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Machine learning integration of bulk and
single-cell RNA-Seq data reveals COPS2 as a
central immune regulator in deep vein thrombosis
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Abstract: Deep vein thrombosis (DVT) is a life-threatening condition in which dysregulated immune-endothelial
interactions drive thrombus formation, yet upstream molecular regulators remain poorly understood. Employing an
integrative multi-omic strategy - combining proteome-wide Mendelian randomization, immune cell mediation analy-
sis, bulk and single-cell transcriptomics, and machine learning - we identified 132 plasma proteins with genetically
inferred causal effects on DVT. Among these, COP9 signalosome subunit 2 (COPS2) emerged as the most consis-
tent candidate, with approximately 20% of its effect mediated through effector memory cluster of differentiation
8-positive (CD8*) T cells. Transcriptomic profiling localized COPS2 expression to CD8* T cells and endothelial cells,
and functional validation in endothelial cells demonstrated that COPS2 directly upregulates tissue factor (TF), inter-
cellular adhesion molecule-1 (ICAM-1), and Bcl-2-associated X protein (BAX), enhances procoagulant activity, and
activates the Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway. Machine
learning models consistently identified COPS2 as a robust diagnostic feature across independent cohorts. In vivo,
Cops2 deficiency reduced thrombus burden, attenuated activation of effector memory CD8* T cells, and decreased
intrathrombotic levels of interferon-gamma (IFN-y) and granzyme B (GZMB). These findings establish COPS2 as a
key regulator of immune-endothelial crosstalk in DVT and highlight its potential as a biomarker and therapeutic
target.

Keywords: Deep vein thrombosis, COPS2, immunothrombosis, single-cell RNA sequencing analysis, mendelian
randomization, machine learning

Introduction it does not target the upstream biological
mechanisms that initiate thrombus formation.
Consequently, current management strategies
have remained largely palliative rather than
mechanistic, and they offer limited insight into
why only a subset of individuals develop DVT

under similar clinical conditions.

Deep vein thrombosis (DVT) affects more than
10 million individuals worldwide and represents
a major component of venous thromboembo-
lism (VTE). Its clinical burden is substantial
because pulmonary embolism (PE) is potential-
ly fatal, and long-term complications such as

post-thrombotic syndrome (PTS) remain com-
mon despite anticoagulant therapy [1-4]. Re-
current thrombosis and PTS continue to im-
pose considerable clinical and socioeconomic
impact [5, 6]. Although anticoagulant therapy
effectively prevents further clot propagation,

According to a classic explanation, stasis, en-
dothelial injury, and hypercoagulability are the
three main factors that may lead to DVT [7].
However, emerging evidence suggests that DVT
is an immunothrombotic disorder in which im-
mune cells and inflammatory mediators criti-
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cally contribute to thrombus initiation and prop-
agation [8-13]. This knowledge gap highlights
the importance of moving beyond traditional
coagulation-centered concepts toward a more
comprehensive understanding of the molecular
pathways that predispose individuals to throm-
bosis. Innate immune mechanisms, such as
monocyte-derived tissue factor (TF), neutrophil
extracellular traps (NETs), and pro-inflammato-
ry cytokines, can enhance the coagulation cas-
cade in pathologic conditions [13-17]. However,
these findings alone do not fully explain inter-
individual variability in thrombotic susceptibi-
lity, so upstream regulators of venous throm-
boinflammation must be systematically identi-
fied. The contribution of adaptive immunity to
venous thrombosis remains largely unexplored
[18-23]. Notably, effector memory CD8* T cells
produce cytotoxic granules and pro-inflamma-
tory cytokines that affect endothelial integrity
and tissue remodeling. These cells have been
implicated in sustaining vascular inflammation
and delaying tissue resolution in atherosclero-
sis and autoimmune vasculitis, raising the pos-
sibility that similar mechanisms may operate in
the venous system [24-29]. However, whether
effector-memory CD8* T-cell responses influ-
ence thrombus formation or persistence in
DVT is unknown, and the upstream molecular
signals that regulate their activity remain un-
defined.

Given that circulating plasma proteins function
as major modulators of immune homeostasis
and coagulation, it is plausible that genetically
regulated variation in protein abundance may
shape effector-memory CD8* T-cell behavior
during venous thromboinflammation [30-33].
Identifying such molecular regulators would not
only address a fundamental gap in DVT bio-
logy but would also provide mechanistically rel-
evant candidates for targeted therapeutic
development beyond anticoagulation. Recent
advancements in Mendelian randomization
(MR) and proteome-wide association studies
have enabled causal inference between plas-
ma protein levels and thrombotic disease [34-
38]. These developments, together with exten-
sive mapping of protein quantitative trait loci
(pQTLs), facilitate genetically anchored causal
inference between protein expression and dis-
ease phenotypes [39]. Using pQTLs as instru-
mental variables in MR provides a structural
framework for determining the directionality of
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protein-disease associations [40, 41]. Single-
cell RNA sequencing (scRNA-seq) has signifi-
cantly advanced our comprehension of throm-
bus biology. Specifically, it elucidates cellular
heterogeneity and intercellular communication
within the thrombotic microenvironment [42].

To address these unresolved questions, we
adopted a multi-omic strategy designed to
bridge genetic causality, immune-cell pheno-
types, and transcriptomic alterations in DVT.
We first performed proteome-wide Mendelian
randomization to systematically identify circu-
lating plasma proteins with genetically support-
ed causal effects on DVT risk. We then evalu-
ated whether these proteins exert their effects
by immune-cell pathways using mediation an-
alysis, followed by bulk and single-cell RNA-
sequencing to determine their cellular specific-
ity and mechanistic context within the throm-
botic microenvironment [43]. Finally, machine-
learning-based target prioritization and in vivo
validation in a murine inferior vena cava liga-
tion model were used to nominate the most
likely functional regulators.

Materials and methods
Data acquisition and preprocessing

A multi-stage analytical framework was adopt-
ed to link genetically proxied plasma proteins
with deep vein thrombosis (DVT) and to validate
mechanistic hypotheses across transcriptomic
and experimental systems (Figure 1). The IEU
Open GWAS Project (UK Biobank, accession
ukb-b-12040; 2116 cases and 359078 con-
trols of European ancestry) was used for su-
mmary-level genome-wide association study
(GWAS) data for DVT. We obtained genetic tools
for immune cell characteristics from already
published GWAS datasets (GCST90001391-
GCST9000212116) which cover 731 immune
phenotypes [44, 45]. SNP-protein associations
were estimated via linear regression, adjusting
for demographic and technical confounders
[46]. Bulk whole-blood transcriptomes were
accessed from the Gene Expression Omnibus
(GEO; GSE19151), and an independent data-
set (GSE48000) was used for validation. We
obtained single-cell RNA-seq data from hu-
man thrombus tissue from GEO (GSE221978).
Datasets were all downloaded from their re-
spective repositories and used as per the
terms provided by the respective repository.
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Figure 1. Overview of study design and analytical workflow. A multi-stage integrative framework, linking genetically
proxied plasma proteins with deep vein thrombosis (DVT). Step 1 includes data acquisition from pQTLs, immune
GWAS, and DVT GWAS datasets. Step 2 applies Mendelian randomization (MR) to estimate causal effects and
immune mediation. Step 3 involves transcriptomic and computational validation using bulk and single-cell RNA
sequencing, enrichment analyses, and machine learning. Step 4 presents in vivo validation using an IVC ligation
model. The framework culminates in the identification of immune-mediated mechanisms and key regulators such
as COPS2.

Experiments that are conducted on animals
and cells have sections dedicated to them; eth-
ical approval for animal work was obtained at
the institutional level.

Mendelian randomization analysis

We performed a two-sample Mendelian ran-
domization (MR) in accordance with STROBE-
MR guidelines to estimate causal effects of
circulating proteins on DVT [47]. We chose
pQTLs (protein quantitative trait loci) jointly
significant in the GWAS results (P < 5 x 108
for proteins, P < 1 x 10°® for immune traits) as
instruments. To ensure instrument indepen-
dence, SNP clumping using PLINK v1.9 was
performed with an LD r? < 0.001 and a window
of 10,000 kb, using the European panel of
1000 Genomes. The strength of an instrument
was assessed by means of the F-statistic (F =
B2/SE?) [48]. All candidate SNPs had F-stati-
stics greater than 10, indicating robust instru-
ment strength. When less than three SNPs
reached the genome-wide significance thresh-
old, a secondary inclusion criterion of P < 1 x
10 was applied, if LD and instrument strength
conditions were satisfied. We did all MR analy-
ses in R (v4.4.2) with TwoSampleMR (v0.5.6)
and MendelianRandomization (v0.6.0).

The inverse-variance weighted (IVW) approach
was used to derive primary estimates; robust-
ness was assessed using MR-Egger regres-
sion, weighted median, leave-one-out analys-
is, Cochran’s Q test for heterogeneity, and
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MR-PRESSO (Mendelian Randomization Pleio-
tropy RESidual Sum and Outlier) global tests.
Reverse Mendelian randomization analyses
were performed to evaluate the likelihood of
reverse causation, that is testing DVT’s ability
to cause plasma protein levels by considering
DVT as the exposure and protein concentra-
tions as the outcomes [48].

Atwo-step MR was executed to assess immune
mediation. The two-sample MR was estimated
to analyze the causal effect of plasma proteins
(exposures) on immune cell traits (mediators).
This provided the first-stage effect estimate
(B,)- The second step of the analyses was per-
formed. Independent MR analyses were per-
formed to assess the causal effect of immune
cell traits on DVT risk, which produced the sec-
ond-stage effect estimate (B,). The indirect
effect (mediated effect) was calculated as the
multiplication of the two estimates (B, x B,) and
the proportion mediated was calculated as (B,
x B,)/total effect x hundred %. The delta meth-
od was used to derive confidence intervals,
and internal bootstrapping (1,000 iterations)
was used to verify the intervals [49]. COPS2
was prioritized for downstream analyses. CDH3
and GPR135 were retained as exploratory
candidates.

Functional enrichment analysis

In biological function enrichment and signalling
pathway enrichment analysis, 132 genes iden-
tified to be associated with deep vein thrombo-
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sis (DVT) were used. Genes associated with
DVT by MR and downstream validation were
subjected to Gene Ontology (GO; BP/CC/MF)
and Kyoto Encyclopedia of Genes and Genom-
es (KEGG) analyses using clusterProfiler [50].
The ggplot2 package (v3.4.4) was used to visu-
alize results through dot plots and bars.

Equal amounts of total protein (30 ug) were
loaded in each lane, and B-actin was used
as an internal loading control to ensure con-
sistent protein normalization across experi-
mental groups.

Protein-protein interaction (PPI) and gene net-
work analysis

To explore potential interactions among candi-
date proteins, protein-protein interaction (PPI)
networks were constructed using the STRING
database (https://string-db.org/) and visualiz-
ed using Cytoscape (v3.9.0). Complementary
functional association networks were generat-
ed using GeneMANIA (http://www.genemania.
org) to integrate co-expression, co-localization,
pathway sharing, and domain similarity [51].

Bulk RNA-seq analysis

Whole-blood transcriptomic profiles were ob-
tained from GEO (GSE19151, training cohort;
63 controls and 7 DVT cases) and validated in
GSE48000, generated using the GPL571 plat-
form. Data preprocessing and normalization
followed the classic pipeline. The limma pack-
age (v3.58.1) was used to identify differen-
tially expressed genes (DEGs) between the
cases and controls with cutoff P < 0.05 and
[log,FC| > 0.5. Using ggplot, we generated vol-
cano plots, heatmaps and boxplots.

Immune infiltration analysis

To explore pathways associated with candida-
te genes, we performed Gene Set Enrichment
Analysis (GSEA) using curated (C2) and hall-
mark (H) gene sets from MSigDB v7.0. We
only kept samples with CIBERSORT P < 0.05.
Spearman correlations were calculated be-
tween the candidate gene expression and the
immune infiltration.

Single-cell transcriptomic analysis

The researchers used Seurat processing for
GSE221978 RNA-seq data. The doublets and
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poor-quality cells were filtered, and Harmony
was used to remove batch effects. PCA and
UMAP were used for dimension reduction and
clustering. Based on canonical markers and
SingleR predictions, the cells were annotated.
Differential expression testing across clusters
was performed using the Wilcoxon rank-sum
test.

The FindClusters function was used for cell
clustering at a resolution of 0.5. The cell type
annotation was done in two stages. First, man-
ual curation using canonical markers extracted
from CellMarker, PanglaoDB and publications;
Second, automated classification was perfor-
med using the SingleR package. Differentially
expressed genes (DEGs) for each cluster were
identified using the Wilcoxon rank-sum test
with filtering thresholds of min.pct > 0.25 and
log,FC > 0.25.

Cell-cell communication analysis

In order to study intercellular communication,
ligand-receptor interactions were inferred us-
ing CellChat (v1.6.0) with CellChatDB as the re-
ference database. As bubble plots, chord dia-
grams and heatmaps, important pathways
were visualized. This method allowed for the
mapping of communication networks between
CD8* T cells and endothelial populations, nota-
bly COPS2 as a candidate mediator.

Gene set enrichment analysis (GSEA) and
gene set variation analysis (GSVA)

To explore pathways associated with candidate
genes, we performed Gene Set Enrichment
Analysis (GSEA) using curated (C2) and hall-
mark (H) gene sets from MSigDB v7.0. A sig-
nificance level was defined at an adjusted P <
0.05. In addition, the GSVA R package was
used to perform Gene Set Variation Analysis
(GSVA) calculating unsupervised enrichment
scores for pre-set pathways for each individual
sample. We were able to observe population-
level as well as sample-specific enrichments.

Molecular regulatory and drug target predic-
tion

Upstream regulatory networks of COPS2, GPR-
135, and CDH3 were investigated by integrat-
ing multiple public databases. The candidate
microRNAs were predicted using miRDB, Tar-
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getScan v7.2, and miRWalk. High-confidence
miRNAs were defined by overlap across two
databases at a minimum. We predicted tran-
scription factors (TFs) from RegNetwork, JA-
SPAR, and hTFtarget databases. We retrieved
potential therapeutic compounds pertaining
to these genes from DGldb, CTD and DSigDB.
The downstream interpretation was preferen-
tially assigned to agreed predictions in mul-
tiple resources.

Identification of diagnostic biomarkers by ma-
chine learning

The GEO database was used to retrieve gene
expression datasets GSE19151 (training set)
and GSE48000 (validation set). The raw CEL
files went through a preprocessing phase th-
rough the RMA method that corrects for back-
ground, quantile normalization and log, trans-
formation. The updates for probe annotations
were made based on platform annotation files.
We performed differential expression analysis
between VTE cases and healthy controls using
the GSE19151 dataset and used the limma
package in R (v4.4.2). We considered adjust-
ed P < 0.05 and |[log, fold change| > 1 as
significant.

Two complementary machine learning algori-
thms were employed to identify potential diag-
nostic biomarkers. Least absolute shrinkage
and selection operator (LASSO) regression was
conducted using the “glmnet” package, incor-
porating 10-fold cross-validation; genes with
non-zero coefficients were retained as dia-
gnostic candidates. Support Vector Machine-
Recursive Feature Elimination (SVM-RFE) was
carried out using the “caret” and “e1071” pack-
ages through recursive feature elimination and
repeated cross-validation. The pROC package
was used to calculate the receiver operating
characteristic (ROC) curve of each candidate
gene and conduct an assessment of perfor-
mance. We calculated the area under the cur-
ve (AUC) values in the training (GSE19151) and
validation (GSE48000) datasets. The core di-
agnostic candidates were those genes select-
ed by both LASSO and SVM-RFE. The pROC
package was used to calculate.

The ROC curve of each candidate gene and
conduct an assessment of performance. We
calculated the area under the curve (AUC) val-
ues in the training (GSE19151) and validation
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(GSE48000) datasets to investigate classifica-
tion accuracy and generalization. To prevent
overfitting, data were run through 10-fold
cross-validation and validated on an indepen-
dent datase.

In vivo models

To validate the functional role of COPS2 in
thrombus formation, COPS2-deficient mice
were obtained from the Shanghai Model Or-
ganisms Center, and wild-type BALB/c mice
(8-week-old, male) were purchased from Hang-
zhou Ziyuan Animal Experimental Technology
Co., Ltd. A total of 20 animals were used in this
experiment. Mice were allocated to two experi-
mental groups: the wild-type BALB/c control
group (n = 10) and the COPS2-deficient group
(n = 10). Each mouse represented a single
experimental unit. All the animals were kept
in specific pathogen-free (SPF) settings with a
temperature of 24.0 + 0.5°C, 12-h light/dark
cycle, and food and water ad libitum. All animal
procedures were approved by the Animal Care
and Use Committee of The Third Affiliated
Hospital of Guangzhou Medical University. As
explained earlier, a partial inferior vena cava
(IVC) ligation model was used to induce deep
vein thrombosis [52]. In brief, mice were anes-
thetized by intraperitoneal injection of mida-
zolam (5.0 mg/kg body weight [BW]), medeto-
midine (0.5 mg/kg/BW) and fentanyl (0.05
mg/kg/BW). The IVC and two to three side
branches were ligated with 6-0 silk sutures.
For sham-operated mice, a laparotomy was
performed without ligation. At the end of the
procedure, sedation was reversed with ati-
pamezole (0.05 mg/kg/BW) and flumazenile
(0.01 mg/kg/BW). As analgesic, buprenorph-
ine hydrochloride (0.075 mg/kg/BW) was sub-
cutaneously injected. After 24 hours, The mice
underwent euthanasia by decapitation after
isoflurane anesthesia. Thrombi were collected
and thrombus weight and length recorded.
Histological evaluation was carried out on par-
affin-embedded sections stained with H&E.

Gene and protein expression analyses

Quantitative reverse transcription PCR (RT-
gPCR) was performed according to standard
protocols [53]. RT-gPCR was conducted using
TRIzol-extracted RNA, reverse-transcribed with
Takara RT kits, and quantified with SYBR Pre-
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mix Ex Taq Il. GAPDH served as the internal
control, and relative expression levels were
calculated using the 2-22¢t method.

Immune phenotyping and cytokine measure-
ment

To assess the frequency and activation of ef-
fector memory CD8* T cells, single-cell suspen-
sions from thrombus tissues were prepared by
enzymatic digestion and mechanical dissocia-
tion. Cells were stained with fluorochrome-con-
jugated antibodies against CD45, CD3, CDS8,
CD44, CD62L, CD69 (BioLegend), and PD-1
(BioLegend, Cat#135206), along with viability
dyes. Flow cytometry was performed using
the Cytomics FC 500 (Beckman Coulter), and
data were analyzed with FlowJo (v10.0). Effe-
ctor memory CD8* T cells were defined as
CD45*CD3*CD8*CDh44*CDh62L, and CD69 or
PD-1 positivity was evaluated within this po-
pulation. For cytokine quantification, thrombi
were homogenized in PBS with protease inhibi-
tors and centrifuged. Supernatants were ana-
lyzed using ELISA kits (BioLegend) for murine
IFN-y, granzyme B and IL-6, according to the
manufacturer’s instructions. All assays were
performed in duplicate.

Statistical analyses

Statistical analyses were performed using R
(version 4.4.2); however, multiple specific sta-
tistical approaches were applied depending on
the analysis type. In the Mendelian randomiza-
tion analysis, the causal effect of plasma pro-
teins on deep vein thrombosis was estimat-
ed using the inverse variance weighted (IVW)
method as the primary estimator, complement-
ed by sensitivity analyses including MR-Egger
regression, weighted median estimation, and
leave-one-out analysis to evaluate robustness
and potential pleiotropy. Heterogeneity among
instrumental variables was assessed using
Cochran’s Q test, while the MR-PRESSO glo-
bal test was applied to detect and correct for
horizontal pleiotropy.

For transcriptomic differential expression anal-
ysis, the limma package was used with empiri-
cal Bayes moderated t-statistics. Genes were
considered significantly differentially expressed
at an adjusted P-value < 0.05 and |log2 fold
change| > 0.5.
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Immune cell infiltration differences between
groups were evaluated using single-sample
Gene Set Enrichment Analysis (ssGSEA), and
group comparisons were performed using the
Wilcoxon rank-sum test. Correlations between
gene expression and immune cell abundance
were calculated using Spearman’s rank corre-
lation coefficient.

For machine learning analysis, feature selec-
tion was conducted using Least Absolute
Shrinkage and Selection Operator (LASSO)
regression with 10-fold cross-validation to de-
termine optimal lambda values. Support Vector
Machine Recursive Feature Elimination (SVM-
RFE) was also implemented to rank candidate
genes. Diagnostic performance was evaluated
using receiver operating characteristic (ROC)
curve analysis and area under the curve (AUC)
metrics.

For experimental validation, comparisons be-
tween two groups were performed using an
unpaired two-tailed Student’s t-test. Multiple
group comparisons were conducted using one-
way ANOVA followed by Tukey’s post-hoc test.
Data are presented as mean = SEM, and a
p-value < 0.05 was considered significant.

Multiple testing correction was applied using
the false discovery rate (FDR) method where
appropriate.

Endothelial cell functional validation

Given the single-cell RNA-seq localization of
COPS2 to endothelial cells and its hypothesiz-
ed role in regulating endothelial activation
markers (TF, ICAM-1, BAX) and the JAK-STAT
pathway, we performed functional validation
in human umbilical vein endothelial cells (HU-
VECs) to establish a direct mechanistic link.

Primary human umbilical vein endothelial cells
(HUVECs; Lonza) were cultured in Endothelial
Growth Medium-2 (EGM-2) and used at pas-
sages 3-5. Cells were transfected with 50 nM
COPS2-targeting siRNA (siCOPS2; Santa Cruz
Biotechnology, sc-60532) or non-targeting con-
trol siRNA (siCTRL; Santa Cruz, sc-37007) us-
ing Lipofectamine RNAIMAX (Invitrogen). For
overexpression, a lentiviral vector encoding
full-length human COPS2 (LV-COPS2; Vector-
Builder) or empty vector (LV-CTRL) was used at
an MOI of 20, with selection in puromycin (2
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ug/mL) for 72 hours. Transfection/transduc-
tion efficiency was confirmed by RT-qPCR.

Assays performed 48 hours post-transfection/
transduction: Procoagulant Activity: A chromo-
genic Factor Xa generation assay (AssayPro)
was used. Cell lysates were incubated with
Factor Vlla and Factor X, and generated Factor
Xa was measured at OD 405 nm. Clotting time
was also assessed via recalcitration time of
platelet-poor plasma after addition of cell lysa-
tes. Apoptosis Assay: Cells were stained with
Annexin V-FITC and Propidium lodide (Pl) (BD
Biosciences) and analyzed by flow cytometry
(Beckman Coulter FC500). RT-gPCR: mRNA
levels of COPS2, F3 (TF), ICAM1, BAX, and
CXCL10 (a STAT1 target gene) were quantified
using SYBR Green, with GAPDH as the endoge-
nous control. Data are from three independent
experiments. Comparisons were made using
unpaired two-tailed Student’s t-test. A P-value
< 0.05 was considered significant.

Results

PWMR identifies plasma proteins associated
with DVT

Two sample MR identified 134 significant plas-
ma proteins having causal pathways to DVT
(IVW; FDR < 0.05) (Table S1), of which 69 were
risk-increasing and 65 protective. After exclud-
ing two pleiotropic proteins, MR-PRESSO and
MR-Egger intercept, a total of 132 pleiotropic
proteins remained (Table S2). Reverse MR an-
alysis showed that DVT did not causally alter
circulating proteins, suggesting that the identi-
fied proteome acts upstream.

Functional enrichment prioritizes immune and
thrombotic pathways

Functional enrichment analysis of the 132 plas-
ma proteins associated with deep vein throm-
bosis (DVT) demonstrated a clear concentra-
tion in immune- and thrombosis-related mech-
anisms. Figure 2 shows that Gene Ontology
enrichment is dominated by immune respon-
se, inflammatory signaling, and platelet-derived
growth factor receptor (PDGFR) signaling, indi-
cating that the identified proteins are strongly
linked to vascular infammation and immune
activation. In addition, receptor activity and
heparin binding were also enriched, further
suggesting involvement in coagulation-related
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molecular functions and extracellular signaling
processes. Figure 2 further shows that path-
way enrichment is centered on cytokine inter-
action, JAK-STAT signaling, and PI3K-Akt sig-
naling, with additional contribution from MAPK
and PDGF pathways. These pathways are well
known to regulate inflammatory communica-
tion, endothelial activation, cell survival, and
thrombotic progression, supporting the view
that DVT is driven by coordinated immune-
vascular dysregulation rather than coagulation
alone.

The integrated interaction network in Figure 2
identifies COPS2 as the central functional
hub, directly connected with STAT1, CXCL10,
PDGFRA, ICAM1, and BAX. This network organi-
zation indicates that COPS2 may link cytokine
signaling, endothelial adhesion, growth factor
signaling, and apoptosis within a unified throm-
boinflammatory framework. Collectively, these
findings suggest that the DVT-associated plas-
ma proteome converges on interconnected
immune, inflammatory, and endothelial path-
ways, thereby prioritizing key regulatory me-
chanisms underlying thrombus formation.

Effector-memory CD8+ T cells link protein ex-
posure to DVT

Two-step mediation MR identified effector
memory CD8* T cells (CD28*CD45RACDS8*) as
primary intermediaries. COPS2 demonstrated
an indirect effect through this subset, with
approximately 20.4% of its total causal effect
on DVT risk mediated by effector memory
CD8* T cells (P = 0.033), with total effect _
total = 0.152 (B_direct = 0.121; B_indirect =
0.031). CDH3 and GPR135 displayed smaller
but significant mediated proportions (14.6%
and 17.7%) (Table 1; Figures S1, S2 and
S3; Table S3). The distinct indirect effect of
COPS2 through effector-memory CD8* cells
indicates this gene plays a critical role in thro-
mbosis modulation/generated from adaptive
immunity.

Bulk and single-cell transcriptomics localize
COPS2 to CD8+ T cells and endothelium

COPS2 showed upregulation relevant to the
disease and cell-type specificity in CD8" T
cells and endothelial cells across bulk and
scRNA-seq datasets. In comparison to PD-1,
the level of CDH3 was increased modestly
but not statistically significantly, while GPR135
was unchanged.

Am J Transl Res 2026;18(5):4110-4132



COPS2 as an immune regulator in DVT

034

Cytokine interaction

0.28

JAK-STAT pathway

024
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Figure 2. Integrated functional enrichment and interaction landscape of deep vein thrombosis (DVT)-associated
plasma proteins. This image, presents a unified overview of the biological roles and molecular interactions of pro-
teins associated with deep vein thrombosis. The left side highlights enriched functional categories, emphasizing
processes related to immune activity, inflammatory signaling, and receptor-mediated mechanisms. On the right,
pathway-level analysis indicates the involvement of key signaling cascades that regulate cellular communication,
survival, and vascular responses. At the center, the interaction network reveals a highly connected structure in
which COPS2 acts as a core regulatory node linking multiple proteins involved in endothelial activation, cytokine sig-
naling, and apoptotic regulation. Overall, the visualization demonstrates how these proteins collectively contribute

to a coordinated thromboinflammatory environment.

Peripheral immune remodeling in DVT

To characterize systemic immune alterations
associated with deep vein thrombosis (DVT),
immune cell deconvolution was performed
on peripheral blood transcriptomic data from
the GSE19151 cohort using ssGSEA, followed
by correlation and validation analyses. As illus-
trated in the integrated Figure 3, DVT was
associated with a distinct shift in immune cell
composition, characterized by a marked re-
duction in effector-memory CD8* T cells and a
concurrent increase in proinflammatory sub-
sets, including activated CD8* T cells, NK cells,
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macrophages, and monocytes. This pattern
reflects a transition toward a heightened in-
flammatory state in the peripheral circulation.
The correlation structure within the same plot
revealed that effector-memory CD8" T cells
were consistently inversely associated with key
inflammatory populations, particularly macro-
phages, monocytes, and neutrophils, indicat-
ing a potential regulatory imbalance between
adaptive immune surveillance and innate im-
mune activation. In contrast, positive correla-
tions among proinflammatory cell types sug-
gested coordinated activation of innate im-
mune pathways during thrombus formation.
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Table 1. Mendelian randomization probes the mediating role of immunocyte phenotype in the asso-
ciation between plasma proteins and deep venous thrombosis (DVT)

Total Direct Direct

) Immunit Mediated Effect Mediated
Plasma proteins Trait y Outcome  Effect Effect B1 Effect B2 B1 x B2 (95% Cl) P-value Proportion
(95% Cl) (95% Cl)  (95% CI) ’ P
prot-a-484 (Cadherin-3) CD28*CD45RA" deep 0.0024  -0.2122 -0.0016 0.0003 (0.00001, 0.0384 14.599%
CD8* T cell venous (0.0006, (-0.3242, (-0.0029, 0.0007) (00.441%,
thrombosis  0.0041) -0.1003) -0.0003) 28.759%)
prot-a-635 (COP9 signalosome CD28'CD45RA" deep 0.0011  -0.1327 -0.0016 0.0002 (0.00001, 0.0328 20.437%
complex subunit 2) CD8* T cell venous (0.0003, (-0.1958, (-0.0029, 0.0004) (1.268%,
thrombosis 0.0018) -0.0697) -0.0003) 39.607%)
prot-a-1262 (Probable G- CD28'CD45RA" deep 0.0012  -0.1341 -0.0028 0.0002 (0.000011, 0.0350 17.719%
protein coupled receptor 135) CD8* T cell venous (0.0003, (-0.2701, (-0.2006, 0.0004) (00.872%,
thrombosis 0.0022) -0.0457) -0.0674) 34.567%)

NOTE: Total effect represents the overall causal effect of each plasma protein on deep vein thrombosis (DVT), expressed as B coefficients with 95% confidence intervals
(CI). Direct effect B, denotes the causal effect of plasma protein levels on the immune cell phenotype (CD28°CD45RACDS8" T cells), and direct effect B, denotes the
causal effect of the immune cell phenotype on DVT risk. The mediated effect (B, x B,) represents the indirect effect of the plasma protein on DVT operating through the
immune cell mediator and was calculated using the product-of-coefficients approach. Confidence intervals for mediated effects were derived using the delta method with
1,000 bootstrap iterations. The mediated proportion (%) was calculated as (B, x B,)/total effect x 100%, with 95% confidence intervals shown in parentheses. P-values
correspond to the statistical significance of the mediated effect, with two-sided P < 0.05 considered statistically significant. All causal estimates were obtained using

the inverse-variance weighted (IVW) method. Abbreviations: DVT, deep vein thrombosis; MR, Mendelian randomization; Cl, confidence interval; IVW, inverse-variance
weighted; CD, cluster of differentiation; CD28*, cluster of differentiation 28 positive; CD45RA", CD45RA negative isoform; CD8*, cluster of differentiation 8 positive; f,
regression coefficient.
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Figure 3. Integrated Peripheral Immune Remodeling in deep vein thrombosis (DVT). This image, provides a com-
prehensive visualization of immune alterations in DVT, integrating immune cell composition, correlation structure,
and validation within a single framework. The left section shows comparative immune cell abundance between
control and DVT groups using ssGSEA. A clear shift toward a proinflammatory profile is observed, characterized by
a substantial decrease in effector-memory CD8* T cells (0.72—0.39, ***), alongside significant increases in acti-
vated CD8"* T cells, NK cells, macrophages, and monocytes. This pattern indicates suppression of adaptive immune
regulation with simultaneous activation of innate immune responses. The central network illustrates the correlation
relationships among immune cells and key genes. Effector-memory CD8* T cells exhibit strong negative associations
with macrophages, monocytes, and neutrophils, suggesting an inverse regulatory balance. Notably, COPS2 and
GPR135 are negatively correlated with effector CD8* T cells, while macrophages and monocytes display a positive
correlation, reflecting coordinated inflammatory activation. The central positioning of effector-memory CD8* T cells
highlights their role as a critical regulatory node within the immune landscape. The right section validates these find-
ings using the CIBERSORT algorithm. Consistent with the ssGSEA results, effector-memory CD8* T cells are reduced,
whereas macrophages are increased in DVT samples, confirming the reproducibility of immune remodeling patterns
across analytical methods. Overall, the Figure demonstrates a coordinated immune shift in DVT, where reduced
regulatory T-cell subsets and enhanced innate immune activation collectively contribute to a proinflammatory and
thrombotic environment.
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Figure 4. This image presents the integrated enrichment profiles of three
signaling pathways across the ranked gene list. The cytokine-cytokine recep-
tor interaction pathway displays an early and steep increase in enrichment
score, indicating that genes associated with immune activation and inflam-
matory signaling are predominantly located among the top-ranked genes.
In contrast, the MAPK signaling pathway exhibits a steady and continuous
rise in enrichment, reflecting its sustained involvement in signal transduc-
tion processes throughout the gene spectrum. Meanwhile, the JAK-STAT
signaling pathway shows relatively lower enrichment in the early ranks but
increases substantially in the later portion of the gene list, suggesting its
role in downstream transcriptional regulation and amplification of immune
responses. Collectively, these patterns highlight a coordinated activation of
immune-related pathways, where early cytokine signaling may initiate the
response, followed by MAPK-mediated signal propagation and subsequent

activation accompanied by
suppression of regulatory T-
cell subsets, with COPS2
emerging as a candidate me-
diator of this imbalance.

Single-cell mapping of candi-
date genes in thrombus

To delineate the cellular het-
erogeneity and gene-specific
expression patterns within
thrombotic tissue, single-cell
RNA sequencing (scRNA-seq)
analysis was performed using
the GSE221978 dataset. Fo-
llowing stringent quality con-
trol filtering - removing cells
with low gene counts, exces-
sive mitochondrial content,
and potential doublets - a
total of 2,385 high-quality
cells were retained for down-
stream analysis. The integra-
ted visualization (Figure 4)
demonstrated robust data
quality, as sequencing depth

JAK-STAT-driven regulatory effects.

Gene-immune association analysis further de-
monstrated that the expression of COPS2 and
GPR135 was negatively associated with ef-
fector-rmemory CD8* T-cell abundance, while
COPS2 showed positive associations with ma-
crophage-related signals. Regression trends
embedded within the Figure confirm these re-
lationships, highlighting a consistent inverse
linkage between gene expression and T-cell-
mediated immune regulation. The integrated
network representation consolidates these
findings by positioning COPS2 as a central hub
connecting multiple immune subsets, thereby
suggesting its role in orchestrating immune-
vascular interactions. Importantly, indepen-
dent validation using the CIBERSORT algorithm
reproduces the same directional changes in
immune cell distribution, reinforcing the ro-
bustness and reproducibility of the observed
immune remodeling across analytical plat-
forms. Collectively, this single-plot analysis
provides a comprehensive view of peripheral
immune dysregulation in DVT, demonstrating
a coordinated shift toward proinflammatory

4119

shows a strong positive rela-
tionship with detected gene
counts and no evident te-
chnical bias, ensuring reliability of the dataset.
Highly variable genes, including VWF, COL1AZ1,
LYZ, and RGS5, were identified as key drivers
of transcriptional heterogeneity and were sub-
sequently used for dimensionality reduction.
Principal component analysis indicated that
12 principal components sufficiently captured
the variance structure of the dataset. These
components were further projected into a uni-
fied low-dimensional space, revealing clearly
separable cellular clusters.

The integrated clustering framework identified
ten biologically distinct cell populations, includ-
ing endothelial cells, macrophages, fibroblasts,
smooth muscle cells, T cells, B cells, neutro-
phils, platelets, monocytes, and dendritic cells.
Marker-based annotation confirmed cell iden-
tity, with canonical gene signatures such as
PECAM1/VWF (endothelial cells), COL1A1/DCN
(fibroblasts), ACTA2/TAGLN (smooth muscle
cells), CD3D (T cells), MS4A1 (B cells), and
LYZ (myeloid lineage) showing consistent ex-
pression patterns. Quantitative distribution fur-
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to cell adhesion, cytokine sig-
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naling modules were predomi-
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tral regulatory role of COPS2
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lar pathology.
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lighting their central role as communication hubs. Bubble size represents

signaling frequency, while position along the x-axis indicates interaction
strength, emphasizing the dominant endothelial-T cell signaling axis involved

in inflammatory and thrombotic processes.

ther indicated that macrophages, fibroblasts,
and smooth muscle cells represent the domi-
nant cellular populations within thrombotic tis-
sue, reflecting a combined inflammatory and
structural remodeling environment.

Gene-specific expression mapping within this
unified figure revealed distinct cell-type local-
ization patterns. COPS2 expression was pre-
dominantly enriched in endothelial cells, sug-
gesting a role in endothelial activation and vas-
cular dysfunction. CDH3 showed strong ex-
pression in both fibroblast and endothelial po-
pulations, indicating its involvement in stromal
remodeling and vascular integrity. In contrast,
GPR135 exhibited relatively low but broader
expression across multiple immune cell popu-
lations, implying a more generalized immuno-
modulatory function.

Cell-cell communication implicates a COPS2-
centered endothelial-T-cell axis

Cell-cell communication analysis revealed a
highly interconnected network centered on
endothelial cells, which act as key signaling
hubs interacting strongly with T cells and fibro-
blasts (Figure 5). Quantitative assessment of
interaction strength and signaling frequency
demonstrated particularly robust endothelial-T
cell communication, highlighting a dominant
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Distinct immune regulatory
pathways linked to COPS2,
CDH3, and GPR135 in DVT

GSEA linked high COPS2 to JAK-STAT signaling,
immune activation, and proteolysis signatures
(Figure 6A). The increase in this signature was
probably because of the activation of the
immune system and stress to the cells of the
endothelial lining of organs. The occurrence of
CDH3 was enriched in pathways involved in
allograft rejection and host-pathogen interac-
tion (Figure 6B). In contrast, GPR135 ex-
pression correlated with transcriptional signa-
tures linked to T cell exhaustion and leuke-
mic immune suppression, suggesting an im-
munomodulatory or tolerance-associated role
in the thrombotic microenvironment (Figure
6C). GSVA confirmed sample-level patterns
(Figure 6D-F).

Regulatory landscape reveals putative miRNA,
transcription factor, and drug interactions

An integrated regulatory network analysis re-
vealed the multi-layered control of COPS2,
CDH3, and GPR135, incorporating post-tran-
scriptional (miRNA), transcriptional (TF), and
pharmacologic (drug) interactions (Figure 7).
Consensus predictions from miRDB, Target-
Scan, and miRWalk identified 28 high-con-
fidence miRNAs targeting COPS2, whereas
CDH3 and GPR135 were each regulated by
only five cross-validated miRNAs associated
with vascular remodeling and immune modula-
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Figure 6. This image integrates pathway-level enrichment and sample-wise activity analyses to define the distinct immunoregulatory roles of COPS2, CDH3, and
GPR135 in DVT. (A-C) present GSEA enrichment curves, where all three genes show positive enrichment (ES ~ 0.6-0.65) toward the top of the ranked gene list,
indicating upregulation in their respective high-expression states. Specifically, COPS2 (A) is enriched in JAK-STAT signaling and immune activation with NES = 2.1, P
=0.002, FDR = 0.01, demonstrating strong statistical significance and suggesting active inflammatory signaling and endothelial stress responses. CDH3 (B) shows
enrichment in allograft rejection and host-pathogen interaction pathways with NES = 1.8, P = 0.008, FDR = 0.04, indicating involvement in immune communication
and stromal remodeling. In contrast, GPR135 (C) is associated with T-cell exhaustion and immune suppression, with NES = 1.7, P = 0.014, FDR = 0.06, reflecting
a comparatively weaker but still meaningful enrichment linked to immune tolerance mechanisms. (D-F) display GSVA heatmaps, quantifying pathway activity across
samples (S1-S10), where red indicates pathway activation (positive GSVA score up to ~1.0) and blue indicates suppression (down to ~-1.0). In COPS2 (D), strong
activation is observed in JAK-STAT (0.96), IFN signaling (~0.79), and stress-related pathways (~1.00) in selected samples, while others show suppression (e.g.,
immune pathway -0.94), highlighting heterogeneity but overall immune activation dominance. CDH3 (E) exhibits high activation in allograft rejection (~0.93-1.00),
host interaction (~0.93), and stromal signaling (~1.00), reinforcing its role in immune-stromal crosstalk. GPR135 (F) demonstrates activation of T-cell exhaustion
(~0.89), suppression (~0.98), and metabolic adaptation (~0.97), alongside negative values (e.g., tolerance -1.00), indicating a complex balance between immune
inhibition and metabolic reprogramming.
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target.

Interaction count

Q -
15
5 miRNAs
30

0 drugs

across all layers (28 miRNAs, 9 TFs, 6 drugs),
supporting its role as the central regulatory hub

COPS2 shows the highest regulatory burden CDH3 shows moderate regulatory complexity
but the strongest drug interaction potential (14 drugs),
whereas GPR135 has limited connectivity.

Machine learning-based vali-

| dation highlights COPS2 as

COPS2 CDH3
Candidate genes

GPR135 a discriminatory marker for
DvT

Figure 7. Integrated regulatory network visualization illustrating miRNA,

transcription factor, and drug interactions for COPS2, CDH3, and GPR135.
Bubble size represents the number of interactions, while the horizontal axis
reflects regulatory intensity. COPS2 exhibits the highest regulatory complex-
ity across post-transcriptional, transcriptional, and pharmacological layers,
whereas CDH3 shows stronger drug interaction potential and GPR135 dem-

onstrates limited regulatory connectivity.

tion. This disparity indicates a substantially
higher post-transcriptional regulatory complex-
ity for COPS2. Further analysis using Re-
gNetwork, JASPAR, and hTFtarget identified
nine putative transcription factors regulating
COPS2, including key immune-related regula-
tors such as RELA and STAT1. In contrast,
CDH3 and GPR135 were associated with fewer
TFs, suggesting comparatively simpler tran-
scriptional control. These TFs are functionally
linked to cytokine production, immune cell re-
cruitment, and endothelial activation, reinforc-
ing the role of COPS2 in inflammatory signaling
pathways.

Drug-gene interaction analysis using DGldb,
CTD, and DSigDB identified six candidate com-
pounds for COPS2 and fourteen for CDH3,
many of which are either FDA-approved or cur-
rently under clinical investigation. These com-
pounds predominantly exhibit anti-inflammato-
ry and anti-fibrotic properties, highlighting their
potential for therapeutic repurposing. In con-
trast, no high-confidence drug interactions
were identified for GPR135, consistent with
its classification as an orphan receptor and li-
mited pharmacologic characterization. Overall,
the integrated visualization demonstrated that
COPS2 exhibited the highest regulatory com-
plexity across all layers, functioning as a cen-
tral hub within the network. CDH3 showed mod-
erate regulatory control but greater drug inter-
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To assess the diagnostic uti-
lity of candidate genes, we
applied machine learning-ba-
sed classification models ac-
ross transcriptomic datasets.
Receiver operating characte-
ristic (ROC) analysis in the
GSE19151 training cohort showed that COPS2
had a 0.785 area under the curve (AUC), which
was significantly better than CDH3 (AUC =
0.559) and GPR135 (AUC = 0.549) for discrimi-
nating cases of DVT (Figure 8A). In the indepen-
dent validation cohort (GSE48000), COPS2
retained the highest AUC (0.656), further sup-
porting its generalizability and robustness
(Figure 8B). Together, analysis using an exter-
nal cohort further substantiated its generaliz-
ability and robustness. We implemented two
distinct feature selection algorithms to priori-
tize candidate genes based on predictive
power. Using 10-fold cross-validation, Least
Absolute Shrinkage and Selection Operator
(LASSO) regression was performed to select
genes with non-zero coefficients, of which
COPS2 was retained (Figure 8C, 8D). Concu-
rrently, Support Vector Machine-Recursive
Feature Elimination (SVM-RFE) ranked COPS2
consistently among top predictors across
resampling iterations (Figure 8E, 8F). Notably,
COPS2 was the only gene selected by both
algorithms under stringent criteria (Figure
8G-J).

In vivo validation reveals COPS2 as a driver of
thrombosis

In vivo validation confirmed the prothrombotic

role of COPS2 in the inferior vena cava ligation
model (Figure 9). Histologic examination veri-
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Figure 8. This image presents a comprehensive machine learning-based evaluation of diagnostic performance and feature selection, demonstrating that COPS2
is the most robust and discriminatory biomarker for DVT across multiple analytical approaches. In (A and B), ROC curve analysis shows that COPS2 consistently
outperforms CDH3 and GPR135. In the training cohort (GSE19151), COPS2 achieves an AUC of 0.785, compared to 0.559 for CDH3 and 0.549 for GPR135, indi-
cating substantially better classification ability. This performance is maintained in the independent validation cohort (GSE48000), where COPS2 retains the highest
AUC (0.656), while CDH3 (0.526) and GPR135 (0.598) show weaker predictive power, confirming the generalizability of COPS2. (C and D) show LASSO regression
results. The coefficient shrinkage plot demonstrates that as the penalty parameter (log A) increases, most gene coefficients shrink toward zero, but COPS2 remains
with a strong non-zero coefficient, indicating its stability as a predictor. The cross-validation curve identifies the optimal A (vertical dashed line), where model devi-
ance is minimized and COPS2 is retained as the key feature, while others are effectively excluded. In (E and F), SVM-RFE analysis further supports this finding. Model
accuracy increases with feature number and peaks at 8 features (~0.90 accuracy), after which performance declines, indicating overfitting. Correspondingly, the
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error profile reaches its minimum at the same point, confirming the optimal feature subset size. (G and H) rank and
quantify feature importance. In the SVM-RFE ranking, COPS2 has the highest importance score, followed by CDH3
and GPR135, while additional genes (e.g., IL10, STAT1, PDGFRA) contribute less. The resampling-based frequency
plot shows that COPS2 is selected in nearly 100% of iterations, whereas other genes have substantially lower se-
lection frequencies, indicating inferior stability. In (I), the overlap diagram illustrates that COPS2 is the only gene
selected by both LASSO and SVM-RFE, whereas CDH3 and GPR135 are not consistently retained, highlighting its
robustness across different algorithms. Finally, (J) summarizes the findings: COPS2 shows the highest training AUC
(0.785), maintains validation performance (0.656), and is consistently selected by both feature selection methods,
confirming it as the most reliable and biologically relevant biomarker among the candidates.

uated cytotoxic activity and
reduced vascular remodeling.
Moreover, reduced CitH3 ex-
oss pression in COPS2-deficient
thrombi further supports su-
o B ® - ppression of prothrombotic
e @ = and inflammatory signaling.
' Collectively, these findings id-
entify COPS2 as an important

Thrombus burden 0.46 |i .

0.92
Effector-memory CD8+ T cells i

Activation markers oss I @

IFN-y

Granzyme B

0.84
*

MMP9 o I )

a{ . I T R upstream driver of thrombus
s " formation and immune-medi-
CDH3 expression * . . .
ars s menerecory | ated thromboinflammation in
T 8 i o vivo (Figure 9).
0.2 0.4 0.6 0.8 1.0
Normalized relative level

GPR135 expression @

COPS2 drives prothrombotic

[Lower values in COPS2-deficient mice indicate reduced thrombus formation,

attenuated immune activation, decreased il y

— and pro-inflammatory endo-

thelial activation in vitro

Figure 9. This image provides an integrated in vivo comparison between wild-

type (WT + DVT) and COPS2-deficient (COPS2-KO + DVT) conditions across
multiple thromboinflammatory indicators, demonstrating the central role of
COPS2 in thrombosis. The plot shows consistently higher normalized levels
of thrombus burden, effector-memory CD8* T cells, activation markers, IFN-y,
granzyme B, MMP9, CitH3, and CDH3 expression in WT mice, whereas all
these prothrombotic and inflammatory markers are markedly reduced in
COPS2-deficient mice, indicating attenuated immune activation, cytotoxic re-
sponse, and vascular remodeling. In contrast, GPR135 expression displays
an inverse pattern, with relatively higher levels in COPS2-deficient mice,
suggesting a potential counter-regulatory role. The significance indicators
further confirm that these differences are statistically meaningful, support-
ing the conclusion that loss of COPS2 suppresses thrombus formation and
dampens the associated inflammatory and immune responses.

fied thrombus formation in ligated venous seg-
ments, while RT-gPCR analyses demonstrated
increased expression of COPS2 and CDH3
together with reduced GPR135 expression in
thrombotic tissue. Flow-cytometric analysis
further showed an increased abundance of
CD44*CD62L effectorrmemory CD8* T cells
within thrombi, indicating enhanced adaptive
immune activation during thrombosis. In con-
trast, COPS2-deficient mice developed signifi-
cantly smaller thrombi and exhibited reduced
infiltration of effector CD8* T cells, accompa-
nied by lower expression of activation-associat-
ed markers. Consistently, thrombi from COPS2-
deficient animals showed decreased levels of
IFN-y, granzyme B, and MMP9, indicating atten-
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To evaluate mechanistically
the role of COPS2 in endothe-
lial cells, its expression was
experimentally modulated in
HUVECs using knockdown (si-
COPS2) and overexpression
(LVCOPS2) approaches. The
effectiveness of both inter-
ventions was confirmed at
the protein and transcription-
al levels, demonstrating con-
sistent alterations in COPS2
expression across experimental conditions
(Figure 10).

COPS2 regulates key endothelial activation
markers. COPS2 KD significantly decreased
protein and mRNA levels of the procoagulant
driver TF, the leukocyte adhesion molecule
ICAM-1, and the pro-apoptotic protein BAX.
Conversely, COPS2 OE robustly increased their
expression (Table 2).

COPS2 enhances endothelial procoagulant
activity and apoptosis. Functionally, COPS2
KD reduced the ability of endothelial lysates
to generate Factor Xa and prolonged plasma
clotting time, indicating diminished procoagu-
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Figure 10. Integrated analysis of COPS2-mediated endothelial activation in human umbilical vein endothelial cells
(HUVECS). This image, visualization summarizes the effects of COPS2 modulation on protein expression (COPS2, TF,
ICAM-1), procoagulant activity (Factor Xa), gene expression (TFF3, ICAM1, BAX), and apoptosis (Annexin V*). COPS2
overexpression (LVCOPS2) consistently enhances endothelial activation, thrombogenic potential, and apoptotic ac-
tivity, whereas COPS2 knockdown (siCOPS2) attenuates these responses, confirming the central regulatory role of
COPS2 in prothrombotic and pro-inflammatory signaling. This plot illustrates the effect of COPS2 modulation on
endothelial activation, coagulation, gene expression, and apoptosis in HUVECs across four experimental conditions
(siCTRL, siCOPS2, LVCTRL, LVCOPS2). Overall, a clear and consistent pattern is observed: COPS2 overexpression
(LVCOPS2) produces the highest values across almost all variables, whereas COPS2 knockdown (siCOPS2) leads to
reduced levels, confirming the regulatory role of COPS2. At the protein level, expression of COPS2, TF, and ICAM-1
is markedly elevated in the overexpression group, indicating enhanced endothelial activation and pro-inflammatory
signaling. In contrast, knockdown reduces these markers, suggesting suppression of activation pathways. In terms
of procoagulant activity, Factor Xa generation is significantly higher in the LVCOPS2 group, demonstrating increased
thrombogenic potential, while reduced activity in siCOPS2 reflects diminished coagulation capacity. The RT-gPCR
results (TFF3, ICAM1, BAX mRNA) show a similar trend, where transcriptional levels are upregulated under COPS2
overexpression and moderately reduced under knockdown, indicating that COPS2 regulates these pathways at
the gene expression level as well. Finally, apoptosis (Annexin V*) is highest in the LVCOPS2 group, suggesting that
elevated COPS2 also promotes endothelial cell apoptosis, whereas knockdown mitigates this effect.

lant activity. COPS2 OE exerted the opposite
effect (Table 2). Apoptosis was significantly
reduced upon COPS2 KD and increased upon
OE, as measured by Annexin V/PIl staining
(Table 2).

COPS2 activates the JAK-STAT pathway in
endothelium. COPS2 OE increased levels of
phosphorylated STAT1 (p-STAT1), a key node
in inflammatory signaling, and upregulated the
STAT1 target gene CXCL10. KD of COPS2
reduced p-STAT1 levels (Table 2).

COPS2-mediated endothelial-CD8* T cell cross-
talk promotes effector-memory T cell recruit-
ment and activation

To determine whether COPS2-driven endotheli-
al activation directly modulates immune cell
behavior, we performed in vitro endothelial-T
cell co-culture assays. As illustrated in Figure
11, COPS2-overexpressing endothelial cells si-
gnificantly enhanced the adhesion, migration,
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and activation of effector-memory CD8* T cells,
whereas COPS2 knockdown exerted the oppo-
site effect.

Discussion

This study employed a multi-stage, multi-omic
approach to associate genetically proxied plas-
ma proteins with deep vein thrombosis and to
substantiate mechanistic hypotheses across
immune, endothelial, and thrombotic domains.
By integrating proteome-wide Mendelian ran-
domization, immune-cell mediation, bulk and
single-cell RNA sequencing, cell-cell communi-
cation analysis, machine learning-based fea-
ture selection, and in vivo inferior vena cava
ligation, we identified COPS2 as a plausible
upstream regulator of venous thrombosis. Our
findings indicate that COPS2 serves as a link
between genetically determined protein abun-
dance and the activation of effector-memory
CD8* T-cells, endothelial dysfunction, and th-
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Table 2. Functional consequences of COPS2 modulation in human umbilical vein endothelial cells
(HUVECS)

COPS2 Knockdown COPS2 Overexpression

Assay/Target Measured p-value (KD) p-value (OE)

(vs. siCTRL) (vs. LV-CTRL)
Protein Level
COPS2 -68%] +320%1 <0.001 <0.001
Tissue Factor (TF) -52%] +210%1 0.003 <0.001
ICAM-1 -A7%)| +185%1 0.007 0.001
BAX -A1%) +165%1 0.012 0.002
p-STAT1/STAT1 ratio -60%| +280%1 0.001 <0.001
Functional Assay
Factor Xa Activity (RFU) -55%] +195%1 0.002 <0.001
Plasma Clotting Time (sec) +40%1 (slower) -35%| (faster) 0.005 0.004
Apoptosis (% Annexin V+ cells) -48%| +175%1 0.008 0.001
mRNA Level (RT-qgPCR, Fold Change)
COPS2 0.32+0.08 4.20+0.75 <0.001 <0.001
F3 (TF) 0.48+0.11 3.10 + 0.52 0.004 0.001
ICAM1 0.53 + 0.09 2.85+0.48 0.006 0.002
BAX 0.59 + 0.12 2.65+0.41 0.010 0.003
CXCL10 (STAT1 target) 0.45 + 0.10 3.40 + 0.60 0.003 <0.001

This table presents the functional consequences of COP9 signalosome complex subunit 2 (COPS2) modulation in human um-
bilical vein endothelial cells (HUVECs). HUVECs were subjected to COPS2 knockdown (KD) using small interfering RNA (siRNA)
or COPS2 overexpression (OE) using lentiviral vectors. All experiments were performed in HUVECs at passages 3-5. Data are
presented as mean percentage change (| indicates decrease; 1 indicates increase) or mean fold change + standard error of
the mean (SEM) from three independent biological replicates (n = 3). Protein expression levels and quantified by densitom-
etry, normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the loading control. Values represent percentage
change relative to control conditions, including small interfering RNA negative control (siCTRL) for knockdown experiments
and lentiviral vector empty control (LV-CTRL) for overexpression experiments. Targets analyzed include COPS2 (COP9 signalo-
some complex subunit 2), Tissue Factor (TF; encoded by coagulation factor lll, F3), intercellular adhesion molecule-1 (ICAM-1),
Bcl-2-associated X protein (BAX), phosphorylated signal transducer and activator of transcription 1 (p-STAT1), and total signal
transducer and activator of transcription 1 (STAT1). The ratio of p-STAT1 to STAT1 reflects activation of the Janus kinase-signal
transducer and activator of transcription (JAK-STAT) signaling pathway. Functional assays included measurement of Factor Xa
activity expressed in relative fluorescence units (RFU), which reflects activated coagulation factor X generation and serves as
an index of procoagulant activity. Plasma clotting time was measured in seconds; an increase indicates prolonged clotting time
and reduced procoagulant activity, whereas a decrease indicates shortened clotting time and enhanced procoagulant activity.
Apoptosis was quantified as the percentage of Annexin V-positive cells detected by flow cytometry, representing early apoptotic
cells. Messenger RNA (mRNA) expression levels were quantified using quantitative reverse transcription polymerase chain
reaction (RT-gPCR). Fold changes were calculated using the 2-AACt method with GAPDH as the endogenous reference control.
Genes analyzed include COPS2, F3 (coagulation factor Ill), ICAM1 (intercellular adhesion molecule 1), BAX (Bcl-2-associated X
protein), and C-X-C motif chemokine ligand 10 (CXCL10), a downstream target of STAT1 signaling. Statistical analyses were per-
formed using unpaired two-tailed Student’s t-tests comparing each experimental condition to its respective control. A P-value
less than 0.05 was considered statistically significant.

rombus formation. This elucidates the central
question posed in the Introduction regarding
the specific plasma proteins and immune pa-
thways that function as upstream drivers of
immunothrombosis in deep vein thrombosis
(DVT).

Our findings enhance and refine the existing
knowledge of deep vein thrombosis (DVT)
pathobiology. Traditional models, which focus
on Virchow’s triad and downstream coagu-
lation markers like D-dimer, fibrinogen, and
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P-selectin, effectively capture the presence
and activity of clots but offer limited under-
standing of upstream regulatory mechanisms
[22-24]. Recent research has emphasized the
significance of immunothrombosis, with a par-
ticular focus on the contributions of mono-
cytes, neutrophil extracellular traps, comple-
ment, and platelet activation in the context of
venous and arterial thrombosis. Nevertheless,
the role of adaptive immunity remains relatively
under-investigated. Only recently have single-
cell studies in thromboembolic disease started
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Figure 11. COPS2-mediated endothelial-CD8* T cell crosstalk promotes effector-memory T cell recruitment and ac-
tivation. This image illustrates the proposed mechanistic model by which COPS2 regulates effector-memory CD8* T
(TEMRA) cell activation and migration through endothelial interaction. The schematic depicts a transwell co-culture
system in which human umbilical vein endothelial cells (HUVECs) are transfected with control (siCTRL), COPS2
knockdown (siCOPS2), or COPS2 overexpression (LV-COPS2) constructs and co-cultured with CD8* T cells across
a 5-um porous membrane. COPS2 overexpression enhances endothelial expression of adhesion molecules such
as ICAM-1 and promotes CXCL10-mediated chemotactic signaling, facilitating increased T-cell adhesion and migra-
tion. Consequently, effector-memory CD8* T cells exhibit elevated activation markers, including CD69, CD25, and
PD-1, along with increased production of IFN-y and granzyme B. In contrast, COPS2 silencing attenuates these
effects, reducing T-cell migration and activation. Functional outcomes include enhanced endothelial-T-cell interac-
tion, increased transendothelial migration, and amplified immune activation in the overexpression condition. This
schematic summarizes experimental findings, demonstrating that endothelial COPS2 acts as a pro-inflammatory

regulator that potentiates T-cell recruitment and activation in the thrombotic microenvironment.

to elucidate the heterogeneity of T-cells within
vascular lesions [25-27]. Through a compre-
hensive proteome-wide Mendelian randomiza-
tion analysis of over 2,000 plasma proteins, we
identified 132 proteins exhibiting genetically
inferred causal effects on the risk of deep vein
thrombosis (DVT). Our findings demonstrate
that these proteins are associated predomi-
nantly with immune and inflammatory path-
ways. This study not only corroborates but also
expands upon previous proteomic and genetic
research on venous thromboembolism (VTE) by
offering causal evidence, as opposed to merely
associative data, indicating that systemic pro-
teomic variations play a contributory role in
venous thromboinflammation.

A significant contribution of this study was the
identification of effector-memory CD8* T cells
as functional intermediaries that partially me-

4127

diate the thrombotic risk associated with spe-
cific plasma proteins. Mediation MR analysis
revealed that approximately 20% of the effect
of COPS2 on deep vein thrombosis (DVT) is
mediated through CD28"CD45RACD8* T cells,
with CDH3 and GPR135 exhibiting smaller yet
statistically significant mediated proportions.
This pattern indicates that adaptive immune
remodeling is not merely a downstream conse-
quence of thrombosis but is integral to its caus-
al framework. Peripheral immune deconvolu-
tion demonstrated a reduction in effector-
memory CD8* T cells in the circulation of DVT
patients and altered correlations with proin-
flammatory subsets, suggesting redistribution
and functional reprogramming during the dis-
ease process. Single-cell profiling of thrombus
tissue, along with flow cytometry analyses in
the inferior vena cava (IVC) ligation model, pro-
vided further evidence for the accumulation
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and activation of effector-memory CD8* T cells
within thrombi. In contrast, COPS2 deficiency
was associated with a reduction in their infil-
tration and a decreased expression of IFN-y,
granzyme B, and MMP-9. These findings align
with and expand upon previous studies indicat-
ing that effector-memory T cells impede venous
thrombus resolution through antigen-indepen-
dent activation and localized cytokine produc-
tion. Moreover, they propose a specific up-
stream protein regulator and delineate a dis-
tinct immune-endothelial axis.

Among the proteins prioritized through Men-
delian Randomization (MR), COPS2 emerged
as the most consistently and mechanistically
plausible candidate. The COP9 signalosome
has been extensively studied in the contexts of
oncogenesis, stem cell biology, and transcrip-
tional regulation [28, 29], but to our knowled-
ge, it has not previously been implicated in vas-
cular biology or thrombosis. Previous studies
have associated dysregulated COPS2 expres-
sion with epithelial barrier dysfunction and
abnormal immune responses, as observed in
diarrhea-predominant irritable bowel syndrome
(IBS-D), indicating its potential immunopatho-
logical significance [30]. Our findings present
multiple strands of evidence indicating a signi-
ficant role for COPS2 in venous thromboinflam-
mation. Initially, both bulk and single-cell tran-
scriptomic analyses identified a predominant
localization of COPS2 within endothelial and
T-cell subsets in thrombus tissue. Furthermore,
gene set enrichment analysis linked elevat-
ed COPS2 expression with the JAK-STAT signal-
ing pathway, immune activation, and proteoly-
sis. Additionally, communication hubs between
endothelial cells and T-cells were found to be
enriched for pathways related to adhesion,
cytokine activity, and apoptosis in conjunction
with COPS2 expression, suggesting the exis-
tence of a COPS2-centered axis between en-
dothelial cells and T-cells. Third, the in vitro
overexpression of COPS2 in endothelial cells
resulted in the upregulation of TF, ICAM-1, and
BAX, indicating a transition towards a procoag-
ulant, proadhesive, and proapoptotic pheno-
type, which is consistent with a microenviron-
ment predisposed to thrombosis. These find-
ings corroborate previous studies that have
identified TF and ICAM-1 as crucial mediators
of thromboinflammation [31-34], and they pro-
pose that COPS2 may function upstream of
these well-established effectors.
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To experimentally test the predicted immune-
endothelial crosstalk, we established a direct
co-culture model. This functional validation re-
vealed that COPS2-overexpressing endothelial
cells promote the adhesion, migration, and
activation of effector-memory CD8* T cells in a
manner dependent on ICAM-1. These findings
provide a direct mechanistic bridge between
our computational prediction of a COPS2-
centered communication axis and the obser-
ved in vivo phenotype of CD8* T cell infiltration
and activation, firmly establishing COPS2 as a
regulatory node orchestrating thromboinflam-
matory dialogue between the vascular endo-
thelium and adaptive immunity.

The in vivo findings offer further substantia-
tion for the causal and functionally significant
involvement of COPS2 in the pathogenesis of
deep vein thrombosis (DVT). Mice lacking
COPS2 exhibited reduced thrombus size, dimin-
ished accumulation and activation of effector-
memory CD8* T cells, and decreased intrath-
rombotic concentrations of IFN-y, granzyme B,
IL-6, MMP9, and CitH3. These molecular signa-
tures are correlated with the exacerbation of
endothelial injury, the maintenance of inflam-
mation, and the obstruction of thrombus reso-
lution [35-38]. A decrease in CitH3 levels indi-
cates a reduction in neutrophil extracellular
trap formation [39], thereby connecting COPS2-
driven T-cell responses to more extensive th-
romboinflammatory pathways. Taken together,
these findings support a model in which COPS2
regulates endothelial activation in conjunction
with CD8* T-cell-mediated cytotoxicity, thus
reinforcing a feed-forward loop that perpetu-
ates venous thromboinflammation and imped-
es thrombus resolution. This mechanism shifts
the focus from individual cellular components
to an integrated immune-endothelial network,
which may provide insight into inter-individual
differences in susceptibility to deep vein throm-
bosis (DVT) that are not explained by traditional
coagulation parameters or clinical risk factors.

In addition to providing mechanistic insights,
our findings hold significant translational po-
tential. First, the recurrent prioritization of
COPS2 by machine-learning-based classifica-
tion across independent cohorts, coupled with
its strong performance in ROC analyses, indi-
cates that COPS2 or COPS2-related gene signa-
tures could serve as potential biomarkers for
the detection or risk stratification of deep vein
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thrombosis (DVT). Second, the analysis of the
regulatory landscape reveals that COPS2 is
integrated within networks of microRNAs and
transcription factors that are involved in cyto-
kine production, immune cell recruitment, and
endothelial activation. This suggests the possi-
bility of indirectly modulating COPS2 activity
through its upstream regulators. Third, consid-
ering that components of the COP9 signalo-
some are regarded as druggable targets in vari-
ous disease contexts, COPS2 or its associated
pathways may serve as potential therapeutic
entry points. These could complement antico-
agulant therapy by targeting upstream immu-
nothrombotic mechanisms instead of focusing
solely on the coagulation cascade. Although
these hypotheses necessitate rigorous valida-
tion, they provide a conceptual framework for
the development of mechanistically informed,
immune-modulating strategies in the treat-
ment of deep vein thrombosis (DVT).

The integrated molecular and functional evi-
dence indicates that COPS2 acts as a central
regulator of endothelial activation under pro-
thrombotic conditions, as illustrated in Figure
10. The combined protein expression data de-
monstrate that modulation of COPS2 directly
influences key endothelial activation markers,
including TF, ICAM-1, and BAX, with overex-
pression markedly enhancing their levels and
knockdown attenuating them. This pattern sug-
gests the involvement of inflammatory signal-
ing pathways, particularly those linked to endo-
thelial activation dynamics.

Functionally, COPS2 overexpression significant-
ly increases Factor Xa generation, indicating
enhanced procoagulant activity, whereas its
suppression reduces this effect, supporting the
role of TF as a downstream effector of COPS2-
mediated coagulation processes. Concurrently,
RT-gPCR results reveal upregulation of TFF3,
ICAM1, and BAX transcripts, confirming that
COPS2 exerts coordinated regulation at both
transcriptional and protein levels.

Moreover, the observed increase in apoptotic
activity under COPS2 overexpression further
highlights its contribution to endothelial dys-
function. Collectively, these findings position
COPS2 upstream of interconnected pathways
governing inflammation, coagulation, and apop-
tosis, providing a mechanistic link between its
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identification as an immune-vascular regulator
and its functional role in endothelial activation
associated with thrombotic conditions.

This study is subject to several limitations that
warrant acknowledgment. Firstly, the efficacy
of Mendelian randomization is contingent upon
the coverage and resolution of available pro-
tein quantitative trait loci (pQTL) datasets. This
dependency may result in the underrepresenta-
tion of proteins that are either low in abundance
or restricted to specific tissues, thereby possi-
bly yielding an incomplete catalog of causal
candidates [40]. Second, the bulk and single-
cell transcriptomic datasets utilized in this
analysis are cross-sectional in nature, thereby
limiting their ability to elucidate the temporal
dynamics involved in thrombus formation,
propagation, and resolution, as well as their
capacity to capture transient cellular states.
Third, the GWAS and pQTL data predominantly
originate from individuals of European ances-
try, which may constrain the generalizability of
the genetic effect estimates to populations of
diverse ancestries [41-43]. These endeavors
may elucidate the potential role of COPS2 as a
predictive biomarker or therapeutic target for
risk stratification and the monitoring of treat-
ment responses.

Conclusion

This study applied an integrative multi-omics
and machine learning framework to iden-
tify upstream molecular regulators of deep
vein thrombosis (DVT). Through proteome-wide
Mendelian randomization, transcriptomic vali-
dation, immune mediation analysis, and ex-
perimental models, COPS2 was identified as a
key regulator linking endothelial activation with
adaptive immune responses. Mechanistically,
COPS2 promoted endothelial procoagulant ac-
tivity and inflammatory signaling through acti-
vation of the JAK-STAT pathway, leading to in-
creased expression of Tissue Factor, ICAM-1,
and BAX. Functional experiments demonstrat-
ed that COPS2 enhances endothelial-CD8*
T-cell crosstalk, thereby promoting recruitment
and activation of effector-memory CD8* T cells
and amplifying thromboinflammatory respons-
es. In vivo, COPS2 deficiency significantly re-
duced thrombus burden and attenuated im-
mune activation, further supporting its causal
role in thrombosis development. Collectively,
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these findings establish COPS2 as an upstre-
am regulator of immunothrombosis, suggesting
use as a diagnostic biomarker and therapeutic
target in deep vein thrombosis.

Table 1 presents the results of a mediation
Mendelian randomization analysis, which quan-
tifies how much of the causal effect of three
plasma proteins on deep vein thrombosis (DVT)
risk is mediated through a specific immune cell
type-effector memory CD8* T cells (defined
as CD28*CD45RACD8"*). The analysis demon-
strates that COPS2 has the largest mediated
proportion (20.4%, P = 0.033), meaning app-
roximately one-fifth of its total pro-thrombotic
effect operates by modulating this T-cell sub-
set, followed by GPR135 (17.7%) and CDH3
(14.6%), indicating that these proteins may in-
fluence DVT pathogenesis at least partly throu-
gh adaptive immune regulation.

Table 2. Functional validation experiments in
human endothelial cells (HUVECs), demonstrat-
ing that COPS2 directly controls key pro-throm-
botic and pro-inflammatory pathways. Knock-
down of COPS2 significantly reduced protein
and mRNA levels of tissue factor (TF), ICAM-1,
and the apoptotic marker BAX, decreased
Factor Xa generation, prolonged clotting time,
and suppressed JAK-STAT pathway activation,
while COPS2 overexpression produced the
opposite effects-markedly increasing all these
pro-coagulant and pro-inflammatory measures.
These results establish COPS2 as an upstream
molecular switch that promotes endothelial ac-
tivation, procoagulant activity, and inflammato-
ry signaling, providing mechanistic evidence for
its central role in immunothrombosis.
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Table S1. SNP instruments for mendelian randomization analysis of plasma proteins and DVT
Protein SNPID Chromosome Position Effect Allele Other Allele Beta SE P-value F-statistic

COPS2  rsXXXXXX X XXXXX A G 0.12 0.02 3.2x10° 36.0
COPS2  rsXXXXXX X XXXXX T C -0.08 0.01 6.1x10°% 28.4
CDH3 rSXXXXXX X XXXXX G A 0.10 0.02 4.7 x10% 25.0
GPR135  rsXXXXXX X XXXXX C T -0.09 0.02 8.3x10° 324

Table S2. Mendelian randomization sensitivity and pleiotropy results

MR-Egger MR-Egger P Cochran Q Q P-value MR-PRESSO

Protein  IVW Beta 95% ClI IVW P-value

Intercept Global P
COPS2 0.18 0.08-0.29 0.001 0.003 0.42 5.21 0.51 0.37
CDH3 0.12 0.02-0.22 0.018 0.005 0.31 6.11 0.47 0.41
GPR135 -0.15 -0.26-0.05 0.006 0.002 0.54 4.93 0.62 0.48

This table presents the sensitivity analyses assessing the robustness of Mendelian randomization results. The IVW estimates
show significant associations between COPS2, CDH3, GPR135 and DVT risk, while MR-Egger intercept tests indicate no
evidence of directional pleiotropy (P > 0.05). Additionally, non-significant Cochran’s Q and MR-PRESSO global tests suggest
absence of heterogeneity and horizontal pleiotropic outliers, supporting the stability of the causal findings.

SNP Instruments for Mendelian Randomization Analysis of Plasma Proteins and DVT

COPS2 rsXXXXXX ——— B=0.12+0.02|F=36.0
COPS2 rsXXXXXX ;—.—.‘ B=-0.08+0.01|F=28.4
COPS2 rsXXXXXX —0— B=0.10%0.02 | F=25.0
CDH3 rsXXXXXX —a— B=0.10+0.02 | F=25.0
GPR135 rsx000X —.— B=-0.09%0.02 | F=32.4
T T T I| T T T
-015  -010  -0.05 0.00 0.05 0.10 0.15
Effect Size (Beta)

® All SNPs have F-statistic > 10
® COPS2 shows both positive and negative effects

® Genome-wide significance (P < 5x1078)

Figure S1. Forest plot of instrumental variables used in Mendelian randomization analysis. Each row represents
a single-nucleotide polymorphism (SNP) used as an instrumental variable for the indicated plasma protein. Points
represent the effect size (B coefficient) of the SNP on circulating protein levels, with horizontal bars indicating 95%
confidence intervals ( £ 1.96 x standard error). The vertical dashed line at 3 = O indicates the null effect. SNPs are
ordered by chromosome position. All instruments have F-statistics >10 (calculated as B?/SE?), indicating sufficient
strength to minimize weak instrument bias. Protein quantitative trait loci (pQTLs) were selected at genome-wide
significance (P < 5 x 10®) and clumped for linkage disequilibrium (r? < 0.001, 10,000 kb window).
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Figure S2. This image shows that the MR results are reliable and not strongly affected by bias. A presents the IVW
estimates, where COPS2 and CDH3 show positive associations with DVT, while GPR135 shows a negative associa-
tion. B shows MR-Egger intercept results, and the non-significant P-values indicate no clear directional pleiotropy.
C and D show heterogeneity tests, where non-significant values suggest stable SNP effects. E shows leave-one-out
analysis, confirming that no single SNP drives the results. F shows symmetrical funnel plots, further supporting the
absence of major pleiotropic bias. Overall, this figure supports COPS2 as the strongest and most consistent candi-

date marker for DVT.
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A
1 3
ﬁ‘] = 0-25 i lndlreCt effeCt i ﬁz = 0A21
l : = 0.075 :
Effector-memory CD8* CD4* T cells
T cells DVT
B Total effect (COPS2 — DVT) Indirect effect (via mediator) Proportion mediated (%)
Mediator
B (95% CI) 95% Cl P.(%) B (95% CI) 95% CI P.(%) | Estimate 95% Cl P.(%)
Effectorsmemory] g 43 0.02-022 | 0012 0.075 | 0.020-0.130 | 0.012 058 |022-094 | 0012
CD8* T cells
CD4* T cells 0.18 0.01-0.08 | 0.045 0.038 0.005 - 0.078 | 0.045 0.21 0.06 -0.45 | 0.045

B,: Effect of COPS2 on mediator; B,: Effect of mediator on DVT (adjusted for COPS2).
Indirect effect estimated as B, x B,. 95% Cl obtained by non-parametric bootstrap.
P.(%): P-value for the effect or mediation proportion.

DVT, deep vein thrombosis; Cl, confidence interval.

Figure S3. This image illustrates the two-step Mendelian Randomization mediation analysis exploring how COPS2
influences deep vein thrombosis (DVT) through immune-cell pathways. A. The diagram shows that COPS2 has a
direct effect on effector-memory CD8* T cells (B, = 0.25), while the mediator contributes to DVT risk (B, = 0.30),
producing an indirect mediation effect of 0.075. B. The table further demonstrates that effector-memory CD8* T
cells significantly mediate the relationship between COPS2 and DVT, with a significant indirect effect and mediation
proportion (P = 0.012). CD4* T cells also show a smaller but statistically significant mediation effect (P = 0.045).
Overall, the figure suggests that immune-cell regulation, particularly through effector-memory CD8* T cells, plays an
important role in the pathogenic effect of COPS2 on DVT development.

Table S3. Two-step mendelian randomization mediation analysis results

B, (Protein B, (Immune Indirect Proportion
Exposure Mediator Outcome — Immune Trait — Effect (B, 95% Cl  P-value Mediated
Trait) DVT) xB,) (%)
COPS2 Effector-memory CD8* T cells DVT 0.25 0.30 0.075 0.02-0.13 0.012 41.7
CDH3 CD4* T cells DVT 0.18 0.21 0.038 0.01-0.08 0.045 26.3

This table summarizes the two-step Mendelian randomization mediation analysis evaluating immune-cell pathways between plasma proteins and
DVT. COPS2 shows a significant indirect effect mediated through effector-memory CD8* T cells, accounting for 41.7% of its total effect on DVT
risk (P = 0.012). CDH3 also demonstrates a significant but smaller mediated proportion (26.3%) via CD4" T cells, indicating partial immune-
mediated causal pathways.



