early (<5 years) and late (>5 years since diag-
nosis), or (I-K) concerning treatment (T) status with or without (UT) levodopa. (1,Q) MCP-1 (CCL2) (I) and IL-6 (Q) were sex separated as a result of a
priori identification of sex differences. Twenty-six additional HCs’ serum samples from Exp#1 were added for biomarkers unaffected by extra freezing/
thaw cycle (M,0,P,R). Data are mean + SD. P values are shown for unpaired t-test or Mann-Whitney U test, or for ordinary or (nonparametric) Kruskal-
Wallis one-way ANOVA with Tukey’s or Dunn’s multiple comparisons test values, respectively, as appropriate: *P < 0.05, **P < 0.01, **P < 0.001,
***P < 0.0001. {*} indicates one outlier from early PD was removed based on ROUT Q = 0.1%; if including the outlier: P = 0.052. Biomarkers with no
differences (or no statistical trend) between groups are shown in Supporting Information Fig. S2. LLOQ, lower limit of quantification; ULOQ, upper limit

of quantification.
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be produced by CD163-expressing meningeal, choroid
plexus, and perivascular macrophages, as well as by
infiltrating macrophages.'”'” CD163 is a myeloid
marker whose expression is lost during microglia devel-
opment and is therefore absent in adult microglia, as
recently shown in single-cell RNA studies.”*!” In stud-
ies conducted by others and ourselves, an increase in
CD163" cells has been observed in brain parenchyma
in rodent PD models™!® and post mortem brains of
patients with Alzheimer’s disease and PD.?¢ Thus,
sCD163 could be partially produced by infiltrating
CD163" monocytes/macrophages and their subsequent
local activation. Accordingly, CSF-sCD163 was corre-
lated with CCL2, CCL4, and CXCL10, chemokines
involved in monocyte recruitment and previously corre-
lated with PD symptoms.’”*® More importantly,
sCD163 was also strongly correlated with regulators of
angiogenesis, blood—brain barrier (BBB) extravasation,
and/or monocyte brain infiltration or recruitment,*'**
which have been reported to be increased in PD,***®
namely, ICAM-1, VCAM-1, and VEGF-D in both
serum and CSF, and IL-8, IL-15, and PIGF only in CSF.

sCD163 is a biomarker widely used to measure an
inflammatory component. Accordingly, in PD serum,
sCD163 was associated with an increase in the acute-
phase proteins SAA and CRP, which were previously
associated with motor impairment and PD demen-
tia.>”**>1 Moreover, serum-sCD163 also correlated
with the proinflammatory cytokines TNF-a and IL-6,
as well as IL-12/IL-23p40 and IL-15, both elevated in
PD serum. IL-12/IL-23p40 is produced by dendritic
cells (also CD163*) on TLR activation, whereas IL-15
induces dendritic cell differentiation; thus, both are
involved in T cell modulation.’*3 IL-12/IL-23p40 was
previously found to be increased and important in PD
and Crohn’s disease.”*>® Taken together, patients’
CSF-sCD163 correlated with immune molecules associ-
ated with angiogenesis, cell infiltration, and T cell acti-
vation, relating monocyte activation to leukocytes
recruitment to sites of inflaimmation in the brain,
whereas serum-sCD163 correlations indicated mono-
cyte activation in relation to proinflammatory events.
Overall, the immune profile in PD suggested the occur-
rence of an inflammatory event leading toward a per-
missive environment for recruitment of adaptive and
innate immune cells to the brain.

Surprisingly, IL-15 was the only biomarker elevated
in PD serum and CSF correlating with cognitive scores
in both biofluids, thus revealing that IL-15 may be
another putative biomarker. However, despite the rele-
vance of IL-15 in BBB permeability, brain immuno-
modulation, and its connection to mood and
memory,’® our ROC analysis for the ability of IL-15 to
predict PD diagnosis had a lower AUC with higher var-
iation than sCD163. Moreover, in contrast with
CD163, IL-15 is produced by a wvariety of cells,

including neurons, and is therefore not monocyte-
lineage specific like sCD163.%¢ Therefore, our data sug-
gest a relevance of IL-15 in PD, but they do not provide
information on specific cell types involvement in PD
and cognition, and do not reflect the sex difference in
the disease, which might be both a disadvantage and
a gain.

Serum-sCD163 levels were only significantly changed
in women with PD. To our knowledge, only urate has
been proposed as a PD biomarker with sex relevance.’”
Sex differences in the immune system are long acknowl-
edged.’® PD has a sex bias, and immune-related sex dif-
ferences have been shown in PD.>* Sex-specific changes
in serum-sCD163 could be related to female-male dif-
ferences in PD incidence®” and symptomatic presenta-
tion.®®  Accordingly, we previously showed sex-
dependent variation in the response of PD blood
monocytes in vitro.> Therefore, the observed differ-
ences could be a result of sex-specific immune diver-
gences with consequences for the risk and
presentation of PD.

CSF-sCD163 was strongly correlated with the disease
biomarkers a-syn, h-Tau, and p-Tau, which have been
associated with PD diagnosis, clinical symptoms, and
cognition.®™*? Although non-significant, we unexpect-
edly observed elevated a-syn level in PD compared with
HCs in both experiments. a-Syn levels are usually lower
in PD versus HCs, and so it was when the average of
all informed samples in the biobank were compared
(data not shown). Our observation most likely reflects
random sampling from the biobank, the slightly lower
age of the HCs, and the low number of HCs samples
with a-syn measurements used here. Nonetheless, a-syn
has been reported to longitudinally increase with time
in PD,®? and our data here suggest a parallel increase of
sCD163. The observed a-syn/CD163 correlation in PD
could be directly related to the ability of a-syn to induce
monocytic activation and sCD163 production. Simi-
larly, h-Tau and p-Tau also increase, probably
reflecting progressive neurodegeneration.®> We found
that higher sCD163 levels were associated with lower
cognitive scores, supporting a driving role for mono-
cytes in the cognitive component of PD. This agrees
with imaging studies showing that cognitive scores in
PD dementia correlated with increased immune activa-
tion and reduced cortical glucose metabolism.®* Fur-
thermore, changes in monocytes seem more relevant in
those patients with PD with higher risk for develop-
ment of cognitive problems.* Altogether, our data sup-
port a relation between monocyte activation and the
PD cognitive component.

sCD163 function is unclear, but it was shown to
potentiate IL-10 expression in allergen-activated
PBMCs® and to inhibit T cell activation/
proliferation,®® hence promoting inflammatory resolu-
tion. CD163 facilitates the hemoglobin-haptoglobin
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monocyte-derived macrophages. The interaction between a-syn and sCD163 was studied in vitro. (A) sCD163 shedding in primary human monocyte-
derived macrophages from four human donors after stimulation with lipopolysaccharide (LPS; positive control) or dose-dependent stimulation (0.1,
1, or 5 pM) with monomeric (MONO) or preformed fibrils (PFFs) a-syn for 1, 6, or 24 hours, respectively. (B) Experimental design used in (C); BV-2 and
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complex®” and ADAMTS13%® internalization. Our coreceptor interactions cannot be excluded). However,
analysis showed no direct binding between CD163 and our in vitro study suggests that a-syn can induce mono-
a-syn, regardless of calcium concentration, suggesting cyte activation and sCD163 shedding, which in turns
that a-syn is not a direct ligand for CD163 (possible increases the capacity of monocytes and microglia to
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uptake extracellular a-syn. In vitro, T cell-internalized
sCD163 binds myosin,®” a molecule involved in phago-
cytosis.”® Therefore, sCD163 might induce intracellular
pathways that would influence a-syn phagocytosis and
thus resolve inflammation. Indeed, sCD163 required
time to exert its effect on BV-2 cells, supporting induc-
tion of certain intracellular cascades. Otherwise, this
delay could be caused by species differences. Notably,
to obtain robust changes in our in vitro experiments, a
high-end (5 mg/L) sCD163 concentration was used
compared with reported physiologically relevant serum
level (1-6 mg/L, with 4.2 mg/L being the highest in our
cohort). Further investigation is required to fully under-
stand the sCD163 effect on myeloid response to a-syn
during PD.

The findings of this study may be somewhat limited
by the cross-sectional study design, low numbers of
HCs, and potential cofounding inflammatory diseases
(with anti-inflammatory medication) among study par-
ticipants. The increase in sCD163 in late PD compared
with early PD and HCs, as well as the negative correla-
tion with cognitive scores, suggests a relation between
sCD163 and PD stages. However, we cannot exclude a
possible relation with sCD163 and cognitive decline
during aging in other synucleinopathies and neurode-
generative diseases. Nevertheless, our mathematical
modeling proposes a prognostic power for biomarker
panels including sCD163 as one of the analytes. How-
ever, this has to be examined in a prospective longitudi-
nal study to truly determine the potential of sCD163 as
a PD and cognition biomarker.

In conclusion, we show a PD-related increase in
sCD163 in serum (in women) and CSF, supporting a
role for monocytes in the PD immune response. The
increase in sCD163 paralleled those of accepted neuro-
nal biomarkers, therefore relating monocytic and neu-
ronal events. In addition, higher sCD163 levels were
associated with lower cognitive scores, indicative of an
association between the monocytes’ immune response
and cognitive decline. The CSF-sCD163 increase was
associated with immune biomarkers, suggestive of a
permissive BBB and activation of adaptive immune
cells. Moreover, our in vitro studies suggest that a-syn
could activate myeloid cells and induce sCD163 release,
which enhances the myeloid cells’ capacity to uptake
a-syn, indicative of a relevant role for disease
progression. @
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