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ABSTRACT: The intrinsic mechanism of postherpetic neuralgia (PHN) remains unclear. conesr &} £1% pivose
Herein, we aimed to seek the hub proteins in the cerebrospinal fluid (CSF), which display

significant changes between the PHN and nonpainful patients (Control). First, the proteomic

results showed that compared with the Control-CSF, there were 100 upregulated and S0 T e protcomies
downregulated differentially expressed proteins (DEPs) in the PHN-CSF. Besides, functional P s

analyses including gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), *(ﬁ’ ;E' ey
and gene set enrichment analysis (GSEA) revealed that biological processes and pathways m:p S e T
including complement activation, infection, coagulation, and lipid metabolism were activated, - ——

while synaptic organization was suppressed. Next, the protein—protein interaction (PPI) analysis Hub Proteins SERPINCL APOALES KNGI
indicated that increased PLG, F2, APOA1, APOA2, SERPINCI1, and KNG1 and reduced APOE, Y

wB ¢, £:%0 ELISA
s 3

¥

which were all enriched in the top pathways according to the KEGG analysis, were defined as hub
proteins. Finally, three of the hub proteins, such as PLG, APOA1, and APOE, were reconfirmed in
a larger cohort using both enzyme-linked immunosorbent assay (ELISA) and Western blotting
methods. Above all, the results indicated that PLG, APOA1, and APOE and their involved processes such as infection, inflammation,
cholesterol metabolism, and coagulation shall be potential therapeutic approaches. (The raw mass spectrometry proteome data and
search results have been deposited to the iProx-integrated Proteome Resources (http://www.iprox.cn) with the data set identifier
IPX0007372000.)
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H INTRODUCTION could reflect the structural and functional alterations in the
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Postherpetic neuralgia (PHN) is the chronic infection by the processes of CNS injury and degenerative diseases, ™ few of

varicella zoster virus (VZV)." Epidemic studies have reported
that globally, 30% of people would suffer from the herpes interpretation of its intrinsic mechanism. To the best of our
zoster (HZ) in their lifetime.” Among them, 5—30% victims limited knowledge, proteomics studies on the CSF of PHN
(especially the elderly and female) will finally develop PHN. patients are still lacking.

them have paid adequate attention to PHN, which limits our

As a typical type of neuropathic pain (NP), the primary clinical In the present study, high-throughput proteomics was
manifestation of PHN is the long-term, spontaneous and employed to detect the differentially expressed proteins
intolerable pain at the infected dermatome, which severely (DEPs) in the CSF of PHN and nonpainful patients. Besides,
reduces the life quality of the victims.* Although large amounts multiple functional analyses were then performed to seek out
of studies have sought to reveal the mechanism, the treatment the hub proteins and their correlated biological processes.

for PHN still remains challenging due to the fact that humans
are the only host of VZV, and it is hard to establish an animal
model to reproduce the analogous pathophysiology.” Thus,
gaining a better understanding of the exact mechanism of PHN
is urgently needed.

Fortunately, proteomics shall provide an alternative solution
in seeking out the key molecules and biological processes
during the process of the diseases. Cerebrospinal fluid (CSF), Revised:  October 24, 2023
on the other hand, is considered to be a logical biospecimen Accepted:  November 1, 2023
for pathophysiological study of the central nervous system Published: November 15, 2023
(CNS) disorder.® Compared with numerous research studies
proving that the changes of protein composition in the CSF

Finally, the expression patterns of these hub proteins were
further verified in a larger clinical cohort, and the possible
mechanism was speculated based on the bioinformatic analysis.
The results shall provide valuable information about the key
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proteins in the CSF, which may provide new approaches to
treating the PHN disease.

B METHODS

Patient Enrollment

The study was approved by the institutional medical review
board of the Second Xiangya Hospital (LYF2020081) on Sep
21st, 2020, prior to the patient enrollment and was strictly
conducted based on the principles of the Declaration of the
Helsinki. From April first, 2021, to July first, 2021, 20 PHN
patients who suffered from refractory pain (Numeric Rating
Scale (NRS) above 4) after standard antiviral (valacyclovir)
and analgesic (pregabalin) treatment and were scheduled to
accept the spinal cord stimulation (SCS) treatment were
enrolled from the Department of the Pain Management for the
study eligibility. The exclusion criteria included (1) patients
complicated with other neurological diseases; (2) patients with
blood diseases and bleeding tendency; (3) patients with
tumor; (4) patients with severe vital organ diseases; and (5)
pregnant and nursing women. As for control, 20 nonpainful
patients who were diagnosed with varicose greater saphenous
vein and planned to accept epidural block for the vascular
surgery were enrolled. All participants had signed the informed
consents to donate the CSF samples before the study began.

CSF Collection

Lumbar puncture and CSF collection were performed by the
same skilled anesthesiologist (Zou D). Briefly, patients for both
groups were monitored with a five-lead electrocardiograph,
noninvasive blood pressure, and pulse oximetry when entering
the operating room and were asked to place at the lateral
decubitus position. After the thoroughgoing aseptic precau-
tions and local anesthesia (1% lidocaine), a 16-gauge (G)
epidural puncture needle was used to enter the epidural space
at the L2-L3 space via the loss of resistance technique. After
that, a 25G lumbar anesthesia needle was punctured through
the cavity of the epidural needle to the subarachnoid cavity. A
meticulous collection of 2 mL of transparent CSF was slowly
and carefully collected. Each sample was then centrifuged at
1000g for 5 min to remove the debris, and the supernatant was
harvested and stored at —80 °C for further use.

Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS) Analysis

The CSF samples from four PHN patients and four nonpainful
patients were randomly selected for the LC-MS/MS analysis.
Briefly, proteins in each CSF sample were extracted using SDT
buffer (4% SDS, 100 mM Tris—HCl, 1 mM DTT, pH7.6) and
then quantified via the bicinchoninic acid (BCA, 500—0001,
Bio-Rad, CA) method. Quality control was performed using
12.5%-SDS-PAGE gel electrophoresis followed by Coomassie
Blue R-250 staining. After that, proteins were digested using
trypsin, followed by the filter-aided sample preparation (FASP)
procedure described by Matthias Mann.” In addition, the
digested peptides were further desalted on C18 Cartridges
(Empore SPE Cartridges C18 (standard density), bed 1D. 7
mm, volume 3 mL, Sigma), concentrated by vacuum
centrifugation, and reconstituted in 40 uL of 0.1% (v/v) formic
acid. The spectral density was then calculated with ultraviolet
(UV) light at 280 nm. Afterward, a tandem mass tag (TMT)
reagent (Thermo, MA) was employed to label the peptides in
each sample according to the manufacturer’s instructions.
Next, the labeled peptides were further fractionated by a High-
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PH Reversed-Phase Peptide Fractionation Kit (Thermo
Scientific).

LC-MS/MS analysis was performed on a Q Exactive mass
spectrometer (Thermo Scientific) coupled to Easy nLC
(Thermo Fisher Scientific) for 60/90 min. The peptides
were loaded onto a reverse-phase trap column (Thermo
Scientific Acclaim PepMap100, 100 ym X 2 cm, nanoViper
C18), which was connected to the Cl18-reversed phase
analytical column (Thermo Scientific Easy Column, 10 cm
long, 75 pm inner diameter, 3 ym resin) in buffer A (0.1%
formic acid) and separated with a linear gradient of buffer B
(84% acetonitrile and 0.1% formic acid) at a flow rate of 300
nl/min controlled by IntelliFlow technology. The mass
spectrometer was operated in the positive iron mode. MS
data were acquired using a data-dependent top-10 method by
dynamically choosing the most abundant precursor ions from
the survey scan (300—1800 m/z) for HCD fragmentation. The
paraments setting included automatic gain control (AGC):
3e6, maximum inject time: 10 ms, dynamic exclusion duration:
40.0 s, survey scans: a resolution of 70,000 at m/z 200,
resolution for HCD spectra: 17,500 at m/z 200, isolation
width: 2 m/z, normalized collision energy: 30 eV, and the
underfill ratio: 0.1%. The instrument was run with the peptide
recognition mode enabled.

The MS raw data for each sample were acquired using the
MASCOT engine (Matrix Science, London, U.K,; version 2.2)
embedded into Proteome Discoverer 1.4 for identification and
quantitation analysis. Related parameters are shown in Table 1.

Table 1. Related Parameters of Identification and
Quantitation of Proteins

item value

enzyme trypsin
max missed 2

cleavages
fixed carbamidomethyl (C) TMT 6/10/16 plex (N-term),

modifications TMT 6/10/16 plex (K)
variable oxidation (M)

modifications
peptide mass +20 ppm

tolerance
fragment mass 0.1 Da

tolerance

database Swissprot_Homo_sapiens_20395_20210106.fasta
database pattern  decoy
peptide FDR <0.01

protein
quantification

the protein ratios were calculated as the median of only
unique peptides of the protein.

Bioinformatic Analysis

Bioinformatic analysis in the present study included principal
component analysis (PCA), detection of DEPs, the Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, Gene Set Enrichment Analysis (GSEA), and
protein—protein interactions (PPI) using R software (version
4.1.3), R Studio (version1.4.1717), Cytoscape (version 3.9.0),
Venn (http://jvenn.toulouse.inra.fr/app/example.html),'® and
STRING (string-db.org) Web site online. Protein intensities
were log,-transformed and corrected by the median correction
method using the DEqMS package for further analysis. All P
values were corrected by a false discovery rate (FDR) with the
Benjamini—Hochberg (BH) method.

https://doi.org/10.1021/acs jproteome.3c00547
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The PCA analysis was conducted using the FactorMineR
package, in order to visualize the differences and similarities
between samples.'" A two-dimensional scatter plot was drawn
using the ggplot2 and ggrepel packages to display the
distribution of the samples, and the principal components of
PCA1 and PCA2 were reported based on the majority of the
variation.

The DEP detection of all quantitative proteins was
calculated by the Bayes test through the Limma package.
DEP was defined P < 0.05 and the absolute index of the fold-
change (FC) (lfold-change (FC)I) > 1.2. The hierarchical
cluster analysis was used to classify DEPs in comparison
groups using ward D2 algorithm, and the distance of row
clustering was calculated by the Euclidean algorithm. The
Volcano map and heatmap were further drawn through the
ggplot2, ggrepel, and ComplexHeatmap packages separately.

The GO and KEGG analysis were conducted using the
Hypergeometric method with the clusterProfiler package.'” In
the GO analysis, three categories including the biological
process (BP), cell component (CC), and molecular function
(MF) were included and displayed in a barplot. In the KEGG
analysis, the significant terms with high similarity were
clustered and displayed in a treeplot using the enrichplot
package. In both sections, the top significant terms and DEPs
were displayed in the barplot, Circos, and chord plot,
respectively.

The GSEA was then performed to find enriched biological
processes (GSEA-GO(BP)) and related pathways (GSEA-
KEGG) of all quantified proteins using the clusterProfiler
package. The enrichment score (ES) and normalized enrich-
ment score (NES) were calculated and analyzed with the
empirical phenotype-based permutation test followed with
correction by the BH method. P < 0.05, INESI > 1, and FDR (gq
value)<0.25 were considered to be statistically significant.
Then, all terms were arranged in descending order of INES,
with the top significant gene sets displayed in dot plots using
the GseaVis package. Besides, the relevant pathways and core-
enrichment proteins were displayed in the enrichment map
and heatmap with the GseaVis package.

The PPI analysis was performed using the STRING Web
site. Proteins, with a minimum required intersection score
>0.4, were visualized and further analyzed to obtain the PPI
cluster using the software Cytoscape 3.9.0. Two methods
including MCODE and Cytohubba (containing five algo-
rithms: MCC, MNC, Degree, EPC, and Closeness) were used.
The overlapping results were displayed in the Venn diagram
through the Venny Web site and further processed with KEGG
analysis to determine the hub proteins and their involving
pathways, which were all displayed in the Cnetplot using both
clusterProfiler and enrichplot packages.

Enzyme-Linked Immunosorbent Assay (ELISA)

Among the hub proteins, thrombin factor II (F2), plasminogen
(PLG), apoprotein Al (APOAL), apoprotein A2 (APOA2),
and apoprotein E (APOE) were chosen, and their levels in the
CSF of all 40 enrolled patients were tested using the ELISA
method. The ELISA kits including F2 (AF0946-A, AiFang
biological, Shanghai, China), PLG (AF111463-A, AiFang),
APOA1 (AF0168-A, AiFang), APOA2 (AF111517-A, AiFang),
and APOE (AF0882-A, AiFang) for humans were employed
following the manufacturer’s instructions. Optical density was
measured at 450 nm by using a microplate reader (Rayto RT-
6100 microplate reader, Shenzhen, CHN).
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Western Blotting

The remaining CSF samples from the selected eight patients
for the proteomics were further used for the Western blotting
testing. After being mixed with the loading buffer, each sample
containing 20 yg of protein was loaded on a 10% SDS-PAGE,
electrophoresed, and transferred to a nitrocellulose membrane.
The membrane then was blocked in TBST containing 10%
nonfat milk powder for 1 h followed by the incubation at 4 °C
overnight with the following primary antibodies: rabbit anti-
PLG (1:500, BS9229, Bioworld Technology), rabbit anti-
APOA1 (1:500, bs-0849R, Bioss), and rabbit anti-APOE
(1:2000, ab183597, Abcam) were used. Each membrane was
washed 3 times with TBST (10 min each), and then, the
membrane was incubated for 1 h at room temperature with
horseradish peroxidase conjugated antirabbit IgG (1:6000;
Proteintech, Rosemont, IL). After reacting with the chem-
iluminescent HRP substrate (WBKLS0100, Millipore, Burling-
ton, MA), the immunoreactivity bands were photographed by
a gel imaging system (Clinx Science Instrument, Shanghai,
CHN).

Statistical Analysis

For categorical variables, data were expressed as frequency and
percentage (%) and analyzed by Fisher’s exact test. For
continuous variables, data with normal distribution were
presented as mean and standard deviation and analyzed
using the independent two-sided unpaired parameter ¢t test,
while data with abnormal distribution were expressed as
median and interquartile range (IQR) and analyzed with the
Mann—Whitney U test. P < 0.05 was considered as the
statistical significance.

Analysis of patients’ basic information, Western blotting
data, and ELISA data were visualized with Prism software
(version 8.0.1, GraphPad Inc., CA). In addition, all the pictures
were uniformly decorated and arranged by Adobe Illustrator
CC 2019 software.

B RESULTS

The flowchart of the present study is shown in Figure 1.
Generally, the basic characteristics, including the age, gender,
body mass index (BMI), and rates of hypertension and
diabetes mellitus, remained statistically comparable between
the two groups (all P > 0.05, Table 2). Additionally, the
detailed information including gender, age, duration, and
location of the pain and NRS scores of the selected eight
patients for the proteomics analysis are also listed in Table 3.

As shown in Figure 2A, the present proteomic results
described that a total of 1641 proteins were identified, of which
1638 were quantified. The PCA analysis further proved that
PCA1 and PCA2 were 35.93 and 21.68%, respectively, and the
distribution of the samples was aggregated within each group
and departed between the two groups (Figure 2B), suggesting
that a clear different protein expression profile existed between
the PHN- and Control-CSF. In Figure 2C,D, both the volcano
map and the heatmap indicated that there were 100
upregulated and S0 downregulated DEPs between the PHN
and CON groups (both P < 0.05), whereas others showed no
statistical differences. The top 10 upregulated proteins and
downregulated proteins were marked on both maps.

The GO analysis, containing the top enriched terms and
proteins network, is displayed in Figure 3. Generally, there
were 349 BP, 30 CC, and 60 MF terms significantly enriched
in each category. In detail, in the BP category, the top

https://doi.org/10.1021/acs jproteome.3c00547
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Figure 1. Flowchart of this study.

Table 2. Basic Information of Subjects

variables PHN (n = 20) CON (n =20) P-value

age (years) 63.4 + 6.0 61.8 + 44 0.36
gender (female/male) 9/11(45/55%) 10/10(50/50%) 0.99
body mass index (BMI) 24.0 + 3.0 23.6 + 2.8 0.67
duration of the disease 49 + 3.5

numeric rating scale (NRS)  6(5,6)

hypertension 5(25%) 4(20%) 0.99
diabetes mellitus 4 2 0.66
Table 3. Basic Characteristics of the Eight Subjects
Accepted for Proteomics

age duration

patients gender  (Y) location ™M) NRS

PHN1 M 59 left lower thoracodorsal 9 7

PHN2 F 52 right lower 1 6

thoracodorsal

PHN3 F S8 left waist abdomen

PHN4 M 71 left waist back S S

CON1 F 48

CON2 F 61

CON3 M 61

CON4 M 67

biological processes were complement activation (classical
pathway), humoral immune response mediated by circulating
immunoglobulin, phagocytosis, and hemostasis regulation
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(Figure 3A), in which 29 upregulated DEPs, such as
IGHV(1-69—2,3—-30-5,3—64D), C8(A, B, G), C6, CFB,
F2, CXCL10, APOA1l, APOA2, APCS, and RAB7A were
involved (Figure 3B). In the CC category, blood microparticle,
collagen-containing extracellular matrix, high-density lipopro-
tein particle, secretory granule lumen, cytoplasmic vesicle
lumen, and other terms were enriched (Figure 3A), which
correlated with 49 DEPs, including downregulated APOE,
COMP, SERPINE2, CBLN1, and FAM3C and upregulated C8
(A, G), F2, PLG, GC, APOAl, APOA2, APOCI1, PONI,
APDIPOQ, ANXA2, ANXA4, ANXAS, SAA2, and SAA4
(Figure 3C). In the MF category, the top-five enriched terms
were enzyme inhibitor activity, endopeptidase inhibitor
activity, peptidase inhibitor activity, endopeptidase regulator
activity, and peptidase regulator activity (Figure 3A), in which
the downregulated DEPs such as MT3A, PRNP, SERPINE2,
and PCSKIN and upregulated DEPs including APOAIL,
APOA2, APOCI, HSPB1, ANXA2, ANXA4, ANXAS,
PRDXS, etc., were highly involved (Figure 3D).

KEGG analysis is displayed in Figure 4. Totally, 22 out of 28
enriched pathways were clustered into five main categories:
“Amoebiasis disease actin cascades pathway”, “Ferroptosis
Phagosome aureus N—glycan pathway”, “African Cholesterol
PPAR pathway”, “Bacterial Endocytosis coli cells pathway”,
and “Alanine Arginine amino acids pathway” according to the
similarity of DEP expression (Figure 4A). Besides, the top 20
pathways are listed in Figure 2B in an ascending order of the P
value (Figure 4B). Moreover, 29 DEPs were closely related to
the top S pathways, among which only APOE and SERPINE2
were downregulated, whereas the DEPs including C8A, C8B,
C8G, F2, PLG, APOA1, APOA2, APOC1, HSPB1, RAB7A,
ANXA2, etc., were statistically upregulated (P < 0.05, Figure
4C).

According to the GSEA-GO analysis, there were 307
activated and 205 suppressed terms among the enriched 724
terms in the GSEA-GO(BP) category. The top activated
processes involved multiple aspects of the immune response,
while the top suppressed processes were mainly about the
regulation of synaptic assembly, signal transduction, and
plasticity (Figure SA). Meanwhile, the GSEA-KEGG analysis
(Figure SB—D) elucidated that DEPs including PLG, F2,
APOA1, APOA2, SERPINCI, etc.,, were mainly enriched in
the top S activated pathways of the estrogen signaling pathway,
systemic lupus erythematosus, PPAR signaling pathway,
complement and coagulation cascades, and salmonella
infection (Figure SB,C), while DEPs including FZD3,
SEMA3G, SEMA3E, SLITRKS, NRXN2, and NRXN1 were
enriched in the top 5 suppressed pathways including malaria,
other glycan degradation, insulin secretion, axon guidance, and
cell adhesion molecules (Figure SB,D).

The PPI analysis is displayed in Figure 6. The results
revealed that there were 79 upregulated and 30 downregulated
DEPs meeting the requirement of the minimum interaction
score. Proteins with the highest degree of PPI included ALB
(degree:80), APOAL (degree:58), SERPINCI1(degree:54), GC
(degree:48), PLG (degree:48), F2 (degree:44), AFM
(degree:42), APOE (degree: 40), and C8A (degree:42)
(Figure 6A). Furthermore, the MCODE analysis elucidated
that all these 109 DEPs could be classified into seven clusters,
and ALB, APOAI, APOA2, APOE, PLG, F2, CP, KNG1, CFB,
ITIH2, SERPINCI1, SERPINAG6, and SERPINF2 were
clustered in the first queue (Figure 6B). Meanwhile,
CytoHubba analysis using five algorithms mentioned above

https://doi.org/10.1021/acs jproteome.3c00547
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Figure 2. Protein quantitation and DEP identification (A). Identification and quantitation of proteomics (B). The results of PCA analysis (C). In
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downregulated (green) DEPs are displayed in the figure.

unraveled that SERPINC1, APOAI, GC, CP, F2, ALB, KNG,
APOA2, PLG, ITIH2, and APOE shall be the key proteins
(Figure 6C). Next, SERPINC1, APOAI, CP, F2, ALB, KNG,
APOA2, PLG, ITIH2, and APOE were picked through the
cross-comparison between the first cluster of MCODE and
CytoHbba, and 7 out of them such as SERPINC1, F2, KNGI,
PLG, APOAI, APOA2, and APOE were defined as the hub
proteins, which were all enriched in the top pathways
(including complement and coagulation cascades, cholesterol
metabolism, PPAR signaling pathway, and African trypanoso-
miasis) based on the KEGG analysis (Figure 6D).

In the present study, five of the hub proteins, namely, F2,
PLG, APOAI1, APOA2, and APOE, were chosen for further
verification. Both ELISA and Western blotting results showed
that compared with the CON group, significant upregulation
of PLG and APOAL (both P < 0.001) and downregulation of
the APOE (P < 0.01) were found in the PHN group (Figure
7B,C), which were in accordance with the proteomics results
(Figure 7A). In contrast, no significant differences were found
in either F2 or APOA2 between the two groups (Figure 7B).
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B DISCUSSION

In the present study, we found the following results: (1)
Compared with nonpainful patients, there were 100 upregu-
lated and 50 downregulated DEPs in the CSF of PHN patients.
(2) Further functional analysis indicated that all the DEPs
were mainly enriched in the activated biological processes
including complement activation, infection, coagulation, and
lipid metabolism, and suppressed processes mainly involved in
the synaptic organization. (3) The PPI analysis indicated that
increased PLG, F2, APOA1, APOA2, SERPINA-1, and KNG1
and reduced APOE, which were all enriched in the top
pathways according to the KEGG analysis, were defined as the
hub proteins. (4) Three of the hub proteins, namely, PLG,
APOAL1, and APOE, were reconfirmed in all enrolled patients
using both ELISA and Western blotting methods, elucidating
that these hub proteins, together with their involving processes
such as infection, inflammation, cholesterol metabolism, and
coagulation, shall be the potential therapeutic approaches. To
the best of our knowledge, this is the first study on the
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Figure 3. Gene Ontology (GO) analysis (A). Barplot of the top 10 terms of biological processes (BP), cellular components (CC) and molecular
functions (MF) arranged in ascending order of P values respectively. (B—D) Cnetplot of the top S terms of BP, CC, and MF and their

corresponding proteins network.

alternations of the CSF component in the PHN patients in
comparison with nonpainful patients.

PHN is highly characterized by central sensitization, which
makes CSF an ideal medium to explore the pathological
changes of the disease. Based on our limited knowledge, few
proteomic studies have aimed to elucidate the changes during
the process of PHN, among which most of these studies were
focused on the changes of the blood rather than the CSE.'¥!*
There was only one proteomic study conducted™ in 2012
which evaluated the effect of intrathecal steroid administration
on protein changes in PHN-CSF. However, the steroid’s action
on PHN remains complicated since the steroid treatment has
proven to be effective in the short term but not the long term
of PHN.'®"'® Thus, the steroid-induced protein changes in
PHN-CSF might not be the key nodes to elucidate the intrinsic
mechanism of PHN. To date, the comparison between PHN
patients and healthy people is still lacking. Due to the fact that
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it is impossible to obtain CSF from normal people, 20
nonpainful patients accepting epidural block and without CNS
disorders were enrolled for control in the present study. We
suggest that this proteomic study might help to dig out the hub
proteins in the process of the PHN.

In a recent study, Lou et al'’ demonstrated that in the early
subacute stage of the spinal cord injury, the top hub proteins of
the spinal tissue were PLG, F2, SERPINA 1, FGG, APOAI,
VIM, HPX, and APOE. In the present study, seven DEPs
including SERPINC1, F2, KNGI1, PLG, APOA1, APOA2, and
APOE were defined as the hub proteins based on the PPI and
KEGG analysis, which displayed partial similarity with Lou et
al ’s research. Among all the hub proteins, PLG, F2, APOAL,
APOA2, and APOE were chosen for validation in a larger
cohort, and both ELISA and Western blotting results verified
that the levels of PLG, APOAI1, and APOE were coincident
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with the proteomic results, assuming that PLG, APOA1, and
APOE may be key players in the pathophysiology of PHN.
PLG is primarily synthesized by the liver and released to the
bloodstream and plays a critical role in the processes of
coagulation, wound healing, infection, and inflammation,
A growing
body of evidence has revealed that PLG would migrate from
peripheral blood to the central nervous system upon the
disruption of the blood—brain barrier (BBB),*"** which shall
further facilitate the infiltration of circulating monocytes/
macrophages into the CNS. Likewise, PLG deficiency could
reduce the number of the macrophages in the cerebral vessels
and relieved microglial activation, thus attenuating the central
inflammation severity.”>~>* All of the evidence above reveals a
tight correlation between peripheral PLG and CNS inflamma-
tion. Notably, PLG is also reported to be abundantly expressed
in neurons and glial cells in multiple brain areas,”*~** and the
bioeffect of this brain-derived PLG still needs to be elucidated.
Here, we found that as one of the hub proteins, PLG and its
involved pathways including coagulation, infection, and

thereby maintaining the tissue homeostasis.”
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immune response were significantly enriched and activated in
the PHN-CSF. We believe that the distribution, function, and
mechanism of PLG shall play an important role in the process
of PHN, which needs further elucidation in future study.
APOAL is mainly synthesized by the liver and small intestine
and accounts for 90% protein component of high-density
lipoprotein (HDL).” A recent study has demonstrated that
knock out of APOAL in the liver and intestine could diminish
the CSF-APOAL expression, indicating that central APOAL is
mainly derived from the peripheral organs instead of the
CNS.*" In the process of Alzheimer’s disease, the infiltration of
APOAL1 from peripheral blood to CSF would be markedly
elevated and primarily mediates neuro-protective properties,
since deficiency of APOAIl-containing HDL in the brain may
lead to cerebrovascular dysfunction and neurodegenera-
tion.>*? Notably, APOAI’s regulation on pain begins to be
concerned. Previous research studies have elucidated that the
upregulation of both serum and CSF-APOA1 shall promote
the lipid metabolism, provide lipid for the myelin repair and
axon regeneration, and mitigate the inflammation and
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The cross-comparison and the final confirmation of the hub proteins.

metalloproteinase activity, therefore relieving the pain
severity.”° In the present study, the CSF-APOAI1 level
was elevated in the PHN patients, which might represent an
endogenous protective mechanism. Besides, APOAl was
enriched in the processes including lipid metabolism, epithelial
cell migration, inflammation response, and cellular structural
organization, which were all closely involved in the NP
development.”” > Thus, CSF-APOA1 shall serve as another
candidate in the PHN.

Unlike PLG and APOA1, APOE is usually considered to
originate from the CNS, as it is hard to pass through the
BBB.”” As the most abundant expressing apolipoprotein,
APOE could be secreted by the astrocytes, microglia, and
neurons.”' Notably, it has been reported that patients’ plasma
concentration of APOE would increase in the process of
peripheral nerve damage,*” and a recent single cell sequence
study conducted in 2022* similarly revealed that APOE is one
of the top upregulated genes in spinal microglia in the spinal
nerve ligation induced NP in mice, indicating a tight
association between APOE and neuropathic pain. Actually,

the effect of APOE on pain regulation also remains
controversial. On the one hand, APOE promotes pain
hypersensitivity in a tyrosine kinase receptor dependent
manner, and APOE-deficient mice show improved pain
behavior.**** On the other hand, when the peripheral nerve
injury occurs, APOE positive macrophages are inclined to
infiltrate to the spinal cord, promote the nerve regeneration
through reutilization of myelin cholesterol, and contribute to
the nerve restoring and pain relief.**” This discrepancy might
be due to the fact that APOE has three isoforms, ApoE2,
ApoE3, and ApoE4, which take distinct and critical actions
during central disorders.”*** It is now noteworthy that ApoE2
allele develops migraine, tension-type headache, stress, chronic
abdominal, back, hip, and knee pain of male, while APOE4
provides protective and pain-relieving action in the chronic
headaches (migraine and tension-type headache) and back
pain.’”*" In the present study, we detected a significant
decrease of the APOE-CSF levels in PHN patients, which were
enriched in pathways including lipid metabolism and transport,
inflammation, synaptic regulation, neuron toxicity, cell
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oxidation, and host against viral processes. Therefore, the
subtype and role of APOE in PHN will be another worthwhile
issue for future research.

It shall be noteworthy that previous clinical research studies
have indicated a correlation between VZV infection and BBB
disruption.”*” In parallel, in the present study, the activated
processes and pathways enriched in the PHN-CSF, such as
coagulation, complement activation, infection and immune
response, phagocytosis, and cholesterol metabolism, were
similar to those in previous proteomic research investigating
the plasma metabolism of the PHN patients.14 Besides, PLG
and APOAL, the verified hub proteins, are reported to be
mainly derived from the bloodstream rather than the CNS. All
evidence assumes that the alteration of the BBB shall take place
when the PHN occurs, which would permit a crosstalk
between peripheral organs and CNS. In addition, our results
also indicated that biological processes involving the synaptic
organization, such as assembly, signal transduction, and
plasticity regulations, were significantly inhibited, further
suggesting that the HZ viral infection changes the neurological
microstructure and functions. Moreover, a close intersection
was found among PLG, APOAL, and APOE, which was similar
to previous research.'”>> The overlapped biological processes
including negative regulation of response to external stimulus,
coagulation, cell adhesion, lipid metabolism, inflammation
response, etc., were all significantly enriched pathways (Figure
8), indicating that these proteins might play a synergistic or
antagonistic role in the process of the PHN. Above all, these
hub proteins and biological processes provide an outbreak for
us to further study the intrinsic mechanism of the PHN.

There are several limitations in the present study. First, the
number of cases was small, which might be unfavorable to
extract the statistical conclusions. Second, we only tested the
expression patterns of PLG, APOA1, APOA2, F2, and APOE.
Other DEPs, such as SERPINCI, ITIH2, CXCL10, GPR37L]1,
ANXA2, BAB7A, etc., shall be other candidates for verification
in a future study. Another limitation is that the current control
group was the nonpainful patients, of whom the central
inflammation and infection were absent. Therefore, our results
might not help to address the factors that will drive the
development of the PHN. However, intrathecal intervention is
not recommended in our institution when patients were at the
acute stage of HZ, which means that the CSF collection from
these patients is impossible. Therefore, a future animal study
will be conducted to solve this issue.

To sum up, the present study proved that there was a
significant difference in the expression profile of CSF proteins
between PHN and nonpainful patients. The hub DEPs were
mainly enriched in the activated processes such as coagulation,
infection, inflammation response, and lipid metabolism, and
the suppressed process was mainly involved in the synaptic
organization. Among the hub proteins, PLG, APOAIl, and
APOE were successfully verified in a larger sample, indicating
that these proteins and enriched biological pathways may serve
as new approaches in treating PHN.
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