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Abstract: Objectives: Polyarteritis nodosa (PAN) is a rare autoimmune disease that can cause severe functional
impairment. Early diagnosis and timely intervention are essential to reduce disease severity and improve outcomes.
Methods: Serum proteins from PAN patients and healthy controls were analyzed using data-independent acquisi-
tion mass spectrometry (DIA-MS), identifying 55 differentially expressed proteins. Validation was conducted on an
independent set of 35 serum samples (10 healthy controls, 15 disease controls, and 10 PAN patients) to evaluate
the diagnostic potential of selected biomarkers. Results: Eighteen proteins showed significantly altered expression
in PAN patients compared to controls. A diagnostic panel of seven proteins - AZGP1, F13B, LBP, RBP4, SERPINF1,
PGLYRP2, and PPBP - was identified using the least absolute shrinkage and selection operator (LASSO) binary logis-
tic regression model. This panel achieved an area under the receiver operating characteristic (ROC) curve of 0.994,
effectively distinguishing PAN patients from controls. Conclusion: By combining DIA-MS technology with the LASSO
regression model, this study developed a 7-protein diagnostic panel, providing a highly accurate and efficient tool
for PAN diagnosis.
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Introduction

Polyarteritis nodosa (PAN) was first identified
and described by Kussmaul and Maier in 1866
[1]. In the field of rheumatology, PAN is consid-
ered an orphan disease, a term used for dis-
eases diagnosed in fewer than 50 out of
100,000 patients [1, 2]. The annual incidence
of PAN is estimated at 2 to 9 cases per million
people. This systemic necrotizing vasculitis pre-
dominantly affects medium-sized arteries in
visceral organs and soft tissues [2]. While
small arteries may also be involved, arterioles,
capillaries, and venules are generally spared
[3]. In PAN, arterial inflammation causes isch-
emic damage to the organs served by the
affected vessels, manifesting as constitutional
symptoms, mononeuritis multiplex, livedo re-
ticularis, purpura, renal dysfunction, hyperten-

sion, abdominal pain, and orchitis [4]. The diag-
nosis of PAN is extremely challenging without
specific laboratory tests. The most frequent
clinical manifestations of PAN encompass gen-
eral physical symptoms, neurological and der-
matological signs, abdominal pain, and elevat-
ed blood pressure [5]. Occasionally, PAN and
anti-neutrophil cytoplasmic antibody (ANCA)-
associated vasculitis can occur with necrotizing
inflammation of medium and small arteries.
These conditions are difficult to distinguish
clinically and pathologically [6]. Moreover, spe-
cific serological markers for PAN are limited.
Therefore, the diagnosis of PAN depends on
angiography or histological findings of medium-
sized arteries, ANCA negativity, and the absen-
ce of mucocutaneous lymph node syndrome
and glomerulonephritis [1, 2]. However, because
angiography or percutaneous renal biopsy is
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invasive and difficult to perform, clinicians have
to rely on clinical examination and less sensi-
tive indicators (such as ESR and CRP) to diag-
nose PAN. Consequently, a large number of
patients with PAN are misdiagnosed [7].

Existing studies have highlighted the impor-
tance of proteomics [8]. Proteins are essential
components responsible for performing vari-
ous physiological and cellular functions [9].
Monitoring proteomic changes may help us
understand the roles of proteins in various
diseases [10]. Analyzing serum protein speci-
mens with liquid chromatography - tandem
mass spectrometry (LC-MS/MS) presents sig-
nificant challenges [11]. The wide dynamic
range of protein concentrations often hinders
the detection and quantification of low-abun-
dance proteins, particularly in data-dependent
acquisition (DDA) mode [12]. Additionally, the
random selection of precursor ions in DDA
tends to prioritize the identification of highly
abundant species. To address these limita-
tions, the data-independent acquisition (DIA)
mode has recently been developed and suc-
cessfully implemented [13]. Therefore, the aim
of this study is to employ data-independent
acquisition mass spectrometry (DIA-MS) to per-
form an in-depth serum proteomic analysis of
patients with PAN, with the goal of identifying
potential diagnostic biomarkers. This research
not only fills a gap in PAN diagnostic biomarker
studies but also provides new directions for
future clinical diagnosis and treatment of this
rare and serious disease [14].

Methods
Serum sample collection

For the initial experiment, we recruited 5 pa-
tients with PAN and 5 healthy individuals. For
the follow-up validation experiment, 10 pa-
tients with PAN, 10 healthy controls (HC), and
15 patients with other autoimmune diseases
(disease controls [DC], diagnosed using gold-
standard methods) were enrolled from the
People’s Hospital of Xinjiang Uygur Autonomous
Region. Fasting blood samples were collected
from all participants following hospital guide-
lines, with written informed consent obtained
prior to participation. The samples were centri-
fuged at 5000 x g for 10 minutes at 4°C, and
the resulting serum (supernatant) was stored
at-80°C for future analysis. All patients, includ-
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ing those with PAN and other autoimmune dis-
eases, presented with constitutional symp-
toms, mononeuritis multiplex, livedo reticularis,
purpura, renal insufficiency, and hypertension
at initial admission. PAN diagnoses were con-
firmed through histological evidence of vasculi-
tis in medium-sized arteries and/or angio-
graphic findings of multiple microaneurysms in
visceral organs. Clinical details of all partici-
pants are provided in Tables S1 and S2.

Sample preparation and protein processing

Serum samples were depleted of abundant
proteins using the Agilent Human-14 Multiple
Affinity Removal Column, followed by desalina-
tion and concentration with a 10-kDa ultrafiltra-
tion tube. Proteins were treated with sodium
dodecyl sulfate (SDT) buffer, boiled, centri-
fuged, and quantified with a BCA protein assay
kit before storage at -80°C. For LC-MS/MS
analysis, proteins were separated by SDS-
PAGE and visualized with Coomassie blue stain-
ing. Filter-aided sample preparation (FASP) was
used to remove low-molecular-weight compo-
nents, block cysteine residues, and digest pro-
teins with trypsin, producing peptides that were
quantified spectrophotometrically.

LC-MS/MS analysis

Peptides were fractionated using reversed-ph-
ase chromatography on an Agilent HPLC sys-
tem with a gradient of ammonium formate and
acetonitrile buffers. For data-dependent acqui-
sition (DDA), peptide separation was achieved
on an Easy-nLC 1200 system coupled to a
Q-Exactive HF-X mass spectrometer, with spe-
cific MS1 and dd-MS2 settings. Raw data were
processed using Spectronaut Pulsar X soft-
ware, applying a 1% FDR and searching against
the UniProt Homo sapiens database. Data-
independent acquisition (DIA) was performed
under similar conditions, using a variable isola-
tion window method and processed with
Spectronaut software, maintaining a 1%
FDR threshold. Detailed sample preparation
methods are provided in the Supplementary
Materials.

Bioinformatics analyses

To identify differentially expressed proteins
(DEPs) in PAN serum samples compared to con-
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trols, proteins with an average fold-change of
>1.2 or <£0.83 were selected. Statistical analy-
sis was performed using Student’s t-test, with
the Benjamini-Hochberg method for multiple
testing correction and a significance threshold
of P<0.05. Hierarchical clustering was used to
classify samples, and bioinformatics analyses
explored the biological functions of altered pro-
teins. Gene Ontology (GO) annotation was con-
ducted with Blast2GO [15], while pathway anal-
ysis utilized the KEGG database [16]. Fisher’s
Exact Test identified enriched pathways by
comparing DEPs to total proteins in each path-
way. PCA, volcano plots, and hierarchical clus-
tering were generated in R (version 3.6.3) to
visualize protein expression patterns. The pro-
tein-protein interaction (PPI) network of DEPs
was analyzed using STRING (version 11.0), with
interactions scoring >0.4 considered signifi-
cant [17].

Data analyses and statistics

All statistical analyses were performed using R
software (version 3.6.3). Baseline characteris-
tics were presented as counts and percentages
(n [%]) for categorical variables, mean * stan-
dard deviation (SD) for normally distributed
continuous variables, and median with inter-
quartile range (IQR) for non-normally distribut-
ed continuous variables. Group comparisons
were conducted using the chi-square test for
categorical variables and either one-way ANOVA
or the Kruskal-Wallis test for continuous vari-
ables, depending on the data distribution. Re-
ceiver Operating Characteristic (ROC) curves
and Area Under the Curve (AUC) values were
calculated with 1000 bootstrap resamples to
assess protein sensitivity and specificity [18].
To identify the optimal diagnostic protein panel,
LASSO penalized logistic regression was app-
lied using the gimnet package in R [19]. LASSO
selected candidate predictors by shrinking non-
informative variable coefficients to zero, with
10-fold cross-validation repeated 1000 times
[20]. A binomial generalized linear model with a
logit link function was then fitted using the
selected proteins as predictors [21]. Boxplots
were created in GraphPad Prism (version 7.0,
GraphPad Software, San Diego, CA, USA). A
two-tailed test with P<0.05 was considered sta-
tistically significant for all analyses.
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Results

Workflow of quantitative proteomics and diag-
nostic biomarker screening

We have established a comprehensive work-
flow to identify reproducible biomarkers with
high diagnostic value from serum samples.
Figure 1 presents a schematic overview of this
entire multi-step process.

Proteomic profiling of patients with PAN using
SDS-PAGE

Sodium dodecyl sulfate - polyacrylamide gel
electrophoresis (SDS-PAGE) was employed to
perform a semi-quantitative comparison of
serum proteomes between the PAN and HC
groups. Gel-based fractionation techniques,
such as SDS-PAGE, are particularly valuable in
proteomic profiling when dealing with samples
like serum, where protein concentration spans
a wide dynamic range. By separating proteins
into distinct bands based on their molecular
weights, these methods enable highly sensi-
tive detection. Additionally, gel-based approa-
ches are widely utilized for serum proteomic
profiling and biomarker identification. In this
study, SDS-PAGE was used to compare serum
samples from five PAN patients with those from
five sex-matched healthy controls. As illustrat-
ed in Figure 2, the results demonstrated strong
consistency between the PAN and HC groups.

Identification of differentially expressed pro-
teins

LC-MS/MS analysis identified 293 unique pro-
teins in serum samples from five patients with
PAN and five healthy individuals. All proteins
were subjected to statistical evaluation, and
proteins with a p-value less than 0.05 were
considered significantly differentially express-
ed. Among these, 55 proteins showed signifi-
cant differential expression between the PAN
and HC groups, with 39 proteins upregulated
and 16 downregulated (P<0.05), as detailed in
Table 1. To assess the differences between the
groups, an unsupervised multivariate method -
two-dimensional principal component analysis
(PCA) - was utilized. As shown in Figure 3A, the
first principal component, accounting for 42.7%
of the variance, clearly differentiated between
the HC and PAN groups. This suggests that mul-
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Figure 1. Overview of the study design.

588 Am J Transl Res 2025;17(1):585-602



Identifcation of candidate biomarkers for polyarteritis nodosa

M A1 A2 A3 A4 A5 M B1

B2 B3 B4 BS

Figure 2. Electrophoresis results by group. Note: KD refers to the ratio between the rate of antibody dissociation

from its antigen (k

off )

and the rate of antibody-antigen association (k_ ).

Table 1. Expressions of proteins between PNA and HC

Protein accessions Gene name Protein descriptions Fold-change p-value
043790 KRT86 Keratin, type Il cuticular Hb6 4.110583494 <0.001
PO1877 IGHA2 Immunoglobulin heavy constant alpha 2 3.097185824 0.004

PODJI8 SAAL Serum amyloid A-1 protein 2.488267981 <0.001
P61626 LYz Lysozyme C 2132142438 <0.001
P61769 B2M Beta-2-microglobulin 2.019985965 <0.001
P36980 CFHR2 Complement factor H-related protein 2 1.946876947 <0.001
P41222 PTGDS Prostaglandin-H2 D-isomerase 1.945689704 0.018

P01034 CST3 Cystatin-C 1.919056586 <0.001
P0O0746 CFD Complement factor D 1.834006455 <0.001
P04264 KRT1 Keratin, type Il cytoskeletal 1 1.7993401 <0.001
P13645 KRT10 Keratin, type | cytoskeletal 10 1.792959486 <0.001
P19652 ORM2 Alpha-1-acid glycoprotein 2 1.754184085 <0.001
pP18428 LBP Lipopolysaccharide-binding protein 1.738724359 <0.001
P35908 KRT2 Keratin, type Il cytoskeletal 2 epidermal 1.732466345 <0.001
P02760 AMBP Protein AMBP 1.695489907 <0.001
P02753 RBP4 Retinol-binding protein 4 1.590197077 <0.001
AOAOAOMS15 IGHV3-49 Immunoglobulin heavy variable 3-49 1.555290298 <0.001
P36955 SERPINF1 Pigment epithelium-derived factor 1.513067983 <0.001
P02763 ORM1 Alpha-1-acid glycoprotein 1 1.512636008 <0.001
AOA0JIYX35 IGHV3-64D Immunoglobulin heavy variable 3-64D 1.481650549 <0.001
Q86UD1 OAF Out at first protein homolog 1.466191946 0.036

P02748 C9 Complement component C9 1.4543037 <0.001
P05160 F13B Coagulation factor XIII B chain 1.429550692 <0.001
P55056 APOC4 Apolipoprotein C-IV 1.420036951 <0.001
Q02985 CFHR3 Complement factor H-related protein 3 1.396535878 <0.001
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P01011 SERPINA3  Alpha-1-antichymotrypsin 1.356221363 <0.001
PODOX2 Immunoglobulin alpha-2 heavy chain 1.355796542 <0.001
P07225 PROS1 Vitamin K-dependent protein S 1.317088766 <0.001
P20851 C4BPB C4b-binding protein beta chain 1.312200476 <0.001
POCOL4 C4A Complement C4-A 1.296290722 <0.001
Q03591 CFHR1 Complement factor H-related protein 1 1.292032876 <0.001
P25311 AZGP1 Zinc-alpha-2-glycoprotein 1.287153248 <0.001
P05156 CFI Complement factor | 1.279644298 <0.001
P04003 C4BPA C4b-binding protein alpha chain 1.262439525 <0.001
000187 MASP2 Mannan-binding lectin serine protease 2 1.256131601 <0.001
P12259 F5 Coagulation factor V 1.249170137 <0.001
PO0740 FO Coagulation factor IX 1.243006439 <0.001
P03951 F11 Coagulation factor XI 1.210028745 <0.001
P08603 CFH Complement factor H 1.206611818 <0.001
P02787 TF Serotransferrin 0.800918246 <0.001
Q96PD5 PGLYRP2  N-acetylmuramoyl-L-alanine amidase 0.80016675 <0.001
P02652 APOA2 Apolipoprotein A-ll 0.789515934 <0.001
PODOX5 Immunoglobulin gamma-1 heavy chain 0.776155194 <0.001
P0O1780 IGHV3-7  Immunoglobulin heavy variable 3-7 0.733398449 <0.001
Q15582 TGFBI Transforming growth factor-beta-induced protein ig-h3 0.732410871 <0.001
P0O1871 IGHM Immunoglobulin heavy constant mu 0.726079814 <0.001
P55058 PLTP Phospholipid transfer protein 0.7204789 <0.001
P22352 GPX3 Glutathione peroxidase 3 0.698887316 <0.001
P02751 FN1 Fibronectin 0.624396362 <0.001
PO1743 IGHV1-46 Immunoglobulin heavy variable 1-46 0.621475185 <0.001
P0O2775 PPBP Platelet basic protein 0.620708356 <0.001
P02776 PF4 Platelet factor 4 0.61934211 <0.001
P68032 ACTC1 Actin, alpha cardiac muscle 1 0.611898933 0.001
P13473 LAMP2 Lysosome-associated membrane glycoprotein 2 0.586815863 <0.001
P07996 THBS1 Thrombospondin-1 0.486332912 <0.001

Abbreviations: PNA, polyarteritis nodosa; HC, healthy controls.

tiple variables contribute to the differences in
protein expression between the two groups.
Hierarchical clustering was subsequently em-
ployed to visualize the protein expression pro-
files (Figure 3B). The volcano plot in Figure 3C
further illustrates that 55 proteins were differ-
entially expressed between the PAN and HC
groups (P<0.05 and fold change >1.2), with 39
proteins significantly upregulated and 16 sig-
nificantly downregulated in the PAN group.
Detailed patient information for the discovery
group is provided in Table S1.

GO functional analysis

To investigate the biological functions of the 55
differentially expressed proteins, we performed
Gene Ontology (GO) analysis (Figure 4). In the
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category of biological processes (BPs), these
proteins were predominantly associated with
developmental processes, biological regula-
tion, and immune system processes. Regarding
cellular components (CCs), the proteins were
mainly linked to protein-containing complexes,
the extracellular region, and cells. In terms of
molecular functions (MFs), most of the differen-
tially expressed proteins were involved in activi-
ties such as binding, catalytic functions, regula-
tion of molecular functions, transporter activity,
and molecular transducer activity.

KEGG pathway analysis of differentially ex-
pressed proteins

Given that the signaling pathways involving the
differentially expressed proteins may be relat-

Am J Transl Res 2025;17(1):585-602



Identifcation of candidate biomarkers for polyarteritis nodosa

« Polyarteritis nodosa
Group
= Healthy controls
Group l3 Group
- ] — 000187 Health contort
ans e 0B
‘ 1877 2
2.5 . AQAOJIYX3S
. , \ P35908
\ P13635
/ 264
S e ) P20851 0
P61626
! bobii -1
= q | P36980
B ' : o
N ! ' - — Qo3
™« 1 1o\ E{é — P05160
ha ! r Y 043790
= / \ — p03753
ﬁ ! ’ ! P00740
\ 1 ' AOADAOMS15
O 0.0] \ ! o S o7e3
- ’
o v / v ‘é — 10
A ‘ ' \ | — P25311
N . — P02748
~=7 \ P41222
\ P36955
\ P00746
\ \ P05156
P07225
- = e
\ ! _{_—C — P25056
el aa
v e 03951
2.5/ ) 5Tl
- P13473
0DOX
P07996
PO1743
P02652
P02787
Q96PO5
P68032
P01780
1P02751
P02776
P02775
-5 0 5
PCA1 (42.7%)
C Volcano Plot
w
e}
o T
=
—_
<
Z -
A
=
—
o0
=]
- o
- o o
(¢]
o o
o
-3 -2 -1 0 2 3

log2 fold change

Figure 3. Statistical analysis of serum proteome in PAN patients. A. PCA of 293 proteins from serum proteins of PAN
patients and HC. B. Hierarchical clustering of 55 proteins from 10 samples (5 PAN patients and 5 HC). Lines repre-
sent proteins, and color is related to their abundance (red indicates more abundant; blue indicates less abundant).
C. Volcano plot of statistical significance analysis assessing protein level differences between PAN and HC serum
samples. Red dots indicate proteins significantly up-regulated in PAN and green dots indicate proteins significantly
down-regulated in PAN. Abbreviations: PAN, polyarteritis nodosa; PCA, principal components analysis; HC, healthy

controls.

ed to the pathogenesis of PAN, we subjected
the 55 proteins to analysis using the Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
database. As shown in Figure 5, these pro-
teins were significantly enriched in pathways
associated with complement and coagulation
cascades, salivary secretion, interactions of
viral proteins with cytokines and cytokine
receptors, chemokine signaling, and Staphylo-
coccus aureus infection.
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Proteins interaction analysis

Biological processes are regulated through
complex interactions among the components
of different pathways. To obtain deeper insights
into the pathogenesis of PAN, we constructed a
protein - protein interaction (PPI) network of the
differentially expressed proteins using STRING.
As shown in Figure 6, the network had 178
edges and 47 nodes. The nodes represented
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the differentially expressed proteins, whereas
the edges represented the interactions be-
tween these proteins. The core proteins in the
network diagram included RBP4, PPBP, AZGP1,
and CST3, which may play an important role in
the development of PAN.

Validation of candidate biomarkers using DIA-
MS

DIA-MS was employed to validate the 55 differ-
entially expressed proteins, of which 51 were
selected for further analysis. Protein abun-
dance differences among the PAN, HC, and DC
groups were visualized using box plots. The
abundance of each candidate protein was nor-
malized to the total protein abundance within
each sample and displayed as 5-95% box plots
(Figures 7 and S1). The serum levels of AZGP1,
B2M, C4BPB, C9, CST3, F9, F13B, LBP, LYZ,
OAF, ORM2, RBP4, SERPINA3, and SERPINF1
were significantly higher in the PAN group com-
pared to the HC and DC groups. Conversely, the
serum levels of APOA2, LAMP2, PGLYRP2, and
PPBP were significantly lower in the PAN group
than those in the HC and DC groups. However,
no significant differences (P>0.05) were ob-
served in the serum levels of APOC4, C4A, or
F5 between the PAN and HC groups, or in the
levels of ACTC1, AMBP, or C4BPA between the
PAN and DC groups.

ROC curve analysis

DIA-MS results indicated that proteins with sig-
nificantly different abundances between the
PAN and control (HC or DC) groups could serve
as potential diagnostic biomarkers for PAN. To
assess the diagnostic performance of each
marker in distinguishing PAN from control sam-
ples, ROC curve analysis was conducted using
1000 bootstrap resamples to evaluate their
specificity and sensitivity. The area under the
ROC curve (AUC) was interpreted as follows:
0.9-1, excellent; 0.8-0.9, good; 0.7-0.8, fair;
0.5-0.7, poor; and <0.5, not useful. The speci-
ficity and sensitivity of each diagnostic bio-
marker are shown in Table 2 and Figure S2. The
ROC curve analysis revealed that the panel of
seven candidate proteins achieved an AUC
value of 0.994, indicating excellent diagnostic
performance. This high AUC value suggests
that the combined biomarker panel has signifi-
cant potential for accurately distinguishing PAN
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patients from controls, which is crucial for early
diagnosis and intervention.

LASSO binary logistic regression model

To identify a panel of proteins that could be
used to distinguish between PAN and control
samples, we performed LASSO penalized logis-
tic regression analysis on serum proteomic
data. The A value was 0.0742. Of all relevant
variables, 18 proteins were reduced to 7 pro-
teins on the basis of the validation cohort. The
7 proteins with non-zero coefficients in the
LASSO logistic regression model, namely, AZ-
GP1, F13B, LBP, RBP4, SERPINF1, PGLYRP2,
and PPBP, were used in the final model (Figure
8). This panel of 7 proteins exhibited the opti-
mal ability to discriminate between PAN and
control samples, with an AUC value of 0.994
(Figure 9).

Discussion

PAN is a rare systemic necrotizing vasculitis
with different clinical manifestations, treat-
ment methods, and disease courses [22, 23].
The diagnosis of PAN relies on histopathologi-
cal confirmation of necrotizing inflammation in
small- and medium-sized arteries. For patients
ineligible for biopsy, angiographic detection of
microaneurysms is commonly used as a diag-
nostic aid [24, 25]. However, both histopatho-
logical examination and angiography are inva-
sive and difficult to perform. As PAN poses a
serious threat to human life and health, early
diagnosis and treatment are crucial for improv-
ing patient survival. Early evaluation is essen-
tial to assess progression risk and develop an
effective treatment plan. However, techniques
for early diagnosis of PAN are currently lacking
[25]. Proteomic analysis based on DIA-MS is a
recently developed technique that is used to
identify diagnostic biomarkers and therapeutic
targets for diseases [26]. Compared with tradi-
tional proteomics, DIA-MS provides more sensi-
tive and accurate quantitative protein data with
excellent reproducibility [27]. In this study, we
used proteomic analysis based on DIA-MS to
identify diagnostic markers for PAN. In the dis-
covery cohort, 55 differentially expressed pro-
teins were identified between the PAN and HC
groups. Subsequently, we used an independent
cohort as the validation dataset to re-examine
these 55 proteins. Of the 55 proteins, 51 pro-
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Figure 7. Validation results for the candidate biomarkers in controls (healthy controls, disease controls) and patients with PAN. A-R. The 18 biomarker candidates
were measured in controls (healthy controls, disease controls) and patients with PAN. Box plots indicate the individual protein abundance of each group. Indepen-
dent t-tests were used to determine statistical significance. PAN represents the group of polyarteritis nodosa, HC represents the healthy control group, and DC
represents the group of disease control. *P<0.05; **P<0.01; ***P<0.001; ns: non-significant.
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Table 2. ROC analysis results of 18 selected candidate biomarkers
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Protein Rc()/fuaé;ea 95% Cllow 95% Clup Specificity Sensitivity
LYz 0.887 0.777 0959  0.897  0.786
RBP4 0.879 0.753 0.96 0.705  0.933
SERPINFL  0.878 0.77 0.959 0.8 0.867
OAF 0.875 0.727 0963 0912  0.750
PGLYRP2  0.874 0.755 0959  0.864  0.800
ORM2 0.855 0.708 0.933 1 0.667
AZGP1 0.84 0.697 0943 0814  0.800
LBP 0.824 0.663 0934 0932  0.600
APOA2 0.82 0.671 0936  0.844  0.733
PPBP 0.809 0.651 0935 0767  0.857
LAMP2 0.79 0.636 0907 0727  0.800
SERPINA3  0.771 0.613 0913 0977  0.500
F9 0.763 0.618 0898 0568  0.929
F13B 0.763 0.621 0.879 0651  0.846
C4BPB 0.758 0.595 0876 0571  0.929
CST3 0.746 0.568 0902 0933 0643
co 0.715 0.537 0.858  0.889  0.533
B2M 0.673 0.486 0.831 0837 0533
13 13 13 13 13 13 11 10 9 10 10 9 7 5 3
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Figure 8. Texture feature selection using the LASSO binary logistic regres-
sion model. Ten-fold cross-validation via minimum criteria was used to se-
lect the Tuning parameter (A) in the LASSO model. Dotted vertical lines were
drawn at the optimal values with the use of the minimum criteria and the
one standard error of the minimum criteria (the 1-SE criteria).

teins were found eligible for
further analysis. Eventually, 18
differentially expressed pro-
teins were identified between
the PAN and control (HC and
DC) groups. Previous studies
have shown that diagnostic
performance can be improved
by combining multiple proteins
into a single panel. We ana-
lyzed the serum proteomic
data of the 18 proteins using
the LASSO binary logistic re-
gression model and estab-
lished a panel of 7 proteins,
namely, AZGP1, F13B, LBP,
RBP4, SERPINF1, PGLYRP2,
and PPBP. These 7 proteins
exhibited relatively good diag-
nostic performance for PAN,
with an AUC value of 0.994.
By reducing down the candi-
date proteins in the diagnostic
panel, we lowered the poten-
tial costs of applying this panel
in a multiplex format for large
multi-center clinical trials. The-
se findings demonstrate that
DIA-MS is a fast and efficient
approach for detecting pro-
teins in complex biological
matrices like serum.

GO and KEGG analyses show-
ed that most differentially
expressed proteins were pri-
marily enriched in biological
processes such as develop-
mental processes, biological
regulation, and immune sys-
tem processes. They were also
associated with pathways in-
cluding complement and coag-
ulation cascades, viral prote-
in interactions with cytokines
and receptors, and chemokine
signaling. These results sug-
gest that PAN pathogenesis
may be closely linked to infec-
tion and immunity, aligning
with findings from previous
studies. Our study successfully
identified differentially expre-
ssed proteins in blood serum,
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log(Lambda)=-2.6016

MHC class | antigen-present-
ing molecules [33]. Therefore,

AZGP1 may play a role in the
generation of immune res-
ponses [33, 34]. Guo et al.
found that the B3-AR/PKA/
CREB pathway mediates the
role of AZGP1 in reducing
inflammation [34]. In this stu-
dy, the serum expression of
AZGP1 was found to be high in
patients with PAN. Therefore,
we speculate that AZGP1 may
serve as a key factor in the
pathogenesis of PAN.

F13B is produced and secret-
ed by hepatocytes [35]. During
secretion, its 20-amino-acid
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Figure 9. ROC curve for the determined panel of seven proteins.

potentially reflecting altered release or con-
sumption due to the pathological processes
of PAN. Thus, these proteins may have physio-
logical or pathological roles in inter-tissue and
organ communication.

Alpha-2-glycoprotein 1 (AZGP1), also referred
to as zinc a2-glycoprotein (ZAG), is a 41-kDa
soluble protein with a folding structure similar
to that of major histocompatibility complex-1
(MHC-1) [28]. It was first identified and purified
from human serum in 1961 [29]. AZGP1 is an
important protein because it is involved in
many essential processes in the body, includ-
ing immune regulation, lipid mobilization, and
fertilization [30]. After the discovery of this pro-
tein, in the past 60 years, various studies have
investigated its structure and function; howev-
er, it is considered a protein of unknown func-
tion to date [31]. The expression of AZGP1 is
regulated by glucocorticoids. Owing to its high
homology with lipid mobilization-related factors
and because downregulation of its expression
can suppress lipolysis and lead to lipid accumu-
lation, AZGP1 is considered a novel type of fat-
related factor [32]. The structural organization
and folding of AZGP1 are similar to those of
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leader sequence is cleaved
[36]. The mature protein com-
prises 641 amino acids and
8.5% carbohydrates, with a
molecular mass of approxi-
mately 80 kDa [37]. Although
F13B, an important subunit of
coagulation factor XIll, does
not have catalytic activity, it is thought to stabi-
lize the A subunit and regulate the production
rate of glutamine transaminase by thrombin
[38]. As a multifunctional protein, F13B is
involved in not only hemostasis but also wound
healing and angiogenesis [35]. Studies sug-
gest that F13B plays a role in maintaining vas-
cular permeability, stabilizing and mineralizing
the extracellular matrix in bone and cartilage,
and providing cardioprotective effects [39].
Additionally, it functions as an intracellular
enzyme with specific roles in platelets and
monocytes/macrophages [36, 37]. However,
research on the role of F13B in PAN remains
scarce.

Lipopolysaccharide-binding protein (LBP) is a
58-kDa glycosylated acute-phase protein that
is mainly synthesized by hepatocytes [40].
Human LBP belongs to the lipid-binding protein
family, which also includes the bactericidal/
permeability-enhancing protein, phospholipid
ester transfer protein, and cholesterol ester
transfer protein [41]. The concentration of LBP
in serum is low under physiological conditions
but increases several times under inflamma-
tory conditions, such as infection [42]. This
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increase is induced by IL-6 and IL-1. LBP can
extract lipopolysaccharides (LPSs) from bacte-
rial membranes and enhance the response to
LPSs mediated by CD14 [43]. Upon monomer-
ization by CD14, LPSs enter the TLRAMD-2
complex, which activates multiple signaling
components and produces proinflammatory
cytokines [44]. Although a low concentration
of LBP can enhance the cellular response to
microorganisms, some researchers have found
that the high concentration of LBP observed in
the acute phase of inflammation inhibits the
immune stimulation of bacterial components
[45].

Retinol-binding protein 4 (RBP4) is a low-molec-
ular-weight protein belonging to the lipoprotein
superfamily [46]. Its name comes from its abil-
ity to transport retinol (vitamin A), which allows
the hydrofluoric acid vitamin to be distributed
to surrounding tissues. There are several sub-
types expressed in different tissues [47]. How-
ever, the subtype present in plasma is known
as RBP4. The accumulation of visceral fat is ini-
tially linked to the onset of inflammation, which
is subsequently followed by hormonal dysfunc-
tion in adipose tissue, including excessive pro-
duction of RBP4 [48]. Elevated RBP4 secre-
tion can enhance the expression of adhesion
molecules in endothelial cells, contributing to
the progression of atherosclerosis and arterial
hypertension [49]. Population studies have
shown a correlation between circulating RBP4
levels and the severity of atherosclerosis, as
well as an increased risk of cardiovascular
events and type 2 diabetes mellitus [50]. Thus,
circulating RBP4 levels may serve as a biomark-
er for chronic vascular injury [50, 51].

Serpin peptidase inhibitor, clade F, member 1
(SERPINF1), is a 50-kDa glycoprotein belonging
to the serine protease inhibitor (serpin) family,
though it lacks inhibitory activity [52]. It was
first identified in cultured human retinal epithe-
lial cells. SERPINF1 plays a crucial role in vari-
ous physiological and pathophysiological pro-
cesses, including neuroprotection, angioge-
nesis, inflammatory responses, and fibrosis
[53]. Itis involved in the regulation of angiogen-
esis and inflammation through its synergistic
effects with vascular endothelial growth factor
(VEGF) and other angiogenic and inflammatory
factors [54]. Changes in the synergistic activity
and dysfunction of VEGF and SERPINF1 regula-
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tion are associated with the development of
various angiogenesis-related diseases [55].
These changes are usually related to the up-
regulation of VEGF and the downregulation of
SERPINF1, resulting in the aggravation of an-
giogenesis and inflammation [56].

Peptidoglycan recognition proteins (PGLYRP1-
4) form a distinct family of antibacterial pro-
teins. While PGLYRP1, PGLYRP3, and PGLYRP4
directly Kill bacteria by triggering a stress
response [57]. In contrast, PGLYRP2 functions
differently as an N-acetyl-murico-1-alanine
amidase. Instead of directly killing bacteria,
PGLYRP2 interacts with host factors to induce
bacterial cell death and digests pro-inflamma-
tory peptidoglycans into biologically active frag-
ments, potentially playing a key role in prevent-
ing excessive inflammation [58]. It is primarily
expressed in the liver, where it is secreted into
the bloodstream, but is also found in other
cells, such as epithelial cells, including those in
the intestine [59]. PGLYRP2 is present in the
skin and gastrointestinal mucosa as an anti-
inflammatory factor and protects the body from
excessive inflammation by hydrolyzing proin-
flammatory peptidoglycans [60]. However, re-
cent studies in mouse models suggest that
PGLYRP2 contributes to peptidoglycan-induced
acute inflammation and arthritis by playing a
pro-inflammatory role [61, 62]. This pro-inflam-
matory effect is mediated by the NOD2-de-
pendent induction of PGLYRP2 expression in
local non-immune cells [63]. Thus, beyond its
enzymatic activity, PGLYRP2 also functions as
an alarm molecule, similar to antibacterial pep-
tides like B-defensin [64]. These peptides not
only exhibit antibacterial activity but also en-
hance immune responses and inflammation.

Pro-platelet basic protein (PPBP), also known
as CXCL7, belongs to the angiogenic ELR+CXC
chemokine family [65]. It is predominantly syn-
thesized in megakaryocytes, stored in platelet
alpha granules, and released during platelet
activation [66]. Secreted CXCL7 plays a vital
role in inflammation regulation by activating the
CXC chemokine receptor 2 (CXCR2) and inter-
acting with sulfated glycosaminoglycans (GAGs)
to modulate receptor activity [67]. Furthermore,
it promotes angiogenesis through the activa-
tion of the Ras/Raf/mitogen-activated protein
kinase (MAPK) and PI3K/AKT/mTOR signaling
pathways [68]. PPBP is critical for neutrophil
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recruitment to tissues, with dysregulation of
this process associated with inflammatory con-
ditions such as rheumatoid arthritis, acute lung
injury, COPD, and various cancers [69, 70].
Another key function of PPBP is facilitating neu-
trophil - platelet crosstalk during vascular inju-
ry, where it is released in high concentrations
from activated platelets to guide neutrophil
migration to the injury site [65, 70].

The results of this study suggest that AZGP1,
F13B, LBP, RBP4, SERPINF1, PGLYRP2, and
PPBP are candidate diagnostic biomarkers for
PAN.

However, this study has some limitations that
should be acknowledged. We recruited 10 pa-
tients with PAN, 10 healthy individuals, and 15
patients with other autoimmune disease for
DIA-MS. However, a larger cohort study is war-
ranted to verify the diagnostic efficacy of the
7-biomarker set in PAN. Because PAN is an
extremely rare disease with a very low inci-
dence, we plan to increase the sample size
by collaborating with other medical centers in
mainland China for further research.

Conclusions

In conclusion, this study utilized DIA-MS to
identify a panel of seven candidate biomarkers
(AZGP1, F13B, LBP, RBP4, SERPINF1, PGLYRP2,
and PPBP) with high diagnostic potential for
PAN. These biomarkers not only offer promising
tools for the early diagnosis of PAN but also
provide insights into the disease’s underlying
mechanisms. Future studies involving larger,
multi-center cohorts are necessary to validate
these findings.
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Supplementary Materials

Sample preparation

Serum samples were depleted of most abundant proteins using the Agilent Human-14 Multiple Affinity
Removal Column according to the manufacturer’s protocol (Agilent Technologies). A 10-kDa ultrafiltra-
tion tube (Sartorius) was used for desalination and concentration of low-abundance components. One
volume of sodium dodecyl sulfate (SDT) buffer was added; boiled for 15 min; and centrifuged at 14,000
x g for 20 min. The protein in the supernatant was quantified using a BCA protein assay kit (Bio-Rad,
USA), and the supernatant was stored at -80°C until further use.

LC-MS/MS analysis
SDS-PAGE

A total of 20 ug of protein from each sample was mixed with 5 x loading buffer, and the mixture was
boiled for 5 min. The proteins were separated on a 12.5% sodium dodecyl sulfate - polyacrylamide gel,
and protein bands were visualized using Coomassie blue R-250 staining.

Filter-aided sample preparation

A total of 200 ug of protein from each sample was mixed with 30 uL of SDT buffer (4% SDS, 100-mM
DTT, and 150-mM Tris-HCI; pH 8.0). The detergent, DTT, and other low-molecular-weight components
were removed via repeated ultrafiltration using UA buffer (8-M urea and 150-mM Tris-HCI; pH 8.5)
(Sartorius, 30 kD). Subsequently, 100 uL of iodoacetamide (IAA) (100-mM IAA in UA buffer) was added
to block reduced cysteine residues and the samples were incubated for 30 min in the dark. Filters were
washed with 100 pL of UA buffer three times and 100 uL of 0.1 M TEAB two times. The protein suspen-
sions were digested with 4-ug trypsin (Promega) in 40 uL of 0.1 M TEAB overnight at 37°C, and the
resulting peptides were collected as a filtrate. The peptide content was estimated by measuring the UV
light spectral density at 280 nm using an extinction coefficient of 1.1 for a 0.1% (g/L) solution that was
calculated based on the frequency of tryptophan and tyrosine in the proteins.

Peptide fractionation with reversed phase chromatography

Peptide fractionation was performed using reversed-phase (RP) chromatography on an Agilent 1260
Infinity Il HPLC system. The peptide mixture was diluted in buffer A (10 mM ammonium formate, 5%
acetonitrile, pH 10.0) and loaded onto an XBridge Peptide BEH C18 column (130 A, 5 pm, 4.6 mm x 100
mm). Elution was carried out at a flow rate of 1 mL/min using a gradient of buffer B (10 mM ammonium
formate, 85% acetonitrile, pH 10.0) as follows: 0-7% buffer B over 5 minutes, 7-40% from 5 to 40 min-
utes, 40-100% from 45 to 50 minutes, and maintained at 100% from 50 to 65 minutes. Elution was
monitored at 214 nm, and fractions were collected every minute between 5 and 50 minutes. The col-
lected fractions were concentrated via vacuum centrifugation at 45°C, re-dissolved in 0.1%.

DDA analysis

Two microliters (2 yL) of 10 x iRT peptides were added to six microliters (6 uL) of the peptide solution.
The mixture was injected into an Easy-nLC 1200 nano-LC system coupled to a Q-Exactive HF-X mass
spectrometer (Thermo Fisher Scientific). Peptide separation was achieved using a gradient of buffer B
(80% acetonitrile and 0.1% formic acid) at a flow rate of 300 nL/min. The gradient was programmed as
follows: 1% buffer B for 0-5 minutes; 1% to 28% buffer B from 5 to 95 minutes; 28% to 38% buffer B
from 95 to 110 minutes; 38% to 100% buffer B from 110 to 115 minutes; and held at 100% buffer B
from 115 to 120 minutes. Mass spectrometer parameters were configured as follows: MS1 settings:
Scan range m/z 350-1500; resolution 60,000; AGC target 3 x 10° maximum injection time 50 ms;
charge states 2-7; dynamic exclusion duration 30 s. dd-MS2 settings: Isolation window 1.6 m/z; resolu-
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tion 15,000; AGC target 1 x 10°% maximum injection time 45 ms; normalized collision energy (NCE)
28%. Raw data were processed using Spectronaut Pulsar X software (version 12, Biognosys AG) with
the following parameters: Maximum missed cleavages set to 2. Static modification of carbamidometh-
ylation on cysteine residues. Dynamic modifications, including methionine oxidation and N-terminal
acetylation. False discovery rate (FDR) thresholds of 1% for both PSM and peptide levels. The data were
searched against the UniProt Homo sapiens database (20,386 entries, downloaded in September 2018
from http://www.uniprot.org).

DIA analysis

DIA acquisition was conducted using the same instrument and chromatographic conditions as the DDA
analysis. A variable isolation window DIA method was developed specifically for serum peptide samples.
The isolation window list was constructed based on the distribution of precursor ions within each win-
dow (Table S3). Two microliters (2 pL) of 10 % iRT peptides were added to six microliters (6 uL) of the
peptide solution, and the mixture was injected into the Easy-nLC 1200 nano-LC system coupled to a
Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific). The gradient and analytical column were
identical to those used in the DDA analysis. The DIA method included one MS1 scan and 42 DIA scans
with the following settings: MS1 settings: Scan range m/z 350-1500; resolution 60,000; AGC target 3
x 108; maximum injection time 50 ms. DIA settings: Resolution 30,000; AGC target 1 x 108 maximum
injection time set to “auto”; normalized collision energy (NCE) 28%. To validate the analysis of other
sample groups, DIA acquisition was also performed on an Orbitrap Fusion mass spectrometer using
identical LC conditions and parameters. Raw data were processed using Spectronaut Pulsar X software
(version 12, Biognosys AG) with default BGS Factory Settings. An FDR cutoff of 1% was applied at the
precursor level.
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Characteristics

PAN (n=5)

Healthy (n=5)

Smoking n (%)
No
Yes
Drinking n (%)
No

3 (60.00%)
2 (40.00%)

2 (40.00%)

5 (100.00%)
0 (0.00%)

5 (100.00%)

Yes 3 (60.00%) 0 (0.00%)
BMI (kg/m2) 25.6045.15 23.58+2.24
BUN (mmol/L) 7.54+2.26 4.99+1.36
Cr (umol/L) 137.12+37.27 85.80+6.57
Glu (mmol/L) 5.92+3.53 5.11+0.55
AST (U/L) 27.77+11.35 19.74+12.21
ALT (U/L) 21.61+7.40 19.76+5.16
WBC (10%/L) 7.41+0.95 6.07+0.96
RBC (10%/L) 5.04+0.44 5.34+0.32
HB (10%/L) 148.20+12.28 160.40+4.34
PLT (10%/L) 194.80+52.07 292.80+31.34
NEUT (10%/L) 4.99+0.81 3.24+0.55
LY (10%/L) 1.73+0.20 2.10+0.24
MONO (10°%/L) 0.53+0.19 0.43+0.09
NEUT% 67.31£3.40 53.42+2.60
LY% 23.67+4.58 34.94+3.26
MONO% 6.99+1.59 7.12+0.75

BMI, body mass index; BUN, blood urea nitrogen; Cr, creatinine; Glu, glucose; AST, aspartate transaminase; ALT, alanine trans-
aminase; WBC, white blood cell; RBC, red blood cell; HB, hemoglobin; PLT, platelet; NEUT, neutrophil; LY, lymphocyte; MONO,
monocyte.
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Table S2. Baseline characteristics of patients for validation

Characteristics PAN (n=10) Healthy (n=10) Disease control (n=30)

Smoking n (%)
No
Yes
Drinking n (%)

2 (20.00%)
8 (80.00%)

10 (100.00%)
0 (0.00%)

25 (83.33%)
5 (16.67%)

No 5 (50.00%) 9 (90.00%) 21 (70.00%)
Yes 5 (50.00%) 1 (10.00%) 9 (30.00%)
BMI (kg/m2) 26.53+2.28 22.25+3.54 24.93+2.08
BUN (mmol/L) 6.93+3.54 4.05+1.09 5.01+2.06
Cr (umol/L) 120.75+46.61 76.57+13.56 68.17+33.42
Glu (mmol/L) 4.76+1.27 4.54+0.31 4.44+0.54
AST (U/L) 20.25+6.47 14.73+9.04 22.47+26.02
ALT (U/L) 16.82+1.99 17.01+3.43 22.08+23.06
WBC (10%/L) 6.86+2.15 6.34+0.87 5.36+1.69
RBC (10%/L) 4.68+0.56 4.93+0.38 4.64+0.51
HB (10%/L) 139.00+13.20 146.10+16.70 136.00+19.87
PLT (10%/L) 181.60+49.41 277.40+51.11 240.93+61.08
NEUT (10%/L) 4.34+1.95 3.69+0.81 3.03+1.02
LY (10%/L) 1.86+0.41 2.12+0.56 1.74+0.68
MONO (10°%/L) 0.43+0.21 0.39+0.09 0.41+0.13
NEUT% 61.06+10.02 57.96+8.78 56.57+6.40
LY% 29.37+10.40 33.69+8.26 32.31+6.25
MONO% 6.28+2.24 6.11+1.12 7.92+1.92

BMI, body mass index; BUN, blood urea nitrogen; Cr, creatinine; Glu, glucose; AST, aspartate transaminase; ALT, alanine trans-
aminase; WBC, white blood cell; RBC, red blood cell; HB, hemoglobin; PLT, platelet; NEUT, neutrophil; LY, lymphocyte; MONO,
monocyte.
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Figure S1. Validation results for the candidate biomarkers in controls (healthy controls, disease controls) and patients with PAN. The 33 biomarker candidates were
measured in controls (healthy controls, disease controls) and patients with PAN. Box plots indicate the individual protein abundance of each group. Independent
t-tests were used to determine statistical significance. *P<0.05; **P<0.01; ***P<0.001; ns: non-significant.
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Figure S2. Receiver-operating characteristic (ROC) curve and
corresponding area under the curve (AUC) statistics for the
selected markers. A-R. ROC curves were calculated for the 18
selected candidate biomarkers to evaluate their ability to dis-
tinguish PAN patients from non-PAN subjects.
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Table S3. The window list of the DIA method

DIA window Start m/z End m/z Width
1 350 405 55
2 405 429 24
3 429 453 24
4 453 466 13
5 466 479 13
6 479 492 13
7 492 505 13
8 505 518 13
9 518 531 13
10 531 544 13
11 544 557 13
12 557 570 13
13 570 583 13
14 583 596 13
15 596 609 13
16 609 622 13
17 622 635 13
18 635 648 13
19 648 661 13
20 661 674 13
21 674 687 13
22 687 700 13
23 700 713 13
24 713 726 13
25 726 739 13
26 739 752 13
27 752 765 13
28 765 778 13
29 778 796 18
30 796 814 18
31 814 832 18
32 832 855 23
33 855 878 23
34 878 901 23
35 901 924 23
36 924 947 23
37 947 981 34
38 981 1015 34
39 1015 1063 48
40 1063 1111 48
41 1111 1189 78
42 1189 1500 311




