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ABSTRACT

Immune thrombocytopenia (ITP).is,an autoimmune’ hemorrhagic disordér characterized by
reduced platelet counts and impaifed platelet production. We used bioinformatic methods to
compare whole-blood gene-expression profiles from the ' GSE23754 dataset across acute (ACU),
progressive (PRO), and chronic (CHR) phases of ITP. Paitwisc/GEO2R analyses identified
differentially expressed gemesn(DEGs); followed byreross-compatison, tissue-specificity analysis,
functional enrichmentgand protein=protein interaction network analysis. We identified 62 DEGs in
ACU versus PRO (2"uptegulated and\60 downtegulated), 15in CHR versus PRO (3 upregulated
and 12 downregulated), and,26 in ACU versus CHR (1 upregulated and 25 downregulated). Ten
downregulated genes, including SLLC25.437, charactetized ACU; 5 upregulated genes, including
INN1, chazacterized PRO; and AIAS52 and SL.C23.A42 characterized CHR. Functional analysis
linked ACU ptimarily to innate immunity, inflammation, and hematopoietic dysfunction, whereas
PRO and CHR were more closely ‘associated with metabolic dysregulation. Network analysis
highlighted FCGR2Bin the ACU-to-PRO transition, ACSL7 in the ACU-to-CHR transition, and
the ARAS2-HBG1 interaction in the PRO-to-CHR transition. AI.AS52 was differentially expressed
across all 3 stages, supporting its potential as an exploratory biomarker of ITP progression. These
stage-specific) expression pattetns provide a molecular basis for further validation and the
development of targeted approaches in I'TP.
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INTRODUCTION

Immune thrombocytopenia (ITP) is an autoimmune
hemorrhagic disorder characterized by accelerated
platelet destruction. The pathophysiology primarily
involves 2 mechanisms: 1) antiplatelet autoantibodies
(mainly targeting GPIIb/Illa) mediate platelet
phagocytosis and clearance via Fcy receptors on splenic
macrophages'? and 2) antibody- and cell-mediated
immune responses impair bone marrow
megakaryopoiesis, with cytotoxic T lymphocyte (CTL)-
mediated platelet destruction playing a critical role.>™
Additionally, platelets contribute to immune
dysregulation by promoting inflammatory responses and
releasing platelet microparticles (PMPs).>

Clinical manifestations include bleeding, fatigue,
and reduced quality of life.> Chronic ITP patients may
exhibit greater tolerance to fatigue.® The disease is
classified into 3 phases: newly diagnosed (<3 months),
persistent (3—12 months), and chronic (>12 months).?
First-line therapies, such as glucocorticoids and
intravenous immunoglobulin (IVIg), oftéen fail to
achieve sustained remission.”8 Patients with persistent
or chronic ITP require maintenance therapies, including
thrombopoietin receptor agonists (TPO-RAs) and
rituximab; however, refractory ITP remains a clinical
challenge.

Research on ITP has expanded beyond the traditional
mechanisms of antibody-mediated platelet destruction
and insufficient platelet production to exploreynovel
immune mechanisms, including T cell-mediated
megakaryocyte apoptosis, suppression of
thrombopoiesis, »and »E€TL-mediated attack on
autologous platelets®’. The PD=1 pathway has been
shown to regulate CTL activity, offering a new direction
for immunomodulatory therapy.'® Emerging treatments
such as TPO-RAs, spleen ityrosine kinase (SYK)
inhibitors, and FcyR inhibitors are under development,
though monoclonal antibodies (e.g., rituximab) may
induce adverse effects like hypogammaglobulinemia.!!
Despite advances in understanding immune phenomena
and thrombopoietin biology, the genetic regulatory
mechanisms of ITP remain to be fully elucidated. This
study employs bioinformatics approaches to analyze
differential gene expression and signaling pathways
across distinct pathological stages, aiming to provide a
theoretical foundation for targeted therapies.
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MATERIALS AND METHODS

Microarray Sequence Data

The microarray expression data were obtained from
the Gene Expression Omnibus (GEO) database under
accession number GSE23754. This dataset was
generated using the GPL10845 SFGF Human 41K
cDNA microarray platform and comprises whole-blood
transcriptomic profiles of ITP patients at different
disease stages (acute, transitional, and chronic phases).
The samples included 8 acute-phase (within 6 months of
onset), 4 transitional-phase (approximately 6 months
post-acuterepisode), and. 14 chronic-phase (more than 12
months after onset) cases.

Differential Gene Expression Analysis

Patients with ITP were classified.into 3 disease-stage
groups: acute (ACU), progressive (PRO), and chronic
(CHR). Differential expression analysis was conducted
using«dthe GEO2R web tool available through the GEO
database. Briefly, samples from GSE56232 were
assigned,to the ACU; PRO, and CHR groups within the
GEO2R" interface, and pairwise comparisons were
performed between ACU vs PRO, CHR and PRO, and
ACUnand CHR. Differentially expressed transcripts
were identified using the criteria of |logoFC|>1 and
p<.05. Transcript annotations in the "NAME" field were
recorded as "clone ID/GeneBank list/gene 1D/
gene symbol"”, and clone ID-to-gene ID mappings
were verified using the NCBI and GenBank databases.
Differentially expressed transcripts were then converted
into gene-level datasets for cross-comparison. Stage-
specific genes were defined as the intersections of the
corresponding pairwise DEG sets: ACU-specific genes
from ACU-PRO and ACU-CHR, PRO-specific genes
from PRO-ACU and PRO-CHR, and CHR-specific
genes from CHR-PRO and CHR-ACU. Because the
analysis was based on a single GEO dataset generated
on the same microarray platform (GPL10845), major
cross-platform bias was inherently limited. In addition,
GEO2R uses the processed expression matrix provided
in GEO, which has generally undergone platform-
specific normalization. Therefore, no additional cross-
platform correction was applied in the present study.
Nevertheless, as with all retrospective analyses of public
microarray data, residual batch effects related to sample
processing or experimental conditions cannot be
completely excluded and should be considered when
interpreting the results. Venn diagrams were generated
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using Venny 2.1, and heatmaps were generated using
Hiplot.

Analysis of Differential Gene Expression with Organ
Specificity

The analysis of organ-specific gene expression and
stage-specific differentially expressed genes across 3
representative groups was performed using the BioGPS
online resource (http://biogps.org). Genes meeting all of
the following criteria were identified as exhibiting high
organ specificity: (1) the expression level of the gene in
a specific organ exceeded 10 times the median value;
and (2) its second-highest expression level was less than
one-third of the highest expression level.

Functional Enrichment Analysis of DEGs in Each
Group

Functional enrichment analysis of DEGs in each
group was performed using DAVID 6.8 and R software
(org.Hs.eg.db  package), including  functional
classification, Gene Ontology (GO) analysis (biological
processes [BP], cellular components [CC], and
molecular functions [MF]), and KEGG ‘pathway
analysis. Functional classification covered
UP_keywords and UP_SEQ_featute. GO analysis was
employed to predict protein functions, while KEGG
analysis mapped DEGs to pathways for constructing
molecular interaction networks.  Protein-protein
interaction ~ (BIOGRID Interaction) ‘and  tissue
expression (HPA-normal-Tissue) characteristics, were
simultaneously analyzed. The significance threshold
was set at p<.05 with >37 enriched genes. For the ACU;
PRO, and CHR phases in,which the number of DEGs
was insufficient (<10), single-gene molecular function
annotation_ was alternatively performed) for unique
genes, encompassing pathways, as well“as protein and
tissue functions.

PPI Network Analysis of Differentially Expressed
Genes in Each Group

The DEGs identified in each group were mapped to
a protein-protein interaction (PPI) network. This
network was constructed using the STRING database for
protein interactions by importing key molecular lists
corresponding to the DEGs from each group, with an
interaction score threshold set at >0.4. The resulting PPI
tables were saved (including only groups with at least 10
DEGs). For each group, a detailed attribute list was
generated to annotate the upregulated or downregulated

status of the genes. These interaction tables and attribute
lists were subsequently imported into Cytoscape
software for visualization and network construction. The
node with the highest number of adjacent interactions
was identified as the hub node. The ranking order of
interacting proteins for each DEG was recorded, with
higher-ranked interacting proteins more likely to reflect
potential pathway mechanisms associated with the
pathophysiology of ITP.

Statistical Analysis

All statistical analyses were performed using SPSS
(version26:0) and Ruysoftwares(version 4.4.1), with a
statistical significance threshold set at\p<.05. Normally
distributed data were expressed as| mean =+ standard
deviation »(SD), and intergroup comparisons were
conducted using Student #test or one-way analysis of
variance (ANOVA). Non-normally distributed data
were presented as median (interquartile range) [M (P2s—
P7s)] 4and analyzed using.the Mann-Whitney U test.
Correlation analyses were performed using -either
Pearson correlation eoefficient (for normally distributed
data) or. Spearman correlation coefficient (for non-
normally distributed data), depending on the data
distribution.

RESULTS

This study utilized the microarray expression dataset
GSE23754 from the GEO database. DEGs at different
disease stages of ITP patients were analyzed using the
online analytical tool GEO2R. The comparative results
of DEGs across various pathological stages of ITP are
presented as follows. The DEG profiles between ACU
and PRO are illustrated in Figure 1A, revealing 2
upregulated DEGs and 60 downregulated DEGs.
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A_ Differential genes of ACU vs PRO in expression of ACU and PRO groups
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Differential genes of CHR vs ACU in expression of CHR and ACU groups
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Figure 1. Analysis of DEGs throug entatu groups. (A) Analysis of DEGs through

adhesion-related gene included FBLNI. Tissue-specific
protein genes including DYSF, SIGLECS, and
KIAA0513. Mitochondrial and other organelle-related
genes includingSLC25437 and ALAS2. Substance and
energy metabolism, and synthetase-related genes
including ACSLI, N4BPI, QPCT, PSMAI, PYGL,

metastasis. RASGRP4, SMOX, ANPEP, and WWC3. Protein

primarily functional translation/transcription ~ factor  synthesis and
characteristics: Immu stem-related genes including transcriptional regulation genes including FOXPI,
VNN family, KLHL2?2, 2, MYADM, FCGR2B, ZNFX1, and GNAQ.

TREMI, PLXNCI, PIASI, ILI3RAI1, RGPD2, NCF4, The DEG profiles between the CHR and PRO groups
KIAA0329, and SORLI. Protein phosphorylation and are presented in Figure 1B, revealing 3 upregulated
ubiquitination regulatory genes including BASP/ and DEGs and 12 downregulated DEGs. The upregulated
KLHDC?2. Cell cycle/division/proliferation/apoptosis, DEGs included OTULIN, SLC23A42, and TAF9B. The
cytoskeletal remodeling, and membrane ion exchange- downregulated genes comprised hematopoietic tissue-
related genes including ASAPI, NIBANI, KCNJI5, and immune system-related genes (IGHGI, CD99,
ARHGAP24, NIPA2, S100P, SLC2244, TSPAN2, and HBGI, VNN family, and FBLNI); an isoenzyme
SLC8AI. Hematologic malignancy-associated genes synthesis and cellular function-related gene (SMOX);
including RYBP, TNFSFI3B, and MXDI. Platelet organelle function-related genes (/MMP2L and ALAS?2);
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a tissue development-related gene (PAXS); a cellular
damage response gene (7TIMELESS); and a cell
membrane structure and synapse formation gene
(LRRC24).

The DEG profiles between the ACU and CHR
groups are presented in Figure 1C, revealing 1
upregulated DEG and 25 downregulated DEGs. The
upregulated DEG was RPS4Y1, which is involved in
autoimmune diseases. The main functions of the 25
relatively downregulated DEGs (with repetitive DNA
genes counted only once) included transcription factors
involved in transcriptional regulation, protein
translation, synthesis, protein phosphorylation, and
ubiquitination (NCOAI, BASP1, HMBOXI, and XIST),
enzymes involved in the synthesis of biological
compounds and participating in the metabolism of
substances and energy in the body (B4GALTS, LYN,
TALDOI, PYGL, ZDHHCIS8, DGAT2, IMPA2, ACSLI,
and ALAS?2), genes related to the transport of substances
across cell membranes, ion exchange, cell divisi
proliferation, apoptosis, and cytoskeletal re:

A.

(4S4AP1, NIBANI, DOCKS5, PTPRE, RAPGEF2,
SLCO3A41, SLC2342, and SLC25A437), and genes
associated with hematopoiesis, the immune system,
humoral immunity, cellular immunity, and the migration
and transport (MYADM, ILIR2, SORLI, and MME).

Pairwise Comparison of DEGs Among Groups to
Identify Unique DEGs of ITP at Different Stages

By performing a cross-analysis of the DEGs
identified in th ise comparisons, we further
elucidated the ue differential genes specific to
P. The proteins encoded by these
ikely to serve as
ive pathological
phase were
DEGs from
and ACU vs
e 2A) ultimately
erlapping DEGs, which
se-specific differential

CHR samples. A Venn di
identified, 10 downregulate
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Q
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B.

Distinctive differential genes expression in ACU period
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Distinctive differential genes expression in CHR period
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Figure 2. Pairwise Comparison of DEGs Among Groups to Identify Unique Differential Genes of ITP at Different Stages. (A)
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Venn diagram shows overlap of differential genes of ACU-PRO vs. ACU-CHR groups to determine distinctive differential genes

in ACU period. (“UP” means up-regulated genes; “DOWN” means down-regulated genes). (B) The heat map of distinctive

differential genes expression in ACU period including 8 samples. (C) Venndiagram shows overlap of differential genes of PRO-
ACU vs PRO-CHR groups to determine distinctive differential genes in PRO period. (D) The heat map of distinctive differential
genes expression in PRO period including 4 samples. (E) Venn diagram shows overlap of differential genes of CHR-ACU vs

CHR-PRO groups to determine distinctive differential genes in CHR period. (F) The heat map of distinctive differential genes

expression in CHR period including 14 samples.

The heatmap (Figure 2B) illustrates the expression
levels of these 10 unique DEGs across, various samples
during the ' ACU phaseof ITP. The DEGs)specific to the
PRO phase were identified through a comparative
analysis of the DEGs from the PRO vs ACU and the
DEGs from the PROys CHR samples. A Venn diagram
(Figure 2C) ultimately identified 5 upregulated
overlapping DEGs, which were determined to be unique
differential genes specific to the PRO phase of ITP. A
heatmap (Figure 2D) illustrates the expression levels of
these 5 unique DEGs across various samples during the
PRO phase of ITP. The DEGs unique to the CHR stage
were identified through cross-analysis of DEGs
obtained from pairwise comparisons between CHR vs
ACU samples and between CHR vs PRO samples. A
Venn diagram (Figure 2E) ultimately revealed 2
overlapping differential genes. Among these, SLC2342
exhibited upregulation at the same RNA transcription

site, whereas 4LAS2 had 2 distinct RNA transcription
sites, one upregulated and the other downregulated.
These 2 overlapping DEGs were confirmed as stage-
specific DEGs during the chronic phase of ITP. The
heatmap (Figure 2F) illustrates the expression levels of
these 2 unique DEGs across various samples during the
CHR stage of ITP.

Identification of Tissue-specific Expression of DEGs
in ITP

BioGPS was used to identify the expression patterns
of DEGs associated with ITP in specific tissues or organ
systems at different stages. Three representative groups
and 3 pathological stages were screened for DEGs based
on stringent criteria for high tissue specificity. The
findings revealed that these highly tissue-specific DEGs
were predominantly expressed in the circulatory system,
immune system, musculoskeletal system, connective
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tissues, and nervous system. In the comparison between
the ACU and PRO groups, 8 DEGs exhibiting high
tissue-specific expression were identified. Among these,
the genes primarily associated with the blood and
immune system included SLC25437, ALAS2, MXDI,
PLXNC1, MYADM, SLC2244, and SORLI. The
distribution of these 8 DEGs across highly expressed
specific tissues and organs is shown in Figure 3A .
Seven DEGs with highly tissue-specific differential
expression were identified in the ACU-versus-CHR
comparison. Genes predominantly expressed in the
hematologic and immune systems included MYADM,
SORLI1, ZDHHCI18, and ALAS2; DGAT2 and MME
were mainly expressed in the musculoskeletal and
connective-tissue systems, and SLC2342 was mainly
expressed in the nervous system. Their tissue
distribution is shown in Figure 3B. Two highly tissue-

specific DEGs were identified in the CHR-versus-PRO

comparison: ALAS2 in the hematologic and immune
systems and SLC2342 in the nervous system. Their
tissue distribution is shown in Figure 3C.

Four genes (SLC25437, ALAS2, SORLI, and
MYADM) predominantly exhibiting highly tissue-
specific expression during the ACU phase were
identified among the unique DEGs, and they were
distributed within the hematopoietic immune system.
The distribution pattern of these 4 genes was shown in
Figure 3D. Amongthe unique DEGs with highly tissue-
specific expression identified during the PRO phase, 1
gene was primarily identified, ALAS2. The distribution
pattern of this gene was shownin:Figure 3E. Among the
characteristic DEGs exhibiting highly tissue-specific
expression during the CHR phase, 2 genes (4.4S2 and
SLC2342), were predominantly identified. These genes
are distributed respectively within«the hematopoietic
immune system and the nervous system (Figure 3F).
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The differential genes in ACU vs CHR groups with the highest level of tissue specificity
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The differential genes in ACU period with the highest level of tissue specificity
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The differential genes in CHR period with the highest level of tissue specificity
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Figure 3. Identification of tissue-spe . Bar grap!s of differentially expressed genes with tissue
specificity. (A) In ACU VS PRO groups. S CHR gr (C) In CHR VS PRO groups. (D) In ACU period. (E)
In PRO period. (F) In

across 5 functional categories, encompassing a total of
33 functional items.

groups. enrichment
analysis include (GO) analysis, Kyoto

In the functional enrichment analysis of DEGs
between the ACU and PRO groups, the biological
process (BP) category involved 11 relevant genes. The
cellular component (CC) category involved 26 relevant
genes. The molecular function (MF) category involved
19 relevant genes. Proteins interacting with the DEGs
were enriched, resulting in 14 identified interactions
involving 30 interacting DEGs. Figure 4A illustrates the
enrichment analysis of DEGs between ACU and PRO
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Function of enrichment of differential genes of CHR vs PRO
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Figure 4. Functional enrichment analysis of DEGs in each group. Point graphs of function of enrichment of differentially
expressed genes. (A) In ACU VS PRO'groups. (B) In ACU VS CHR groups. (C) In CHR VS PRO groups.

During the functional enrichment analysis of DEGs
between the ACU and »CHR groups, the »BP
encompassed 24'DEGs. The'ME mainly focused on 4
DEGs. Regarding CC, 20,related DEGs were identified.
Enrichment analysis revealed, 1" KEGG pathway
associated with metabolic processes, involving 7 related
DEGs. Protein interaction analysis of the DEGs yielded
21 interacting proteins, with 20 interacting DEGs
identified. The tissues,and organs)associated with these
DEGs were primarily theplacenta; with 13 related genes
identified. Figure 4B displays the identification of 22
functional items from 5 “categories within the 11
enriched functions, focusing on the DEG enrichment
between ACU and CHR.

During the functional enrichment analysis of DEGs
between the CHR and PRO groups, the BP encompassed
16 DEGs. The MF mainly concentrated on 3 related
DEGs (4ALAS2, TAF9B, and HBGI). Additionally, 3
proteins interacting with the DEGs were enriched, with
4 interacting DEGs (FBLNI, KLHL22, PAXS8, and

IMMP2L). Figure 4C illustrates the enrichment analysis
of 27 functional items across 3 categories in the GO
analysis comparing CHR vs PRO.

PPI Interaction Network Analysis of Differential
Genes in Each Group

The DEGs in each group were mapped using the
STRING PPI database, with an interaction score
threshold set at greater than 0.4, resulting in a protein
interaction table for the differential genes of each group.
By combining the lists of wupregulated and
downregulated DEGs, the data were imported into
Cytoscape software for visualization and construction of
the PPI network. The analysis focused on the interaction
frequency of differential proteins with adjacent proteins
within each group’s PPI network, allowing for the
ranking of the top hub genes among these interacting
differential genes in the PPI network.

Among the DEGs identified between ACU and
PRO, 12 genes were associated with the formation of the
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PPI interaction network, including VNNI, VNN3,
ALAS2, SLC25437, FCGR2B, TNFSFI13B, TREMI,
ILIR2, NCF4, ANPEP, OBP2B, and ILI13RAI1. Figure
5A illustrates the interaction relationships among these
12 differential genes, while Figure 5B presents the
ranking of the top 8 genes and their interaction
relationships.

The central gene with the most connections to
adjacent gene nodes is FCGR2B, which has the highest
rank. The next highest-ranking genes are TREMI and
ILIR2, followed by NCF4, ANPEP, VNNI, OBP2B, and
VNN3, which have the lowest ranks. Among the DEGs
identified between ACU and CHR group, 11 genes were
associated with the formation of the PPI interaction
network, including MME, LYN, NCOAI, ACSLI,
ALAS2, SLC25A437, PYGL, TALDOI, DGAT2, PTPRE,
and DOCKS5. Figure 5C illustrates the interaction
relationships among these 11 DEGs, while Figure 5D
displays the ranking of the top 7 genes and their
interactions. The gene with the highest connectivity. to
adjacent gene nodes is ACSLI, followed by NCOAIL,
ALAS2, SLC25437, PYGL, TALDOI, and DGAT2.
Among the DEGs identified in the comparison‘of CHR
and PRO groups, 2 genes are associated with. the
formation of the PPI interactiond network, including
HBG]I and ALAS2. Figure SE illustrates the interaction
between these 2 genes. Due to the limited number of
DEGs in the comparison between CHR and PRO

A Network of interacting proteins of differential genes
in ACU vs PRO groups

NCF4
OBBP2

\ ANPEP

o /

FCGR2B
/ \ VNN3
TNFSF138 TREMI /
\ VNN1
IL1R2
N
SLC25A37 IL13RA1
ALAS2

16/ Iran J Allergy Asthma Immunol,

groups, no significant interacting proteins or central
node proteins were identified. Among the DEGs
specific to the ACU phase, 2 DEGs are associated with
the formation of a PPI interaction network, including
ALAS2 and SLC25A437. Figure SF illustrates their
interaction relationship. Due to the limited number of
ACU-specific DEGs in ITP, the interacting proteins lack
a hierarchical order and do not form a central hub
protein. The interaction between ALAS2 and SLC25437
was likely involved in the pathway signaling processes
underlying the acute phase of ITP.

Overall, the PPI network analysis of DEGs across
study groups revealed, distinetpimolecular signatures
during discase progression. The transition from ACU to
PRO was characterized by signaling pathways centered
on FCGR2B. In contrast, the progression from ACU to
CHR predominantly involved interaction networks with
ACSL] as the core component. Thetransition from PRO
to CHR was associated with! protein interactions related
to thetHBG 1-ALAS?2 signaling pathway. Notably, ACU
exhibited unique PPI interactions, including the ALAS2—
SLC25A437 pairing. Longitudinal analysis demonstrated
that ALAS2-SLE25437 represented a persistent PPI
interaction throughout the acute phase, while HBGI—
ALAS2 emerged as the characteristic interaction during
progression from the progressive phase to chronic-phase
ITP.

B. Rank of TOP 8 interacting proteins of differential

genes in ACU vs PRO groups

NCF4 ANPEP VNN3

VNN1

OBBP2

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

Stage-specific Genes in Immune Thrombocytopenia

C. Network of interacting proteins of differential genes
in ACU vs CHR groups
NCOA1 SLC25A37  TALDO1
ACSL1 ’ ‘
\ ALAS2 PYGL
DGAT2
LYN —— MME
DOCKS —— PTPRE
E: Network of interacting proteins of differential genes

in CHR vs PRO groups

ALAS2

HBG1

Rank of TOP 7 interacting proteins of differential
genes in ACU vs CHR groups

NCOA1 SLC25A37
ALAS2
TALDO1
\ DGAT2
PYGL

Network of interacting proteins of differential genes
in ACU period

SLC25A37

|
ALAS2

Figure 5. PPI interaction network analysis of DEGs in each group. (A) Network of interacting proteins of differential genes in
ACU vs PRO groups. The “GREEN” marks down-regulated genes. (B) Rank of Top 8 interacting proteins of DEGs in ACU vs
PRO groups. The “RED” marks the highest rank of interacting proteins of differential genes; The “ORANGE” marks the
second highest rank; The “YELLOW?” marks the lowest rank). (C) Network of interacting proteins of differential genes in
ACU vs CHR groups. (D) Rank of Top 7.interacting proteins of differential genes in ACU vs CHR groups. (E) Network of
interacting proteins of differential genes in CHR«ws PRO groups. (F) Network of interacting proteins of differential genes in
ACU period. The “GREEN” of (C)\(E)\(F) means as same as (A); The rank’s color of (D) means as same as (B).

DISCUSSION

Although ‘several  laboratory »parameters and
candidate biomarkers have been explored in ITP, there
is still no ‘widely accepted discasc-specific molecular
marker routinely, used “in clinical hematology for
diagnosis or stage 'discrimination. Current diagnosis
remains largely based, on platelet count, bleeding
manifestations, exclusion, of other causes of
thrombocytopenia, and treatment response. In this study,
we identified DEGs across pairwise comparisons of the
3 pathological stages of ITP and further characterized
stage-specific transcriptional features in ACU, PRO, and
CHR. These findings suggest that ITP progression is
accompanied by coordinated changes in immune
regulation, hematopoietic stress, oxidative balance, and
metabolic adaptation.

At the pathway level, several biological processes
identified here—including inflammatory immune

activation, Fc receptor-related signaling, erythroid and
hematopoietic stress responses, oxidative stress, and
metabolic dysregulation—are not necessarily unique to
ITP and may overlap with mechanisms reported in other
autoimmune hematologic disorders. However, because
our analysis was designed to compare stages within ITP
rather than to directly contrast ITP with other diseases,
our results mainly support the conclusion that these
immune-hematopoietic programs are organized in a
stage-dependent manner during ITP progression. In
particular, the involvement of FCGR2B, ILIR2, and
TREMI1 is consistent with broader autoimmune
paradigms in which defective inhibitory signaling,
excessive myeloid-cell activation, and dysregulated
cytokine amplification cooperate to sustain tissue
injury.!>'* This interpretation is also consistent with
recent studies in other autoimmune diseases, particularly
systemic lupus erythematosus and rheumatoid arthritis,
in which impaired inhibitory Fcy receptor signaling,
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persistent cytokine-driven inflammation, and myeloid-
cell amplification have all been implicated in loss of
immune tolerance and chronic tissue injury. In this
context, the transcriptional changes identified here may
reflect a shared autoimmune inflammatory framework
rather than ITP-specific pathways alone, although their
stage-dependent organization may still distinguish ITP
progression from other immune-mediated diseases.'>™’
A prominent acute-phase feature was the
downregulation of genes linked to mitochondrial iron
handling, immune restraint, and metabolic homeostasis.
Among them, SLC25437, which encodes the
mitochondrial iron transporter mitoferrin-1, is essential
for iron delivery into mitochondria and supports heme
synthesis in hematopoietic cells.'*2° Its downregulation
in ACU suggests impaired mitochondrial iron utilization
and disturbed erythroid-associated metabolism under
inflammatory stress. Because SLC25437 function is
closely linked to heme production and oxidative
metabolism, reduced expression may contribute._to
disordered aerobic energy metabolism, redox imbalance,
and hematopoietic dysfunction during acute disease.”!
ALAS2 emerged as a stage-spanning gene, being
downregulated in ACU, markedly upregulated in PRO,
and partially readjusted in CHRS As the erythroid-
specific rate-limiting enzyme in heme biosynthesis,
ALAS2 is closely associated “with hemoglobin
production, erythroid differentiation, mitochondrial iron
utilization, and hematopoietic stress responses.?”” ¢ In
inflammatory or infectious, conditions, erythroid, heme
pathways can be remodeled, together with immune
activation.?># Biginformatics studies of immune-related
and oxidative" stress-associated  disorders have also
identifiedy4 LAS2-related erythroid or redox signatures,
suggesting that 4L482 may reflect a broader stress-
response program rather than a mechanism unique to
ITP.27? Therefore; the recurtent detection of ALAS?2
across all 3 stages, may tepresent a persistent
erythropoietic stress*_axis accompanying disease
evolution. In our dataset, 10¢1,435314 and 142087 were
reduced in ACU, whereas locus 430077 increased in
PRO and decreased again in CHR, suggesting a pattern
of acute suppression, transient compensation, and
subsequent chronic dysregulation. Nevertheless,
because the analysis was based on whole-blood
transcriptomic data, repeated identification of ALAS2
may also reflect changes in erythroid-cell proportion,
reticulocyte abundance, anemia-associated
compensation, or generalized stress erythropoiesis
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rather than an ITP-specific driver alone. Thus, ALAS2
should currently be regarded as a biologically
meaningful but exploratory marker of stage-related
hematopoietic adaptation in ITP.

The transition from acute to chronic ITP is
biologically plausible in light of current understanding
of disease immunopathology. Acute ITP is often
dominated by inflammatory activation, cytokine release,
and autoantibody production, whereas chronic ITP
increasingly
dysregulation.’*32 The PD-1 pathway has been shown to
regulate CTL activity, offering a new direction for
immunomodulatory. “therapy:‘’sEmerging treatments
such fas TPO-RAs, ‘spleen tyrosine kinase (SYK)
inhibitors, and FcyR inhibitors are under, development,
although monoclonal antibodies (e.g., rituximab) may
induce adverse effects like, hypogamfnaglobulinemia.'!
Despite advances in understanding immune phenomena
and thrombopoietin biology, the genetic regulatory
mechanisms of ITP remain(to be fully elucidated. This
study employs bioinformatics approaches to analyze
differential gene expression and signaling pathways
across distinct pathological stages, aiming to provide a
theoretical foundation for targeted therapies.

Anyelegant study design is required to resolve these
issues. Regarding ILIR2, it plays a key role as a decoy
receptor for IL-1. This pathway modulates IL-1-driven
downstream signals, influencing the balance of
inflammatory mediators.’>** We found that FCGR2B
suppresses B-cell receptor signaling, immune-complex
responses, and autoantibody amplification.>=7 Impaired
FCGR2B function is associated with exaggerated humoral
immunity and enhanced inflammatory cytokine
production.®**° High TREM1 expression on myeloid cells
amplifies innate immune responses by triggering cytokine
release.*'™ The FCGR2B-TREMI-ILIR?2 axis identified
here may therefore represent an ITP-relevant
configuration of a broader autoimmune inflammatory
module. In acute ITP, reduced inhibitory FCGR2B
together with altered TREM1/ILIR?2 signaling may reflect
a shift from immune restraint toward self-amplifying
inflammatory platelet injury. Because TREM1 occupies
an upstream amplification position in innate
inflammatory signaling, it may also represent a plausible
immunomodulatory target for limiting excessive myeloid
activation and cytokine escalation in active ITP.

Another key acute-phase feature was dysregulation
of lipid and energy metabolism. ACSL !, which mediates
long-chain fatty acid esterification and mitochondrial 3-

involves sustained immune
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oxidation, was downregulated in ACU relative to
CHR.* Because ACSLI is involved in macrophage lipid
handling, inflammatory responses, and phospholipid
remodeling, its reduction may contribute to metabolic
imbalance and abnormal macrophage polarization
during acute disease.**#’ This interpretation is
supported by coordinated changes in genes such as
PYGL, DGAT2, NCOAl, and TALDOI, which
collectively suggest impaired glycogenolysis, altered
triglyceride synthesis, disturbed energy metabolism, and
weakened antioxidant capacity.**° These findings
support the concept that acute ITP is associated not only
with immune activation but also with substantial
metabolic reprogramming. Such pathways may have
therapeutic ~ implications, as
immunometabolic imbalance could theoretically help
dampen inflammatory effector responses and improve
immune homeostasis.

In addition to immune and metabolic perturbations,
several acute-phase changes pointed to coagulation and
platelet-related dysfunction. Downregulation of MME
and LYN may contribute to hemorrhagi¢ tendency
through combined effects on immune signaling; platelet
activation, and inflammatory regulation:>!>3 Altered
expression of BASPI, MYADM, ASAPI, SORLI, and
NIBANI further supports the presence of inflammatory
activation, myeloid differentiation,
dyslipidemia, and coagulation-associated, disturbance
during ACU.3+%¢ Althiough many of these genes have
not previously been studied in ITP in detaily, their
combined transcriptional pattern is compatible with a
highly inflammatery, metabolically stressed, and
hematopoietically unstable,acute state.

The progressive/remission 'phase appeared to be
characterized, by partial compensatory responses rather
than simple" normalization. Upregulation of VNNI,
FBLNI, KLHL22,»and SMOX suggests activation of
oxidative stress “regulation, extracellular matrix
remodeling, and compensatory hematopoietic or
immune-modulatory mechanisms.>’° In particular,
VNNI and its interaction with VNN3 may reflect redox
adaptation and modulation of local inflammatory tone,
whereas KLHL22 may support proliferative recovery
and immune adjustment. Importantly, oxidative stress-
related genes such as VNN and SMOX may be more
than passive markers of tissue stress. NN/ has been
linked to redox-sensitive inflammatory regulation and
epithelial or immune stress responses, while SMOX
promotes polyamine catabolism and can generate

correction of

abnormal

hydrogen peroxide and other reactive byproducts that
influence inflammatory signaling, cellular injury, and
immune-cell behavior. In autoimmune progression,
persistent activation of such oxidative pathways may
contribute to a feed-forward loop in which inflammation
induces redox imbalance, and redox imbalance in turn
sustains immune dysregulation a

nd delayed resolution. Thus, the increased
expression of YNNI and SMOX in PRO may indicate an
intermediate state” of hongoing autoimmune activity
coupled to compensatory antioxidant or repair
responses, rather than simple remission alone. Rather
than representing complete restoration of homeostasis,
the PRO stage may therefore reflect,an intermediate
transcriptional state in which inflammatory injury is
being ‘counterbalanced by metabolic. and reparative
programs. From a translational standpo0int, this raises the
possibility that oxidative stress regulators may serve not
only as stage-associated biomarkers but also as adjunct
therapeutic targets for Jinterrupting redox-driven
amplification of autoimmune inflammation.

The chronic stage showed a different molecular
profile, * with stronger evidence of persistent
hematopoietic' stress, altered erythroid biology, and
immune adaptation. Downregulation of HBG1 together
with persistent ALAS2 dysregulation suggests impaired
hemoglobin  synthesis,  chronic  erythropoietic
dysfunction, and disturbed oxygen-related
metabolism.®*¢2  These changes are biologically
plausible in a setting of prolonged immune
dysregulation and sustained marrow stress. The chronic-
phase upregulation of OTULIN, TAF9B, and SLC23A42
may represent compensatory anti-inflammatory, anti-
oxidative, and cell-survival programs.®=% In particular,
SLC2342, which encodes the vitamin C transporter
SVCT2, may support antioxidant protection,
hematopoietic maintenance, and immune modulation
through regulation of intracellular vitamin C
availability. Its increased expression in CHR is
compatible with an adaptive response to persistent
oxidative and inflammatory stress, although the
functional relevance of this pathway in chronic ITP
remains to be experimentally validated.®®®” These
chronic-stage antioxidant and survival-associated
signatures may also have therapeutic implications, as
they suggest that redox-supportive or immune-
restorative strategies could be explored to mitigate long-
term  inflammatory stress and  hematopoietic
dysfunction.
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Overall, our findings indicate that ITP progression
involves both shared autoimmune hematologic
mechanisms and stage-dependent molecular features.
The genes identified here should therefore be regarded
as candidate rather than clinically validated biomarkers.
Their potential value lies in their stage-specific
expression patterns, which may help distinguish acute,
progressive, and chronic ITP and thereby support
disease stratification, prognosis assessment, and
treatment monitoring. In particular, ALAS2, VNNI, and
SLC25437 merit further validation in independent
cohorts using qPCR or protein-based assays. The
pathways highlighted by these DEGs, especially those
related to FCGR2B, ILIR2, TREMI, ACSLI, and
ALAS2/HBG1, may also provide mechanistic insight and
suggest potential therapeutic targets. Importantly, the
concordance of FCGR2B-, ILIR2-, and TREM]-related
changes with known immune-regulatory mechanisms in
other autoimmune diseases strengthens the biological
plausibility of our findings and suggests that ITP_may
share a conserved inflammatory circuitry while rétaining
stage-specific  transcriptional organization. = More
specifically, our results support the idea that inhibitory
immune signaling, innate inflammatorypamplification,
oxidative stress adaptation, and immunometabolic
remodeling may together constitute a set of stage-
relevant immunomodulatory axes. Although these
pathways cannot yet be considered validated treatment
targets based on tramSeriptomic evidence alone, they
provide a rational framework for future therapeutic
exploration, including stratégies aimed at restoring
immune tolerance;, limiting myeloid inflammatory
activation, and reducing redox-driven tissue injury.

Several limitations,should be'acknowledged. First, the
potential confounding effects of patient medications (such
as glucocorticoids) on“ the identified “transcriptomic
signatures could not\be ruled out. Second, the sample size
was relatively small; particularly for,the PRO stage (n=4).
Third, although we identified potential hub genes and key
biological pathways, these findings were based purely on
bioinformatic analysis of public datasets and lack direct
experimental validation in clinical samples. Future
prospective studies with larger, well-phenotyped cohorts
are required to confirm the diagnostic and prognostic value
of these candidate biomarkers.
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