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Abstract: Objectives: Our study aims to assess the causal association between plasma proteins, immune cell phe-
notypes and intracerebral hemorrhage (ICH) and explore their downstream biological correlation. Methods: We
adopted the two-sample Mendelian randomization (MR) approach. The analysis evaluated the effects of more than
4,000 plasma proteins and 731 immune cell phenotypes on the risk of ICH. Bidirectional MR, mediation effect and
sensitivity analysis confirm the causal relationship. We transfect SH-SY5Y neuroblastoma cells and overexpress
AHSP or ITGB5 to observe possible function effects. Results: MR analysis linked 299 plasma proteins with ICH
(P < 0.05), of which 60 proteins showed strong statistical support (P < 0.01) and there was no reverse causality.
Eighteen types of immune cells also affect ICH risk. Mediation analysis identified 6 causal axes to link specific pro-
teins (IGF1R, NT5E/CD73, ITGB5, CUZD1, and AHSP) with ICH, in which different B cell and T cell subgroups play
a key intermediary role. Overexpression of AHSP or ITGB5 inhibits the proliferation and migration of SH-SY5Y cells
while promoting their apoptosis. Conclusions: We combined genetics and laboratory data to find that several plasma
proteins affect ICH risk. The immune pathway seems to link these proteins with ICH. Although we acknowledge the
limitations of MR analysis and in vitro experimental frameworks, the apoptosis promoting effects of AHSP and ITGB5
provide preliminary functional evidence of their role in neuronal damage. Targeting these pathways may provide new
strategies for intervention in ICH.
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Introduction

As a critical stroke subtype, intracerebral hem-
orrhage (ICH) can lead to rapid deterioration of
nerve function and high early mortality [1-4].
Despite progress in intensive care, many survi-
vors still face permanent disabilities, and the
global burden of the disease continues to
increase. At present, there is still a lack of
effective treatment plans that can change the
clinical process of ICH [1, 5]. Existing evidence
shows that the pathological mechanism of ICH

is not a simple rupture of blood vessels. It
involves the multifaceted interaction between
circulating protein, immune activation and spe-
cific nerve damage cascade responses during
the progression of the disease [6, 7]. These
processes may jointly affect brain damage after
bleeding. Although, the factors that increase
individual susceptibility to ICH are still not fully
clear. The biological links between plasma pro-
tein imbalance and hemorrhagic brain injury
also remain poorly understood. A clearer view
of these mechanisms is needed. Identifying
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upstream molecular drivers may help reveal
useful biomarkers and potential therapeutic
targets for early prevention, risk assessment,
and more precise clinical intervention.

High-throughput plasma proteomics and geno-
me-wide Mendelian randomization (MR) have
become useful tools for studying complex dis-
eases. These approaches help identify poten-
tial causal factors. They can also detect protein
mediators that are less affected by environ-
mental confounding factors [8, 9]. Parallel
advances in immune cell phenotyping have
uncovered substantial heterogeneity within B
cell, T cell, and dendritic cell subsets. These
immune cells play key roles in neuroinflamma-
tion and post-stroke secondary injury [10-12].
Prior studies have reported immune activation
after ischemic stroke. But the causal immune
mechanisms specific to ICH remain poorly
understood. Integrative MR analysis links plas-
ma proteins, immune phenotypes, and ICH risk.
This strategy helps identify upstream protein
signals and downstream immune mediators
and reveal biological pathways that influence
susceptibility to hemorrhagic brain injury. Such
multi-layer causal frameworks have not yet
been systematically established.

By integrating large-scale two-sample MR with
immune-mediated analysis and neuronal func-
tional assays, we investigated the pathogenic
interplay between plasma proteins, immune
phenotypes, and neuronal vulnerability in ICH.
Our experimental data reveal that AHSP and
ITGB5 actively inhibit neuronal proliferation
and migration while inducing apoptosis. Our
research has established a key link between
circulating protein, immune disorders and
nerve damage. It provides new insights into the
molecular mechanism of ICH and identifies
potential therapeutic targets.

Materials and methods
Study design

We evaluated the relationship between plasma
proteins, immune cell phenotypes, and ICH by
integrating two-sample MR and mediation anal-
ysis. Genetic instrumental variables (IVs) were
strictly filtered based on the three core assump-
tions: strong correlation with the exposure,
independence from confounding factors, and
exclusivity in affecting the outcome solely
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through the exposure [13]. Upon establishing a
significant causal link, we performed mediation
MR to determine whether immune cell pheno-
types act as intermediate factors between
plasma proteins and ICH risk. These bioinfor-
matic predictions were validated through func-
tional assays (colony formation assay, Transwell
migration assay, and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL)
assay) in neuronal cell lines. Figure 1 outlines
this entire workflow.

Data source

Plasma protein data were derived from the
Icelandic cohort reported by Ferkingstad et al.
[14], which includes pQTL information for
4,907 proteins measured in 35,559 individu-
als. Immune phenotype data were obtained
from the genome-wide association study
(GWAS) study by Orru et al. [15]. The Sardinian
cohort provides summary statistics for a wide
range of immune cell traits (GCSTO001391-
GCST0002121) based on 3,757 participants.
Genetic data for ICH were downloaded from the
IEU Open GWAS database (ebi-a-GCST90018-
870; https://gwas.mrcieu.ac.uk/). This dataset
includes 1,935 cases and 471,578 controls of
European ancestry and covers 24,191,284
SNPs.

Genetic instrument selection

We first extracted single nucleotide polymor-
phisms (SNPs) highly related to the exposure (P
<1 x 10®) as candidate IVs. Next, we removed
SNPs that were in linkage disequilibrium and
retained independent IVs (r> = 0.001, kb =
10,000). Additionally, we ensured consistency
in the effect size and alleles of the SNPs
between the exposure and outcome datasets,
excluding SNPs with a minor allele frequency
(MAF) less than 0.01. To prevent weak instru-
ment bias, we measured |V strength using the
equation F = (N-K-1) x R?2/(K x (1 - R?)). N
denotes sample size, K is the SNPs count, R?
indicates the cumulative explained variance of
the selected SNPs. Any instrument with an F
value below 10 was removed.

MR analysis

Causal relationships were primarily estimated
using inverse variance weighting (IVW) [16],
supported by MR-Egger, weighted median, sim-
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Figure 1. The overall study design and experimental workflow.

ple mode, and weighted mode. First, our
two-sample MR evaluated whether plasma pro-
teins and immune cell phenotypes drive ICH
risk. A reverse MR (setting plasma proteins as
the outcome, ICH as the exposure) was per-
formed to eliminate reverse causality. After the
initial MR analysis, significant plasma proteins
and immune cell phenotypes were selected for
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further analysis. Second-step analysis was
used to examine whether immune cell pheno-
types mediate the protein-ICH pathway. The
causal effect between ICH-related proteins
and ICH-related immune cell phenotypes were
investigated. To measure this mediation, we
applied the product-of-coefficients formula.
Mediation proportion was obtained by dividing
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the indirect effect (Beta 1 x Beta 2) by the total
effect (Beta all). Beta 1 defines the protein’s
influence on immune cell phenotypes, Beta 2
captures the immune cell phenotypes’s impact
on ICH, and Beta all corresponds to the overall
effect of proteins on ICH.

Cell culture

Human SH-SY5Y neuroblastoma cells were cul-
tured in DMEM/F12 medium (Gibco) containing
10% fetal bovine serum (FBS) and 1% penicil-
lin-streptomycin. The cells grew in a 37°C incu-
bator with 5% CO, and were passaged at
70-80% confluence.

Plasmid constructs and transfection

Full-length cDNA sequences of human AHSP
and ITGB5 were inserted into the pcDNA3.1(+)
vector containing a C-terminal Flag epitope.
The empty vector (EV) acted as negative con-
trol. Flag-AHSP or Flag-ITGB5 plasmids were
introduced into SH-SY5Y cells via transfection
using Lipofectamine 3000 (Invitrogen) as previ-
ously described [17, 18]. Protein expression
was assessed 48 hours after transfection.

Immunoblotting

For protein analysis, we lysed cells in RIPA buf-
fer with protease inhibitors and determined
concentrations via a BCA kit. We resolved equal
protein amounts using SDS-PAGE, followed by a
transfer to PVDF membranes. The blots were
incubated at 4°C with primary antibodies (anti-
Flag, Sigma; anti-B-tubulin, Proteintech) after a
5% skim milk blocking step. Finally, we washed
the membranes, added HRP-conjugated sec-
ondary antibodies for an hour at room tempera-
ture, and captured the chemiluminescent sig-
nals [19, 20].

Colony formation assay

To evaluate proliferative ability, we cultured
transfected SH-SYS5Y cells in 6-well plates
(500-1,000 cells/well). After 14 days of culture,
we fixed the obtained colony with 4% polyform-
aldehyde for 20 minutes, and then dyed it with
0.1% crystal violet as detailed previously [21,
22].

Transwell migration assay

Transfected SH-SY5Y cells (5 x 10%) were inoc-
ulated in the upper chamber of the Transwell
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chamber (8 um aperture, Corning) and cultured
with serum-free culture medium to evaluate
their migration ability [23, 24]. The chemoat-
tractant culture medium containing FBS was
added to the lower chamber. After incubation,
the cells were fixed and stained with crystal vio-
let. Quantitative analysis was performed on
cells that migrated to the lower membrane
surface.

TUNEL assay

We applied TUNEL Fluorescence Detection
Kit (Vazyme) to detect transfected cells to eval-
uate cell apoptosis [25, 26]. Cells were fixed
with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100, and then incubated with
TUNEL reagent at 37°C for an hour. The nuclei
were re-stained with DAPI, and the images were
collected by a confocal microscope.

Statistical and sensitivity analysis

Statistical work was completed in R (version
4.3.1) using packages such as “TwoSampleMR”,
“MendelianRandomization”, and “MR-PRESSO”
(Mendelian Randomization Pleiotropy RESidual
Sum and Outlier). We have conducted a num-
ber of sensitivity analyses to detect the de-
viations that may be caused by pleiotropy or
heterogeneity. We evaluated horizontal pleiot-
ropy using MR-Egger intercepts, and regarded
P > 0.05 as an indicator of no pleiotropy.
MR-PRESSO global test further helped us iden-
tify and eliminate abnormal SNPs to prevent
deviations from the estimated value. To check
for heterogeneity among the genetic instru-
ments, we calculated Cochran’s Q statistic (P >
0.05 shows no heterogeneity). No single varia-
tion affecting the final causal result was con-
firmed using the leave-one-out approach. All
assays were conducted with at least three in-
dependent replicates. Quantitative results are
reported as mean + standard deviation (SD).
Comparisons adopted two-tailed Student’s
t-test or one-way ANOVA with appropriate post-
hoc tests. Differences were considered signifi-
cant when P < 0.05.

Results

Causal link between plasma proteins and in-
tracerebral hemorrhage

We first screened for causal links from plasma
proteins to ICH using a two-sample MR
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approach. IVW estimates identified 299 pro-
teins influencing ICH risk (P < 0.05). Among
them, 60 proteins demonstrated robust asso-
ciations (P < 0.01) (Table 1). Of these, 40 plas-
ma proteins were linked to a higher likelihood of
ICH (odds ratios [OR] > 1, P, < 0.01), while 20
plasma proteins appeared to exert protective
effects (OR < 1, P, < 0.05). The top 10 risk
drivers based on OR values were SPINK13 (OR
[95% Confidence Interval (Cl)]: 2.793 [1.456-
5.360], P =0.002), KLRC4 (OR [95% CI]: 2.034
[1.292-3.205], P = 0.002), PTS (OR [95% CII:
1.962 [1.250-3.080], P = 0.003), FSHB (OR
[95% CI]: 1.838 [1.339-2.525], P < 0.001),
NAGS (OR [95% CI]: 1.788 [1.155-2.769], P =
0.009), BGLAP (OR [95% CI]: 1.731 [1.208-
2.479], P = 0.003), PIAS3 (OR [95% CI]: 1.710
[1.230-2.377], P = 0.001), CRMP1 (OR [95%
Cl: 1.701[1.200-2.411], P = 0.003), PATE1 (OR
[95% Cl]: 1.659 [1.160-2.373], P = 0.006), and
ITGB2 (OR [95% Cl]: 1.583 [1.147-2.184], P =
0.005). A subsequent reverse MR analysis with
60 plasma proteins as outcome and ICH as the
exposure was conducted. The IVW analysis
showed no significant reverse causal relation-
ship between ICH and these 60 plasma pro-
teins (P > 0.05) (Table 1).

Causal link between plasma proteins and im-
mune cell phenotypes

We also screened 731 immune cell phenotypes
for potential causal effects on ICH. The IVW
method identified 18 phenotypes that signifi-
cantly alter ICH risk (P < 0.05) (Figure 2; Table
S1). Eight of these phenotypes actively in-
creased ICH susceptibility: Side Scatter-Area
on CD8bright T cells (SSC-A on CD8br) (OR
[95% CI]: 1.178 [1.019-1.360], P = 0.026),
CD25 expression on CD39-positive activated
regulatory T cells (CD25 on CD39+ activated
Treg) (OR [95% CI]: 1.152 [1.002-1.323], P =
0.046), CD45RA expression on terminally dif-
ferentiated CD8bright T cells (CD45RA on TD
CD8br) (OR [95% Cl]: 1.145 [1.024-1.280], P =
0.018), absolute count of CD24-positive CD27-
positive B cells (CD24+ CD27+ AC) (OR [95%
Cl: 1.144 [1.036-1.263], P = 0.008), HLA DR
expression on HLA DR-positive CD8bright T
cells (HLA DR on HLA DR+ CD8br) (OR [95% ClI]:
1.140 [1.015-1.280], P = 0.027), memory B
cell percentage of total B cells (Memory B cell
%B cell) (OR [95% CI]: 1.114 [1.000-1.241], P =
0.050), unswitched memory B cell percentage
of total B cells (Unsw mem %B cell) (OR [95%
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Cl]: 1.095 [1.009-1.189], P =0.030), and CD39
expression on CD39-positive CD4-positive T
cells (CD39 on CD39+ CD4+) (OR [95% CII:
1.086 [1.013-1.163], P = 0.019).

In contrast, ten immune cell phenotypes were
linked to a reduced risk of ICH: HLA DR expres-
sion on dendritic cells (HLA DR on DC) (OR [95%
Cl]: 0.953 [0.911-0.997], P = 0.036), BAFF-
receptor expression on IgD-positive CD24-
negative B cells (BAFF-R on IgD+ CD24-) (OR
[95% CI]: 0.947 [0.899-0.998], P = 0.044),
CD3 expression on CD28-positive CD45RA-
positive CD8bright T cells (CD3 on CD28+
CD45RA+ CD8br) (OR [95% CI]: 0.934 [0.875-
0.998], P = 0.044), CD27 expression on
switched memory B cells (CD27 on sw mem)
(OR [95% CI]: 0.929 [0.875-0.987], P =
0.017), absolute count of CD25-highly-positive
CD8bright T cells (CD25++ CD8br AC) (OR [95%
Cl]: 0.920 [0.856-0.988], P = 0.023), absolute
count of CD33-negative HLA DR-positive cells
(CD33- HLA DR+ AC) (OR [95% CI]: 0.909
[0.842-0.982], P = 0.015), naive CD4-positive T
cell percentage of total T cells (Naive CD4+ %T
cell) (OR [95% CI]: 0.895 [0.823-0.973], P =
0.009), absolute count of CD28-negative CD8-
dim T cells (CD28- CD8dim AC) (OR [95% CI]:
0.892[0.822-0.967], P = 0.006), transitional B
cell percentage of total B cells (Transitional %B
cell) (OR [95% CI]: 0.879 [0.790-0.979], P =
0.019), and CD39-positive activated regulatory
T cell percentage of total activated regulatory T
cells (CD39+ activated Treg %activated Treg)
(OR [95% CI]: 0.791 [0.662-0.946], P = 0.010).

Mediation effect of immune cell phenotypes
on plasma protein-driven intracerebral hemor-
rhage

After identifying proteins associated with ICH,
we further examined whether immune pheno-
types mediate these effects. Next, we explored
the impact of 60 ICH-related plasma proteins
on 18 ICH-related immune cell phenotypes.
After ensuring the logical consistency of effect
size directions, we identified 6 plasma protein-
immune cell phenotypes-ICH causal pathways,
involving 5 plasma proteins and 6 immune
cell phenotypes (Figure 3). Specifically, CD24+
CD27+ AC and Unsw mem %B cells may medi-
ate the association between IGF1R and ICH,
with mediation proportions of 17.5% and
10.8%, respectively; Transitional %B cell may
mediate the effect of NTSE on ICH, with a medi-
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Table 1. Causal link between plasma proteins and intracerebral hemorrhage (ICH)

Exposure Outcome OR (95% CI) Pval revPval
SPINK13 Intracerebral hemorrhage 2.793 (1.456, 5.360) 0.002 0.518
KLRC4 Intracerebral hemorrhage 2.034 (1.292, 3.205) 0.002 0.523
PTS Intracerebral hemorrhage 1.962 (1.250, 3.080) 0.003 0.264
FSHB Intracerebral hemorrhage 1.838 (1.339, 2.525) <0.001 0.837
NAGS Intracerebral hemorrhage 1.788 (1.155, 2.769) 0.009 0.349
BGLAP Intracerebral hemorrhage 1.731 (1.208, 2.479) 0.003 0.794
PIAS3 Intracerebral hemorrhage 1.710 (1.230, 2.377) 0.001 0.677
CRMP1 Intracerebral hemorrhage 1.701 (1.200, 2.411) 0.003 0.777
PATE1 Intracerebral hemorrhage 1.659 (1.160, 2.373) 0.006 0.799
ITGB2 Intracerebral hemorrhage 1.583 (1.147, 2.184) 0.005 0.944
AGA Intracerebral hemorrhage 1.571 (1.154, 2.140) 0.004 0.576
CPLX1 Intracerebral hemorrhage 1.554 (1.116, 2.164) 0.009 0.949
ALDOB Intracerebral hemorrhage 1.550 (1.145, 2.098) 0.005 0.856
CUBN Intracerebral hemorrhage 1.546 (1.115, 2.146) 0.009 0.529
TNFRSF4 Intracerebral hemorrhage 1.536 (1.118, 2.110) 0.008 0.750
B3GALT6 Intracerebral hemorrhage 1.533(1.197, 1.964) <0.001 0.828
ETV5 Intracerebral hemorrhage 1.521 (1.111, 2.083) 0.009 0.608
IL24 Intracerebral hemorrhage 1.515 (1.107, 2.073) 0.010 0.746
CuzD1 Intracerebral hemorrhage 1.480 (1.160, 1.889) 0.002 0.459
ANXA8 Intracerebral hemorrhage 1.470 (1.122, 1.926) 0.005 0.914
CD79B Intracerebral hemorrhage 1.466 (1.116, 1.927) 0.006 0.981
S100A6 Intracerebral hemorrhage 1.438 (1.111, 1.860) 0.006 0.507
FBP1 Intracerebral hemorrhage 1.425 (1.109, 1.832) 0.006 0.866
IDH1 Intracerebral hemorrhage 1.408 (1.096, 1.807) 0.007 0.523
ITGB5 Intracerebral hemorrhage 1.405 (1.121, 1.762) 0.003 0.816
AHSP Intracerebral hemorrhage 1.397 (1.148, 1.700) <0.001 0.858
PRKCG Intracerebral hemorrhage 1.389 (1.098, 1.758) 0.006 0.483
RBP7 Intracerebral hemorrhage 1.385 (1.150, 1.669) <0.001 0.189
TNFRSF1B Intracerebral hemorrhage 1.310 (1.090, 1.574) 0.004 0.228
TNFSF18 Intracerebral hemorrhage 1.299 (1.089, 1.551) 0.004 0.900
EXTL2 Intracerebral hemorrhage 1.291 (1.071, 1.556) 0.007 0.822
TRADD Intracerebral hemorrhage 1.261 (1.065, 1.494) 0.007 0.681
ACAA1L Intracerebral hemorrhage 1.246 (1.056, 1.471) 0.009 0.859
CRIPT Intracerebral hemorrhage 1.232 (1.064, 1.427) 0.005 0.266
IGF1R Intracerebral hemorrhage 1.228 (1.070, 1.409) 0.003 0.930
PRSS1 Intracerebral hemorrhage 1.223(1.061, 1.411) 0.006 0.656
AAGALT Intracerebral hemorrhage 1.195 (1.059, 1.348) 0.004 0.631
PLXNB2 Intracerebral hemorrhage 1.175 (1.042, 1.325) 0.009 0.656
NT5E Intracerebral hemorrhage 1.145 (1.038, 1.264) 0.007 0.067
THSD1 Intracerebral hemorrhage 1.138 (1.036, 1.250) 0.007 0.895
GPC1 Intracerebral hemorrhage 0.863 (0.778, 0.958) 0.006 0.220
CRP Intracerebral hemorrhage 0.815 (0.714, 0.931) 0.003 0.721
NMRAL1 Intracerebral hemorrhage 0.809 (0.696, 0.941) 0.006 0.793
ANXA4 Intracerebral hemorrhage 0.792 (0.666, 0.943) 0.009 0.477
SPOCK2 Intracerebral hemorrhage 0.778 (0.669, 0.905) 0.001 0.801
PPIL1 Intracerebral hemorrhage 0.771 (0.639, 0.929) 0.006 0.949
UBE2E1 Intracerebral hemorrhage 0.740 (0.606, 0.905) 0.003 0.899
3645 Am J Transl Res 2026;18(4):3640-3653
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SUMO3 Intracerebral hemorrhage 0.711 (0.557, 0.909) 0.006 0.910
AlIF1 Intracerebral hemorrhage 0.704 (0.539, 0.918) 0.010 0.767
KLK3 Intracerebral hemorrhage 0.691 (0.530, 0.902) 0.006 0.608
CACYBP Intracerebral hemorrhage 0.690 (0.531, 0.896) 0.005 0.872
TBCB Intracerebral hemorrhage 0.676 (0.504, 0.907) 0.009 0.693
TBCE Intracerebral hemorrhage 0.667 (0.490, 0.906) 0.010 0.655
AXIN2 Intracerebral hemorrhage 0.665 (0.534, 0.829) <0.001 0.397
ICAM5 Intracerebral hemorrhage 0.660 (0.523, 0.835) <0.001 0.134
GNPNAT1 Intracerebral hemorrhage 0.660 (0.483, 0.902) 0.009 0.612
PGR Intracerebral hemorrhage 0.659 (0.490, 0.886) 0.006 0.876
CILP Intracerebral hemorrhage 0.658 (0.479, 0.904) 0.010 0.815
BID Intracerebral hemorrhage 0.645 (0.491, 0.845) 0.001 0.883
AGFG1 Intracerebral hemorrhage 0.548 (0.361, 0.831) 0.005 0.755
revPval: The P value of reverse mendelian randomization (MR) analysis.
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Figure 2. Forest plot of causal associations between immune cell phenotypes and intracerebral hemorrhage (ICH).
Mendelian randomization (MR) analysis identified 18 immune cell phenotypes that are significantly causally associ-

ated with ICH (P,,, < 0.05).
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ation proportion of 14%; SSC-A on CD8br may
mediate the influence of ITGB5 on ICH, with a
mediation proportion of 9.92%; CD28- CD8dim
AC may mediate the association between
CUZD1 and ICH, with a mediation proportion of
8.06%; and CD39 on CD39+ CD4+ may medi-
ate the relationship between AHSP and ICH,
accounting for 4.97% of the total effect (Table
2).

These results indicate that IGFA1R may elevate
ICH risk by increasing the levels of CD24+

3646

CD27+ AC or Unsw mem %B cells, NT5E may
increase ICH risk by reducing transitional %B
cells, ITGB5 may increase ICH risk by increas-
ing SSC-A on CD8br, CUZD1 may increase ICH
risk by reducing CD28- CD8dim AC, and AHSP
may increase ICH risk by increasing CD39 on
CD39+ CD4+ (Figure 3).

To verify these findings, we ran multiple sensi-
tivity checks (Table 3). Cochran’s Q statistics
confirmed uniform SNP effects across the
board, safely ruling out heterogeneity (all P >
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Exposure Outcome nSNP Method Pval OR(95% Cl)

IGF1R CD24+ CD27+ AC 24 VW <0.001 i —e—  1.306 (1.118 to 1.526)
CD24+ CD27+ AC Intracerebral hemorrhage 22 vw 0.0077 m@—' 1.144 (1.036 to 1.263)
IGF1R Intracerebral hemorrhage 25 VW 0.0035 L —e—i 1.228 (1.070 to 1.409)
IGF1R Unsw mem %B cell 24 VW 0.0024 | —e—  1.276 (1.090 to 1.493)
Unsw mem %B cell Intracerebral hemorrhage 27 IVW 0.0305 p—O-' 1.095 (1.009 to 1.189)
IGF1R Intracerebral hemorrhage 25 VW 0.0035 pa——— 1.228 (1.070 to 1.409)
NT5E Transitional %B cell 47 VW 0.0047 [ 0.862 (0.778 to 0.956)
Transitional %B cell Intracerebral hemorrhage 15 VW 0.0191 >—0—| 0.879 (0.790 to 0.979)
NT5E Intracerebral hemorrhage 53 VW 0.0071 —e— 1.145 (1.038 to 1.264)
ITGB5 SSC-A on CD8br 26 VW 0.0439 %—0—> 1.229 (1.006 to 1.503)
SSC-A on CD8br Intracerebral hemorrhage 13 IVW 0.0264 »—0—« 1.178 (1.019 to 1.360)
ITGB5 Intracerebral hemorrhage 28 IVW 0.0032 ——e>  1.405 (1.121t0 1.762)
CUzZD1 CD28- CD8dim AC 19 vw 0.0328 +— —' 0.759 (0.589 to 0.978)
CD28- CD8dim AC Intracerebral hemorrhage 23 VW 0.0056 o] 0.892 (0.822 to 0.967)
CuzD1 Intracerebral hemorrhage 19 VW 0.0016 — 1.480 (1.160 to 1.889)
AHSP CD39 on CD39+ CD4+ 28 VW 0.0291 -—0—4 1.224 (1.021 to 1.467)
CD39 on CD39+ CD4+ Intracerebral hemorrhage 21 VW 0.0193 o 1.086 (1.013 to 1.163)
AHSP Intracerebral hemorrhage 28 VW <0.001 ——e~>  1.397 (1.148 to 1.700)

Figure 3. Forest plot of causal associations between plasma proteins, immune cell phenotypes and ICH. MR analy-
sis revealed 6 significant causal pathways involving 5 plasma proteins and 6 immune cell phenotypes associated

with ICH.

Table 2. Mediation effect of immune cell phenotypes on plasma protein-driven ICH

Elrifé?:s I;T}Z::;:ees” Outcome Beta all Mediated effect ;\foes:::;dn

IGF1R CD24+ CD27+ AC Intracerebral hemorrhage  0.205  0.036 (-0.011, 0.083) 17.50%

IGF1R Unsw mem %B cell Intracerebral hemorrhage  0.205  0.022 (-0.019, 0.063) 10.80%

NT5E Transitional %B cell Intracerebral hemorrhage  0.136 0.019 (-0.001, 0.039) 14%

ITGB5 SSC-A on CD8br Intracerebral hemorrhage  0.340  0.034 (-0.019, 0.087) 9.92%

CuzD1 CD28- CD8dim AC Intracerebral hemorrhage  0.392  0.032 (-0.044, 0.107) 8.06%
Intracerebral hemorrhage  0.334  0.017 (-0.023, 0.056)

AHSP CD39 on CD39+ CD4+

4.97%

0.05). No significant horizontal pleiotropy was
detected, as the MR-Egger intercept was cen-
tered around zero (P > 0.05). The causal esti-
mates remained consistent throughout the
leave-one-out evaluations (Figures S1, S2, S3).
Together, these results support the robust-
ness of the identified protein-immune cell-ICH
pathways.

AHSP and ITGB5 suppress proliferation and
migration while inducing apoptosis in SH-SY5Y
cells

Given the immune cell mediation identified via
MR analysis, the human neuroblastoma cell
line SH-SY5Y was utilized as a simplified in vitro
neuronal-like model to explore the potential cel-
lular effects of AHSP and ITGB5. To achieve
ectopic expression, we transfected SH-SY5Y
cells with Flag-tagged AHSP, ITGB5, or an EV
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control. Immunoblotting showed clear bands at
the expected molecular weight, while the EV
control group did not resolve a detectable exog-
enous protein signal, confirming the significant
overexpression of AHSP-Flag and ITGB5-Flag
(Figure 4A).

We employed a colony formation assay to
determine cell proliferation. AHSP or ITGB5
overexpression significantly suppressed cell
proliferation (Figure 4B, 4C). Transwell assay
exhibited that AHSP or ITGB5 overexpression
reduced the number of migrated cells, with
sparse and scattered staining on the mem-
brane (Figure 4D, 4E). To further assess cell
death, TUNEL staining was performed in
SH-SY5Y cells to determine whether AHSP or
ITGB5 overexpression affects apoptosis. Com-
pared with the EV group, which exhibited only
sparse TUNEL-positive nuclei, both AHSP- and
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Table 3. The heterogeneity and pleiotropy in MR analysis

Heterogeneity test Pleiotropy test
Exposure Outcome VW MR Egger MR Egger regression
COCS ran Pval COCS ran Pval Intercept se Pval

IGF1R CD24+ CD27+ AC 16.190 0.847 16.189 0.806 0.001 0.013 0.968
CD24+ CD27+ AC Intracerebral hemorrhage 20.434 0.494 19.017 0.521 -0.023 0.019 0.248
IGF1R Unsw mem %B cell 13.612 0.937 13.007 0.933 0.010 0.013 0.445
Unsw mem %B cell Intracerebral hemorrhage 28.185 0.349 28.181 0.300 -0.001 0.016 0.951
IGF1R Intracerebral hemorrhage 19.986 0.698 19.587 0.667 0.008 0.012 0.534
NT5E Transitional %B cell 46.680 0.444 46.679 0.403 -0.000 0.008 0.983
Transitional %B cell Intracerebral hemorrhage 9.440 0.802 8.775 0.790 0.020 0.024 0.430
NT5E Intracerebral hemorrhage 60.275 0.201 60.072 0.180 -0.003 0.008 0.680
ITGB5 SSC-A on CD8br 21.949 0.639 21.844 0.589 0.005 0.016 0.749
SSC-A on CD8br Intracerebral hemorrhage 9.507 0.659 8.904 0.631 -0.027 0.034 0.454
ITGB5 Intracerebral hemorrhage 26.487 0.492 25.188 0.508 -0.020 0.018 0.265
Cuzb1 CD28- CD8dim AC 11.417 0.876 11.094 0.852 0.013 0.023 0.577
CD28- CD8dim AC Intracerebral hemorrhage 20.107 0.576 19.261 0.568 -0.018 0.019 0.368
Cuzb1 Intracerebral hemorrhage 19.264 0.376 19.255 0.314 -0.002 0.023 0.928
AHSP CD39 on CD39+ CD4+ 26.849 0.472 25.657 0.482 0.015 0.014 0.285
CD39 on CD39+ CD4+ Intracerebral hemorrhage 13.261 0.866 13.027 0.837 -0.010 0.020 0.635
AHSP Intracerebral hemorrhage 35.856 0.118 33.373 0.152 0.021 0.015 0.176

ITGB5-overexpressing cells displayed a mark-
edly increased number of apoptotic cells. The
intensity and abundance of green TUNEL fluo-
rescence were substantially elevated in both
overexpression groups, indicating enhanced
DNA fragmentation (Figure 4F, 4G).

Discussion

Based on large-scale genomic datasets, we
applied a two-sample MR analysis. The goal
was to investigate the causal role of circulating
plasma proteins in ICH. A total of 299 proteins
showed associations with ICH risk, among
which 60 exhibited the strongest causal esti-
mates. Reverse MR analyses also revealed no
evidence supporting a causal influence of ICH
on circulating protein concentrations [27, 28].
Our analysis identified IGF1R, CUZD1, and
AHSP as potential risk-enhancing proteins.
Their effects appear to act through specific
immune cell subpopulations. These findings
expand the list of potential biomarkers related
to ICH. They also provide useful clues for future
studies that aim to develop protein-based ther-
apeutic strategies for stroke.

We also identified several immune-cell pheno-
types that exhibited causal effects on ICH risk.
This finding supports the central role of immune

3648

responses in secondary injury after stroke.
Prior evidence has shown that peripheral
immune populations - including B cells, T cells,
and monocytes - become strongly activated
after ischemic stroke. Their activation can
shape the course of neuroinflammation [29-
31]. Our study extends earlier findings to hem-
orrhagic stroke. The analysis identified several
immune signatures related to ICH. We found
that B and T cell subgroups such as CD24+
CD27+ B cellsand CD45RA on TD CD8br T cells
are significantly correlated with the risk of dis-
ease. Our data is consistent with the estab-
lished evidence that B cells and Treg cells are
involved in the pathogenesis of stroke [11, 32].
Mo et al. also used MR analysis to find causal
links between several circulating immune traits
and ICH risk, including naive B cells and plas-
macytoid dendritic cells [33]. In addition, we
also found a protective subgroup, indicating
that the increase in HLA-DR+ dendritic cell
count is associated with a reduced risk of
ICH. Immune mediators may play different
roles in different situations. Such dual effects
have also been noted in studies of stroke
progression.

This study establishes a mediation framework
linking plasma protein, immune cell phenotype
and ICH. Several proteins including IGF1R,

Am J Transl Res 2026;18(4):3640-3653
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Figure 4. Functional validation of AHSP and ITGB5 in SH-SY5Y neuroblastoma cell. A. Western blot analysis con-
firmed robust overexpression of Flag-tagged AHSP and ITGB5 in transfected SH-SY5Y neuroblastoma cell. B, C.
Colony formation assay to detect the proliferation ability of AHSP and ITGB5 overexpression in SH-SY5Y neuroblas-
toma cells. D, E. Transwell assay to detect the migration capacity of AHSP and ITGB5 overexpression in SH-SY5Y
neuroblastoma cells (200x). F, G. TUNEL assay was performed to assess the induction of apoptosis by AHSP and
ITGB5 overexpression in SH-SY5Y neuroblastoma cells (400x). **P < 0.01, ***P < 0.001.

NT5E (CD73), ITGB5, CUZD1, and AHSP may
influence ICH risk through their effects on spe-
cific immune cell subsets. IGF1R increases ICH
risk through boosting unswitched memory B
cells and CD24+ CD27+ B cell populations.
These findings are consistent with the dual
neuroprotective and pro-inflammatory roles
previously attributed to IGF-1 signaling [34,
35]. Previous MR studies have also linked IGF-1
levels to stroke pathophysiology [36]. Functional
experiments provided preliminary in vitro evi-
dence for two newly implicated proteins. In
neuroblastoma cells, overexpression of AHSP
and ITGB5 strongly suppressed cell prolifera-
tion and migration but induced apoptotic
responses. ITGB5, the B5 subunit of the integ-
rin family, heterodimerizes with integrin aV to
form aVB5 [37]. Both ITGB5 and its ligand fibro-
nectin increase after high-glucose exposure in
vitro and in vivo. Endothelial-specific knock-
down of ITGB5 significantly attenuates high-
glucose-induced apoptosis and microvascular
rarefaction [38]. Our results extend these
observations to neural contexts. AHSP is tradi-
tionally known as an erythroid chaperone pro-
tein [39]. Overexpression of AHSP showed a
clear pro-apoptotic effect in neuronal cells.
This may be related to disrupted hemoglobin-
handling pathways caused by erythrocyte lysis
[40]. Taken together with the MR analysis,
these experimental results indicate that AHSP
or ITGB5 may participate in neuronal injury pro-
cesses during ICH.

Our genetic and cellular experiments suggest a
mechanistic link between circulating proteins,
immune responses, and ICH risk. Proteins
including IGF1R, NT5E, ITGB5, CUZD1, and
AHSP, together with related immune cell phe-
notypes, may serve as biomarkers and possi-
ble targets for ICH treatment. For example,
modulating the IGF-1 signaling, CD73 axis, or
specific immune-cell subsets may alter ICH
risk. Despite the robust causal estimates, the
reliance on genetic proxies rather than direct
clinical observation warrants cautious interpre-
tation. Translating bioinformatic predictions
into therapeutic strategies requires extensive
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in vivo modeling and prospective tests to verify
the exact mechanism cascade. In addition,
although our analysis is limited to European
descent to minimize stratification. The inclu-
sion of different subgroups (such as Icelanders
and Sardinians) will introduce potential residual
deviations, so it is necessary to conduct repeat-
ed studies in larger-scale and more homoge-
neous samples.
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Table S1. Immune cell phenotypes included in the study

ID Immune cell phenotypes Panel Trait type
GCST90002082 SSC-A on CD8br TBNK Morphological parameter
GCST90001940 CD25 on CD39+ activated Treg Treg MFI
GCST90002101 CD45RA on TD CD8br Maturation stages of T cell MFI
GCST90001418 CD24+ CD27+ AC B cell Absolute count
GCST90002115 HLA DR on HLA DR+ CD8br TBNK MFI
GCST90001406 Memory B cell %B cell B cell Relative count
GCST90001397 Unsw mem %B cell B cell Relative count
GCST90002032 CD39 on CD39+ CD4+ Treg MFI
GCST90002106 HLA DR on DC cDC MFI
GCST90001704 BAFF-R on IgD+ CD24- B cell MFI
GCST90001864 CD3 on CD28+ CD45RA+ CD8br Treg MFI
GCST90001808 CD27 on sw mem B cell MFI
GCST90001681 CD25++ CD8br AC Treg Absolute count
GCST90001523 CD33- HLA DR+ AC Myeloid cell Absolute count
GCST90001575 Naive CD4+ %T cell Maturation stages of T cell Relative count
GCST90001663 CD28- CD8dim AC Treg Absolute count
GCST90001576 Transitional %B cell B cell Relative count
GCST90001490 CD39+ activated Treg %activated Treg Treg Relative count

TBNK, T cell-B cell-natural killer cell; Treg, regulatory T cell; cDC, conventional dendritic cell; MFI, median fluorescence intensity.
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Figure S1. Leave-one-out analysis of Mendelian randomization (MR) for plasma proteins and immune cell phenotypes. A. Leave-one-out analysis of MR for IGF1R
on CD24+ CD27+ AC. B. Leave-one-out analysis of MR for IGF1R on Unsw mem %B cell. C. Leave-one-out analysis of MR for NT5E on Transitional %B cell. D. Leave-
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Figure S2. Leave-one-out analysis of MR for immune cell phenotypes and intracerebral hemorrhage (ICH). A. Leave-one-out analysis of MR for CD24+ CD27+ AC on
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Figure S3. Leave-one-out analysis of MR for plasma proteins and ICH. A. Leave-one-out analysis of MR for IGF1R on ICH. B. Leave-one-out analysis of MR for NT5E
on ICH. C. Leave-one-out analysis of MR for ITGB5 on ICH. D. Leave-one-out analysis of MR for CUZD1 on ICH. E. Leave-one-out analysis of MR for AHSP on ICH.



