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Objective: Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder and immune-mediated mechanism is considered to be
crucial to pathogenesis. Here, we investigated the role of humoral immune
regulatory molecules in the pathogenesis of PD.

Methods: Firstly, we performed a series of bioinformatic analyses utilizing the
expression profile of the peripheral blood mononuclear cell (PBMC) obtained
from the GEO database (GSE100054, GSE49126, and GSE22491) to identify
differentially expressed genes related to humoral immune regulatory
mechanisms between PD and healthy controls. Subsequently, we verified the
results using quantitative polymerase chain reaction (Q-PCR) and enzyme-
linked immunosorbent assay (ELISA) in clinical blood specimen. Lastly, receiver
operating characteristic (ROC) curve analysis was performed to determine the
diagnostic effects of verified molecules.

Results: We obtained 13 genes that were mainly associated with immune-
related biological processes in PD using bioinformatic analysis. Then, we
selected PPBP, PROS1, and LCN2 for further exploration. Fascinatingly, our
experimental results don't always coincide with the expression profile. PROS1
and LCN2 plasma levels were significantly higher in PD patients compared to
controls (p < 0.01 and p < 0.0001). However, the PPBP plasma level and
expression in the PBMC of PD patients was significantly decreased compared
to controls (p < 0.01 and p < 0.01). We found that PPBP, PROS1, and LCN2 had
an area under the curve (AUC) of 0.663 (95%Cl: 0.551-0.776), 0.674 (95%Cl:
0.569-0.780), and 0.885 (95%Cl: 0.814-0.955). Furthermore, in the biological
process analysis of gene ontology (GO), the three molecules were all involved
in humoral immune response (GO:0006959).

Conclusions: In general, PPBP, PROS1, and LCN2 were identified and validated
to be related to PD and PPBP, LCN2 may potentially be biomarkers or
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therapeutic targets for PD. Our findings also provide some new insights on the
humoral immune modulation mechanisms in PD.

KEYWORDS

ELISA, bioinformatics, biomarker, humoral immune response, gene expression,
Parkinson'’s disease

Introduction

With the advancement of medical development, life
expectancy has increased greatly; especially as the degree of
aging is increasing, the incidence of age-associated
neurodegenerative diseases is also enhanced. Parkinson’s
disease (PD) is the most common neurodegenerative
movement disorder and its onset is usually between 65 and 70
years of age (1). Clinically, resting tremor, bradykinesia, and
rigidity are the most important movement symptoms (2).
Pathologically, the hallmark of PD is the loss of dopamine
neurons in the substantia nigra (SN) and the formation of
Lewy bodies containing misfolded o-synuclein (3). To date,
the causes of PD still remain unclear.

Neuroimmune inflammation can protect neurons from
damage but its toxic effects also exacerbate neuronal
disturbance, which is mainly caused by the innate immune
cells of the central nervous system (CNS) (microglia and
astrocyte) and peripheral invasive immune cells (monocyte, T
lymphocyte, B lymphocyte, neutrophil, etc.) regulated by
cytokines and chemokines (4, 5). The destruction of the
blood brain barrier (BBB) in neurodegenerative disorders
allows blood-derived neurotoxic substances, cells, and
microbial pathogens entry into the brain, these are
associated with inflammatory and immune response, which
can initiate a variety of neurodegenerative pathways (6).
Inflammatory CNS cells express certain adhesive molecules
attracting more peripheral immune cells and antibodies
through the BBB into CNS (7). Peripheral interference from
systemic inflammation or the gut microbiome can also alter
the progression of such injury from microglia (8). With the
spread of o-synuclein aggregates into the entire brain region,
microglia activation and immune response eventually lead to
the degeneration of dopaminergic neurons (9). An
exploratory study shows that PD affects the peripheral
immune system by inducing changes in the peripheral
blood mononuclear cell (PBMC, including lymphocyte and
monocyte) compartment (10). The inflammatory progress of
the peripheral and central nervous system may be the link
between aging, various risk factors, and the development of
neurodegenerative disorders (11).
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Given that the immune-mediated mechanism is crucial to
the pathogenesis of PD, the more thoroughly we explore the role
of immune system in PD, the more effective immunotherapy will
be found. Microarray or sequencing can detect parallel
expression levels for thousands of genes in tissues or body
fluids, enabling the rapid scanning of multiple genes and
screening of candidate biomarkers. Recently, hundreds of gene
expression datasets about PD have been uploaded to the Gene
Expression Omnibus database (GEO). However, most studies
are based on a single cohort analysis; thus, the results sometimes
are inconsistent and the identification of molecular pathways
involved in PD still lacks reliability. Different reports indicate
that PD can also affect PBMCs of the peripheral immune system
(12-14). Therefore, we downloaded the datasets of PBMC in
human with PD from GEO, screened out the differentially
expressed genes (DEGs), and performed a series of functional
analysis. Some molecules are enriched in several immune
response pathways, which are primarily associated with
humoral immune modulation. These molecules may
potentially be used as diagnostic biomarkers and therapeutic
targets for PD.

Materials and methods

The workflow of this study is shown in Figure 1.

Data collection and preprocessing

Gene expression data GSE100054 (15) (10 PD and 9 HC)
and GSE49126 (16) (30 PD and 20 HC) were downloaded from
the Gene Expression Omnibus Database (GEO) (https://www.
ncbi.nlm.nih.gov/geo/). GSE22491 (17) (10 PD and 8 HC) was
used as a validation data set. We used the GEOquery package in
R (version 4.0.4, 2021-02-15) (18) to download the expression
matrix and platform information then performed principal
component analysis (PCA) to observe the distribution between
groups. The expression matrix was processed according to the
following screening criteria: (1) removing the empty probe that
did not match any gene, (2) deleting the probe corresponding to
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FIGURE 1
The workflow of this study.

multiple genes, and (3) if a gene corresponded to more than one
probe, the probe with the highest expression represented the
expression level of this gene.

Differentially expressed
gene identification

A linear model was employed to assess the differential
expression between PD patients and healthy controls using an
R package called “limma” (19). Benjamini and Hochberg’s
method (BH) was used to control the false discovery rate
across all the genes. The DEGs were screened at p < 0.05 and |
log2FC| > 1 in the GSE100054, and at p < 0.05 and |log2FC| > 0.5
in the GSE49126. All DEGs intersected with the genes associated
with Parkinson’s disease recorded in the disease database
DisGeNET (https://www.disgenet.org/) (20) to obtain DEGs
of interest.

PPI network construction and
module analysis
The protein-protein interaction network (PPI) was

constructed using the Search Tool for the Retrieval of
Interacting Genes (STRING; https://cn.string-db.org/).
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The STRING database is an online search tool containing
information on known and predicted protein interactions. The
protein interaction information comes from these aspects
including textmining, experiments, databases, co-expression,
neighborhood gene fusion, and co-occurrence. We uploaded
the DEGs of interest to the STRING database to establish a PPI
network. In this study, protein interactions with a connection
score >0.4 were considered statistically significant and remained
in the PPI network. After downloading PPI analysis results, we
input it into the cytoscape software (version 3.8.2) for
visualization and module analysis using the plug-in molecular
complex detection (MCODE).

KEGG and GO enrichment analysis of
DEGs and significant module

An enrichment analysis of the Gene Ontology (GO) (21) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(22) for DEGs of interest and significant module was performed
using the clusterProfiler package in R (23). We performed GO
term enrichment analysis under the following three sub-
ontologies: biological process (BP), molecular function (MF),
and cellular component (CC). The GO classifications were
evaluated using Fisher’s exact test to obtain p-values, which
were filtered at a cut-off value of 0.05. Using the key term
“immune”, we identified 39 pathways involved in immune-
related biological process and obtained 13 molecules in total:
CCR2, CD44, TLR2, TLR4, IL4, IL-1B, IL-33, TGFB2, PPBP
(CXCL7/NAP-2), PROSI1, CLU, LCN2 (NGAL), and NLRP3.

Validation of molecular signatures in PD

In the data set GSE22491, we compared the expression level
of 13 molecules in PD patients and healthy controls. The
expression of other genes was significantly different between
the two groups except for IL-1B, TGFB2, CLU, IL33, and
NLRP3. Considering the overall feasibility and innovation of
subsequent experiments, the three molecules of PPBP, PROSI,
and LCN2 were selected for further verification. The study was
approved by the Ethics Committee of Tianjin Huanhu Hospital,
and all participants provided informed consent. We enrolled 69
PD patients from three specialists in neurodegenerative diseases
according to the UK bank criteria based upon clinical and
neuropsychological examination, and 36 age- and sex-matched
healthy controls. Family history was determined by interviewing
or reviewing medical records without genetic testing to minimize
the inherited form. Any other neurological and mental disorder,
cardiovascular or cerebrovascular event, acute or chronic
inflammation, or cancer was excluded. Participants who had
received anti-inflammatory treatment in the past 2 months were
not included. Healthy controls were included without any
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history of neurological or psychiatric disorders. Levodopa or
dopamine agonists may interfere with different central
neurotransmitter pathways and affect gene expression profiles;
in addition, some works have reported that dopamine had effects
on immune cells (24, 25). Therefore, subjects had not taken any
drugs acting on the CNS in the past 6 months. Demographic
data and clinical characteristics of participants in this study are
summarized in Table 1.

PBMC isolation, RNA extraction, and
reverse transcription

The 2 mL fasting sample of venous whole blood was
drawn from each participant into the EDTA anticoagulant
tube on the next day of hospitalization. The whole blood was
centrifuged at 600xg for 5 min at room temperature and the
plasma on top was centrifuged at 1,000xg for 15 min once
again, then stored at -80°C until further analysis. The bottom
cell layer was diluted with an equal amount of PBS (Solarbio,
Beijing, China). PBMCs were isolated using Ficoll-Hypaque
(TBD, Tianjin, China) with density gradient centrifugation
according to the protocol. Firstly, centrifugation was at 400xg
for 20 min on a horizontal rotor centrifuge; thus, we absorbed
the second layer from top to bottom, which was resuspended
in PBS and centrifuged at 250xg for 10 min in triplicate.

10.3389/fimmu.2022.948615

Next, RNA was extracted from PBMCs with a TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s
instructions; the RNA concentrations were then evaluated
using the Nanodrop spectrophotometer. In addition, we also
extracted RNA from whole blood; a blood (liquid sample)
total RNA rapid extraction kit (spin column type) (BioTeke,
Beijing, China) was applied (Supplementary Methods 1).
c¢DNA synthesis was conducted using the FastKing gDNA
Dispelling RT SuperMix (Tiangen, Beijing, China) and the
reaction was incubated at 42°C for 15 min (cDNA synthesis)
and terminated by heating at 95°C for 3 min. Finally, cDNA
was stored at -80°C.

Quantitative real-time polymerase
chain reaction

Quantitative real-time polymerase chain reaction (Q-PCR)
was performed by SuperReal PreMix Plus (SYBR Green)
(Tiangen, Beijing, China) on the Roche LightCycler 480, and
the primer sequences are shown in Table 2. The thermal cycling
program was as follows: 95°C 15 min, 40 cycles of 95°C for 10 s,
and 60°C for 30 s. A housekeeping gene (GAPDH) was used as
an endogenous control for normalization. The expression of
target genes was normalized to GAPDH using the
2—-AACT method.

TABLE 1 The demographic data and clinical characteristics of participants in this study.

Variable PD (n = 69) HC (n = 36) Group comparison
Age, years 65.96 + 8.961 68.75 + 9.82 0.145
Male/female ratio 39/30 19/17 0.714
H&Y stage, off (1]1.52|2.5|3]4/5]) 5/7]10727|13[0

MDS-UPDRS III “oft” (0-132) 49.09 + 18.76

Disease duration, years 7.27 +3.98

WBC, 1079/L 6.09 + 2.06 572 £ 1.44 0.448
Neutrophils (%) 62.40 + 10.02 58.51 + 8.10 0.080
Lymphocyte (%) 28.99 + 8.85 32.62 + 7.66 0.040
Monocytes (%) 6.05 + 1.43 6.14 + 1.42 0.765
N/L 2.83 £291 1.98 + 0.86 0.060
M/L 0.24 + 1.46 0.20 + 0.08 0.098

Values are means + SD unless otherwise stated. PD, Parkinson’s disease; HC, healthy controls. WBC, leukocyte; N/L, neutrophil/lymphocyte; M/L, monocyte/lymphocyte.

TABLE 2 The primer sequences used for Q-PCR.

Gene Forward primer sequence (5'—3’) Reverse primer sequence (5’ —3’)
GAPDH TCAAGGCTGAGAACGGGAAG CGCCCCACTTGATTTTGGAG

PROSI TTGCACTTGTAAACCAGGTTGG CAGGAACAGTGGTAACTTCCAG

LCN2 GGTATGTGGTAGGCCTGGCA AACAGGACGGAGGTGACATTGT
CXCL7 TTGTAGGCAGCAACTCACCC TGCAAGGCATGAAGTGGTCT
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Enzyme-linked immunosorbent assay

The concentrations of PPBP, PROSI1, and LCN2 in the
plasma of PD and HC were measured using commercially
available enzyme-linked immunosorbent assay kits (CUSABIO,
Wuhan, China) in accordance with manufacturer’s instructions,
which were detected at 450 nm with a microplate reader and
calculated by comparing the OD value of the samples to a
standard curve. We made a standard curve using the “Curve
Expert” software, which was downloaded from CUSABIO’s web.
The concentration read from the standard curve must be
multiplied by the dilution factor.

The plasma concentration of LCN2 was determined by
human NGAL ELISA kit (CSB-E09408h; CUSABIO, Wuhan,
China). The measurement range of this kit was 0.0156-1.0 ng/
mL; the coefficient of variation for intra-assay and inter-assay
was <8% and <10%, respectively. The minimum detection limit
was 0.0039 ng/mL.

The plasma concentration of PROS1 was determined using a
human PROS1 ELISA kit (CSB-E09903h; CUSABIO, Wuhan,
China). The measurement range of this kit was 3.12-200.0 ng/
mL; the coefficient of variation for intra-assay and inter-assay
was <8% and <10%, respectively. The minimum detection limit
was 0.78 ng/mL.

The plasma concentration of PPBP was determined using a
human NAP-2 ELISA kit (CSB-E04562h; CUSABIO, Wuhan,
China). The measurement range of this kit was 0.078-5.0 ng/mL;
the coefficient of variation of intra-assay and inter-assay was
<8% and <10%, respectively. The minimum detection limit was
0.0195 ng/mL.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
8 software and SPSS 26.0 software. For all analysis, statistical
significance was taken as a two-sided p-value <0.05. Data
normality was first evaluated using the Shapiro-Wilk test; if
normality assumption was satisfied, data were presented as mean
+ standard deviation (SD), and the significant differences
between groups were further analyzed using the Student’s t-
test. If not, median (Q1-Q3) described the data distribution
characteristics and the Mann-Whitney U test was applied
(Wilcoxon rank sum test). chi-Square tests compared sex
ratios between PD patients and healthy controls. Receiver
operating characteristic (ROC) curves were generated to
evaluate their sensitivities and specificities in distinguishing
PD from healthy controls.
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Results

Identification of differentially
expressed genes

We downloaded the microarray expression data set from the
GEO database. After a differential expression analysis according to
the above selection criteria, we obtained 373 DEGs including 337
upregulated genes and 36 downregulated genes in GSE100054, and
384 DEGs including 200 upregulated genes and 184 downregulated
genes in GSE49126. The principal component analysis (PCA) was
performed and shown by the scatter plot, in which each point
represented a sample (Figures 2A, C) and the screened genes with
significant difference between groups were displayed by different
colors in the volcano map (Figures 2B, D). GSE100054 and
GSE49126 were used to identify differently expressed genes
(DEGs), then intersected with the recorded PD-related genes by
DisGeNET database, respectively (Figure 3A). A total of 94 target
genes are shown in Supplementary Table 1.

PPl network analysis

To describe the interactions between proteins encoded by
differentially expressed genes, we constructed a PPI network
from the STRING database (Figure 3B). The network consisted
of 92 nodes and 293 edges; nodes represented DEGs of interest
and edges represented interactions between genes. The PPI
enrichment p-value was <1.0e-16, then the PPI network was
imported into cytoscape for visualization, and MCODE was used
to perform a cluster correlation analysis with default Node Score
Cutoff as 0.2, K-core as 2, and Max.Depth as 100. At last, three
clusters with high scores were obtained, namely, Cluster 1 (17
nodes, score 8.7, Figure 3C), Cluster 2 (7 nodes, score 4.3,
Figure 3D), and Cluster 3 (3 nodes, score 3.0, Figure 3E). A
total of 27 Hubgenes are displayed in Table 3.

Functional enrichment of DEGs and
significant module

Enrichment analysis for the DEGs of interest (94 genes) and
Hubgenes (27 genes) was carried out by the clusterProfiler
package based on Homo sapien background to obtain the
enrichment information. Through GO classification and
enrichment analysis, such as biological process, cell
component, and molecular function, functional annotation
terms related to PD were revealed and their biological
significance was explored. In order to uncover the biological
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PCA plots of gene chips and volcano maps of different expression genes. (A) PCA analysis plot of GSEI00054 gene chip; (B) Volcano map of
GSE100054 gene chip; (C) PCA analysis plot of GSE49126 gene chip; (D) Volcano map of GSE49126 gene chip. Control represents healthy
controls, pd represents Parkinson's disease. Up represents upregulated genes, and down represents downregulated genes.

pathways associated with DEGs of interest and Hubgenes,
important signaling pathways were obtained using the
KEGG database.

The biological process in which DEGs were enriched mainly
included the regulation of inflammatory response, platelet
degranulation, regulation of the immune effector process,
production of the molecular mediator of immune response,
leukocyte proliferation, cytokine production involved in
immune response, neuroinflammatory response, etc.
(Figure 4A). In terms of “cell component”, DEGs were mainly
enriched in the vesicle lumen, platelet alpha granule lumen,
external side of plasma membrane, transport vesicle, and other
regions (Figure 4B); as for the “molecular function”, DEGs were
mainly related to cytokine activity, receptor ligand activity, NAD
+ nucleosidase activity, interleukin-1 receptor binding, etc.
(Figure 4C). In the enrichment analysis of KEGG, DEGs
mainly are involved in lipid and atherosclerosis, MAPK
signaling pathway, cytokine-cytokine receptor interaction,
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HIF-1 signaling pathway, inflammatory bowel disease and
cholesterol metabolism, etc. (Figure 4D).

The biological process in which Hubgenes were enriched
mainly included cytokine production involved in immune
response, regulation of inflammatory response, platelet
degranulation, glial cell activation, positive regulation of
cytokine production, regulation of the immune effector
process, etc. (Figure 5A). In terms of “cell component”,
Hubgenes were mainly enriched in the vesicle lumen, secretory
granule lumen, membrane region, and other regions (Figure 5B).
As for the “molecular function”, it indicated that Hubgenes were
mainly related to cytokine activity, cytokine receptor binding,
amyloid-beta binding, C-C chemokine receptor activity, etc.
(Figure 5C). In the enrichment analysis of KEGG, Hubgenes
were mainly involved in rheumatoid arthritis, cytokine-cytokine
receptor interaction, proteoglycans in cancer, PI3K-Akt
signaling pathway, necroptosis, AGE-RAGE signaling pathway
in diabetic complications, etc. (Figure 5D).
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DisGeNET

FIGURE 3

Protein—protein interaction network and key protein expression module. (A) Venn diagram of DEGs in GSE100054, GSE49126 gene chips and
genes from DisGeNET; (B) Protein—protein interaction network of DEGs; (C) Key protein expression module 1; (D) Key protein expression
module 2; (E) Key protein expression module 3. The nodes represent genes, and the edges represent links between genes.

Identification and validation of molecular
signatures in PD

We performed the biological process analysis of gene ontology
(GO) based on 27 Hubgenes (“immune” as the key word, p < 0.05
as a criterion), screened 39 immune-related pathways
(Supplementary Table 2), and selected 13 target molecules from
the above Hubgenes, such as CCR2, CD 44, TLR2, TLR4, IL4, IL-
1B, IL-33, TGFB2, PPBP, PROS1, CLU, LCN2, and NLRP3.
GSE22491 was selected as a validation data set to compare the
expression levels of these molecules in PD and HC. The expression
of IL-1B, TGFB2, CLU, IL33, and NLRP3 had no significant
differences between the two groups; other genes were deemed to
be significantly different (p < 0.05) (Figure 6). We selected three
molecules: PPBP, LCN2, and PROSI for the following experiment
based on previous studies and objective conditions of experimental
implementation. These three molecules were all decreased in PD
compared to HC (Figure 6); however, the expression levels of PPBP,
PROSI and LCN2 in PD were higher than HC in GSE100054
(Figure 7A-C). Of the immune-related biological processes, PPBP
and LCN2 were mainly involved in humoral immune response and
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neutrophil activation involved in immune response; however, in
addition to humoral immune response, PROSI also participated in
the regulation of humoral immune response and the immune
effector process (Table 4).

Validation of selected differential
molecules on transcription level

Sixty-nine patients with PD (39 males and 30 females) and
36 healthy controls (19 males and 17 females) were recruited.
From these participants, firstly, we selected some for mRNA
expression level analysis.

We observed that LCN2 expression was significantly increased
in PBMC from PD patients compared to the healthy controls;
however, the mRNA level of PPBP was decreased (Figures 8B, C).
The PROSI expression level was rather low, therefore being unable
to assess. In addition, we also extracted RNA from whole blood and
the PROSI1 expression was significantly increased in PD
(Figure 8A), while LCN2 and PPBP had no significant differences
between groups (Supplementary Figure 1).
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TABLE 3 The 27 Hubgenes of three clusters.

Symbol ENTREZID
ILIRN 3557
PROS1 5627
SERPINE1 5054
CLU 1191
EGFR 1956
NRGN 4900
NT5E 4907
NLRP3 114548
TIMP1 7076
CCR3 1232
CCR2 729230
1L33 90865
TGFB2 7042
ANGPT1 284
IGF2 3481
PPBP 5473
VEGFA 7422
1L4 3565
MMRNI1 22915
DLG4 1742
IL1B 3553
LCN2 3934
CD24 100133941
TLR4 7099
CD44 960
PVALB 5816
TLR2 7097

Validation of selected differential
molecules on translation level

For ELISA, the plasma levels of the above three molecules
were consistent with the mRNA expression. Our findings
revealed that PPBP levels in the peripheral blood samples of
patients with PD and healthy controls were 1.770 ug/mL (range
0.019-9.839 pg/mL) and 2.269 ug/mL (range 0.692-16.83 ug/
mL) respectively (Figure 9A). In comparison with the healthy
controls, the assay showed that the plasma concentrations of
PROS1 and LCN2 both were enhanced in PD (PD: PROSI,
77.52 ng/mL, range 3.727-387.4 ng/mL; LCN2, 98.83 ng/mlL,
range 41.64-224.6 ng/mL) (HC: PROSI, 55.49 ng/mL, range
2.019-151.6 ng/mL; LCN2, 44.94 ng/mL, range from 14.25-
143.2 ng/mL) (Figures 9B, C). Receiver operating characteristic
(ROC) curves were applied to determine the diagnostic effect of
the above three molecules. We found that PPBP, PROSI1, and
LCN2 with an area under the curve (AUC) of 0.663 (95% CI:
0.551-0.776), 0.674 (95% CI: 0.569-0.780), and 0.885 (95% CI:
0.814-0.955) (Figures 10A-C) (Table 5).
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Gene Name

Interleukin 1 receptor antagonist (ILIRN)
Protein S (alpha) (PROS1)

Serpin family E member 1 (SERPINEI)
Clusterin (CLU)

Epidermal growth factor receptor (EGFR)
Neurogranin (NRGN)

5’-nucleotidase ecto (NT5E)

NLR family pyrin domain containing 3 (NLRP3)
TIMP metallopeptidase inhibitor 1 (TIMP1)
C-C motif chemokine receptor 3 (CCR3)

C-C motif chemokine receptor 2 (CCR2)
Interleukin 33 (IL33)

Transforming growth factor beta 2 (TGFB2)
Angiopoietin 1 (ANGPT1)

Insulin like growth factor 2 (IGF2)

Pro-platelet basic protein (PPBP)

Vascular endothelial growth factor A (VEGFA)
Interleukin 4 (IL4)

Multimerin 1 (MMRN1)

Discs large MAGUK scaffold protein 4 (DLG4)
Interleukin 1 beta (IL1B)

Lipocalin 2 (LCN2)

CD24 molecule (CD24)

Toll like receptor 4 (TLR4)

CD44 molecule (Indian blood group) (CD44)
Parvalbumin (PVALB)

Toll like receptor 2 (TLR2)

Discussion

The study analyzed the DEGs of interest and Hubgenes in
PBMC from PD patients and healthy controls. In terms of
“biological process”, DEGs and Hubgenes were mainly enriched
in the regulation of inflammatory response, positive regulation of
cytokine production, regulation of immune effector process and so
on. The PPI network identified 13 genes of interest, and key module
analysis showed that these genes were mainly involved in the
immune response. We then selected PPBP, PROSI, and LCN2 to
validate their expression levels in PBMC and whole blood by Q-
PCR and in plasma by ELISA. The plasma level of PPBP, PROSI,
and LCN2 were consistent with the mRNA expression. The three
molecules above were all reduced in PD in GSE22491 (Figure 6) but
increased in GSE100054 (Figure 7), but we found that PPBP was
decreased in PD, and PROSI1 and LCN2 were increased compared
to healthy controls. Nonetheless, all the evidence suggests that
PROSI1, PPBP, and LCN2 are known to be well detectable in vivo
in blood and thus represents a potentially valuable source of
biomarkers for Parkinson’s diseases.
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FIGURE 4
GO and KEGG analysis results of DEGs. (A) GO biological process enrichment results; (B) GO cell component enrichment results; (C) GO molecular
function enrichment results; (D) KEGG pathway enrichment results. GO: gene ontology. KEGG: Kyoto Encyclopedia of Genes and Genomes.

GO and KEGG analysis indicated that PROS1, PPBP, and especially endogenous microglia and infiltrating monocytes/

LCN2 were mainly involved in immune-related biological macrophages from the periphery, serve a prominent role in
processes associated with humoral immune response. The the pathogenesis of PD (8, 26, 27). Previous studies also
activation of the innate immune system components, supported the involvement of the adaptive immune system
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FIGURE 5
GO and KEGG analysis results of Hubgenes. (A) GO biological process enrichment results; (B) GO cell component enrichment results; (C) GO
molecular function enrichment results; (D) KEGG pathway enrichment results. GO: gene ontology. KEGG: Kyoto Encyclopedia of Genes and Genomes.
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The expression levels of 13 genes in GSE22491. p < 0.05 was considered to be statistically different

in the pathophysiology and progression of PD (28, 29). In
addition, during the inflammatory progress of CNS,
peripheral myeloid cells (such as monocytes) can be
recruited into the brain through disturbed BBB and further
participate in the inflammatory processes (27). Peripheral
immune activation is enhanced in PD patients, and dynamic
changes in the percentage of CD4+ T cells and IgG level
suggest that peripheral immunity plays a positive role in
initiation or exacerbation of neurodegeneration (30). The
autoantibodies against o-synuclein were related to disease
status in the serum and cerebrospinal fluid of PD patients
(31); furthermore, a study confirmed that the repertoire of
high-affinity anti-o-synuclein autoantibodies was
significantly reduced in prodromal phases of PD (32),
which indicates that impaired reactivity towards o-
synuclein occurs prior to disease onset and humoral
immune response is involved in the pathophysiology of
neurodegeneration. A recent study also reported that
peripheral humoral immune response (particularly serum

C3 and IgG) may be correlated with the non-motor
symptoms (NMSs) of PD (33).

Chemokines are a class of small secreted proteins that have
certain chemotactic effects on different target cells via binding to G
protein-coupled receptors. CXC chemokines belong to the soluble
subfamily of cytokines with low molecular weight and conserved N-
terminal CXC motif (34). To date, 17 CXC chemokines have been
identified (34), and many studies have confirmed that chemokines
play an important role in the immune and nervous system, which
can induce peripheral immune cells to reach inflammatory sites,
triggering immune responses that lead to the destruction of BBB
(35, 36). Activated microglia can upregulate MHC class II molecules
and produce cytokines or its corresponding receptors during
inflammation (37). Given their effects in cell migration and
immune coordination, chemokines may be major candidates for
connecting peripheral and central inflammation and coordinating
neuroinflammation (38). PPBP, also known as NAP-2/CXCL?7,
belongs to the CXCL subgroup, which is released by activated
platelets and associated with the initiation and development of
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The expression levels of PPBP, PROS1 and LCN2 from PD patients and healthy controls in GSE100054. (A—C) The expression of PPBP, PROS1
and LCN2 in GSE100054. p < 0.05 was considered to be statistically different.
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TABLE 4 The immune-related pathways in the term of biological process.

ID Description GeneRatio
GO0:0002283  Neutrophil activation involved in immune response 4/27
GO0:0002697 Regulation of immune effector process 9/27
GO0:0002920 Regulation of humoral immune response 3/27
GO:0006959 Humoral immune response 6/27

10.3389/fimmu.2022.948615

BgRatio p-value gene ID

490/18866  4.91E-03 PPBP/LCN2/CD44/TLR2

470/18866  1.08E-08 ~ PROSI/CLU/NLRP3/CCR2/IL33/TGFB2/IL4/IL1B/TLR4
134/18866  9.05E-04 PROS1/CLU/ILIB

377/18866  1.27E-05 PROS1/CLU/CCR2/PPBP/IL1B/LCN2

TABLE 5 Receiver operating characteristic (ROC) of PPBP, PROS1, and LCN2 for prediction of Parkinson’s disease and healthy controls.

Indicator  Sensitivity(95% CI) Specificity(95% CI) AUC(95% CI) Cut-off Positive LR Negative LR

PPBP 0.986 (0.911-0.999) 0361 (0.213-0.537) 0.663 (0.551-0.776) 9.006 pg/mL 1.543 (1.205-1.975) 0.040 (0.005-0.309)
PROS1 0.449 (0.331-0.573) 0.917 (0.764-0.978) 0.674 (0.569-0.780) 85771 pg/mL 5391 (1.769-16.432)  0.601 (0.483-0.747)
LCN2 0.899 (0.796-0.955) 0.750 (0.575-0.873) 0.885 (0.814-0.955)  62.726 ng/mL 3.594 (2.030-6.364) 0.135 (0.065-0.278)

various tumors; therefore, serum levels of PPBP can be regarded as
an auxiliary diagnostic marker of colorectal cancer (CRC) and
obstructive colorectal cancer (OCRC) (39, 40). A meta-analysis
including 11 studies involving 771 participants showed that blood
PPBP levels were significantly higher in depressed patients
compared to non-depressed controls (38). Krishna et al. reported
that the binding of chemokines (CXCL1, CXCL2, CXCL3, CXCL5,
CXCL6, CXCL7, and CXCLS8) to corresponding receptors (CXCRI
and CXCR2) triggered the signaling pathway of G-protein or f3-
arrestin coupling, which played an important non-overlapping part
in the trafficking and activation of neutrophils (41). In addition, in
the mouse model, overexpressing human full-length o-synuclein
could induce the infiltration of CCR2 positive monocytes into the
substantia nigra (14). Conversely, loss of CCR2 prevented o-
synuclein-induced monocyte infiltration and subsequent
dopaminergic neuron death (14). A Korean study showed that
acupuncture at GB34 and LR3 might inhibit the degeneration of
dopamine neurons in the SN of MPTP-induced Parkinson’s disease
mouse model, and the affymetrix gene chip test showed that PPBP

was upregulated in MPTP group compared with control; however,
compared with the MPTP group without acupuncture, PPBP was
downregulated after acupuncture, indicating that PPBP may be
involved in the pathogenesis and regulation of PD (42). However, in
this study, we observed that blood PPBP level was reduced in PD,
which contradicted with previous reports. This inconsistent result
may be related to individual differences, methods of sample
collection, choices of assays, disease severity, and other
confounding variables.

TAM receptors (Tyro3, Axl, and Mertk) are a subgroup of the
tyrosine kinase receptor family. TAMs may play a role in the
pathogenesis of PD by affecting the activation and phagocytosis of
microglia and regulating the deposition of o-synuclein (43). Two
ligands of TAM receptors (PROS1 and Gas6) are vitamin K-
dependent proteins, and high level of PROSI can be measured in
plasma, which not only plays an independent anticoagulant activity
and acts as cofactors in the decomposition of coagulation factors
(44) but also executes the phagocytosis of apoptotic cells (45). In the
CNS, PROSI is expressed at a low level, mainly in the locus
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FIGURE 8

PROS1, PPBP, and LCN2 expression from PD patients and healthy controls

. (A) The PROSI expression in whole blood from PD (n = 16) was

higher than HC (n = 16); (B) The PPBP expression in PBMC from PD (n = 22) was lower than HC (n = 16); (C) The LCN2 expression in PBMC

from PD (n = 22) was higher than HC (n = 16). HC represents healthy con
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trols, PD represents Parkinson's disease. * p < 0.05, ** p < 0.01.
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Plasma levels of PPBP, PROS1 and LCN2 in PD patients (n=69) and healthy controls (n=36). (A) Comparison of the expression levels of plasma
PPBP; (B) Comparison of the expression levels of plasma PROSL; (C) Comparison of the expression levels of plasma LCN2. HC represents
healthy controls, PD represents Parkinson's disease. ** P < 0.01, **** P < 0.0001.

coeruleus and choroid plexus, but at high levels in human neurons
(45), which phosphorylates Mertk and Tyro3 but not Axl (43).
Activated human T cells secrete PROS1 that limited dendritic cell
activation through TAM receptors and reduced inflammation (46).
Another work assessed the plasma concentrations of total and free
PROSI in 65 patients with multiple sclerosis (MS) and 15 controls;
total PROS1 in MS was reduced compared with control, while
plasma-free PROS1 was extremely lower in patients with higher
disease severity, suggesting that the PROS1 level may be a potential
biomarker of disease progression (47). In comparison with wild-
type mice, the expression of PROS1 was increased in the
hippocampus of 5XFAD mice (AD mouse model), and the level
of serum PROS1 in 5XFAD mice increased with disease
progression. More significantly, PROS1 was also observed
enhanced in the serum of AD patients and closely related to
human AD neuroimaging markers (48). We also observed that
the plasma PROSI level displayed a significant difference between
PD and HC. Therefore, PROSI can be used as a new plasma
biomarker for PD.

Lipocalin-2 (LCN2), also known as neutrophil gelatinase-
associated lipocalin (NGAL), 24p3 or ferriportin, is a member of
the lipocalin family of transport proteins and acts as a
multifunctional mediator of metabolic inflammatory process (11).
As a group of highly heterogeneous extracellular proteins, LCN2
induces the activation of microglia and astrocytes through its
neurotoxic properties and causes neuronal cell death under
neuroinflammation (49). It was reported that LCN2 increased in
the SN and serum of PD patients, which was positively correlated
with o-synuclein and AP40 in CSF (50, 51). The mRNA and
protein expression levels of LCN2 increased in the substantia nigra
and striatum in two neurotoxin mouse PD models (MPTP and 6-
OHDA), and LCN2 promoted neuro-inflammation and neuronal
death, leading to the disruption of the dopamine pathway in the SN
which caused motor behavior disorder (51). Our results indicated
that plasma LCN2 increased in PD; however, another study pointed
out that serum LCN2 levels in PD patients did not significantly
increase compared to controls, and there was no significant
difference in concentration between early and late, cognitively
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impaired, cognitively normal PD and HC (52). Neuro-
inflammation, iron dysregulation, white matter lesions, and BBB
destruction are common neuropathological processes in many CNS
diseases, and accumulating evidence suggests that LCN2 is
associated with iron homeostasis dysregulation, metabolic
alteration, and insulin resistance (49). LCN2 has been proposed
as a biomarker for preclinical Alzheimer’s disease and vascular
dementia (53, 54); its usage as a potential biomarker for PD still
needs to be further explored.

This study has some limitations. Firstly, these results were
obtained in a small group of participants. The inconsistent
results may be related to methods of sample collection, choices
of assays, disease severity, drug treatment, and other
confounding variables. Therefore, the above findings in this
study are still preliminary. Due to the inconvenience and
difficulty of conducting long follow-up studies, more detailed
clinical information and scale assessment data cannot be
obtained. Comprehensive clinical information is conducive to
the objective evaluation of research results, and we will
strengthen the acquisition of clinical data of patients to enable
subgroup analysis in the future.

Conclusion

In this study, we used the gene expression dataset to identify
DEGs and found 13 genes of interest by constructing a PPI
network and identifying key modules. Based on the biological
process analysis of Gene ontology (GO), PPBP, PROS1, and
LCN2 have been involved in humoral immune response
(GO:0006959). Although we have proved that PPBP, PROSI,
and LCN2 were statistically different in PD patients and healthy
controls using Q-PCR and ELISA, further investigations are
needed to yield more insight into the effects of peripheral
humoral immune response involving these three molecules on
underlying mechanisms of Parkinson’s disease. Moreover, it
needs more comprehensive studies to validate the diagnostic
and prognostic value of these three molecules in PD.
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