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IExperimentaI Research

Background: Ischemic stroke (IS) is more common every year, the condition is serious, and have a poor prognosis. New, eﬁici%
and safe therapeutic targets are desperately needed as early treatment especially prevention and reperfusion is the key to lowering
the occurrence of poorer prognosis. Generally circulating proteins are attractive therapeutic targets, this study aims to identify
potential pharmacological targets among plasma and cerebrospinal fluid (CSF) proteins for the prevention and treatment of IS using a
multicenter Mendelian randomization (MR) approach.

Methods: First, the genetic instruments of 734 plasma and 151 CSF proteins were assessed for causative connections with IS from
MEGASTROKE consortium by MR to identify prospective therapeutic targets. Then, for additional validation, plasma proteins from
the deCODE consortium and the Fenland consortium, as well as IS GWAS data from the FinnGen cohort, the ISGC consortium and
UK biobank, were employed. A thorough evaluation of the aforementioned possible pharmacological targets was carried out using
meta-analysis. The robustness of MR results was then confirmed through sensitivity analysis using several techniques, such as
bidirectional MR analysis, Steiger filtering, and Bayesian colocalization. Finally, methods like Protein-Protein Interaction (PPI)
Networking were utilized to investigate the relationship between putative drug targets and therapeutic agents.

Results: The authors discovered three proteins that may function as promising therapeutic targets for IS and meet the Bonferroni
correction (P < 0.05/885 =5.65 x 107%). Prekallikrein (OR=0.41, 95% Cl: 0.27-0.63, P=3.61 x 107%), a protein found in CSF, has a
10-fold protective impact in IS, while the plasma proteins SWAP70 (OR =0.85, 95% Cl: 0.80-0.91, P=1.64 x 10°%) and MMP-12
(OR=0.92, 95% Cl: 0.89-0.95, P=4.49 x 10°) of each SD play a protective role in IS. Prekallikrein, MMP-12, SWAP70 was
replicated in the FinnGen cohort and ISGC database. MMP-12 (OR=0.93, 95% CI: 0.91-0.94, P <0.001), SWAP70 (OR=0.92,
95% Cl: 0.90-0.94, P < 0.001), and prekallikrein (OR=0.53, 95% Cl: 0.33-0.72, P <0.001) may all be viable targets for IS,
according to the combined meta-analysis results. Additionally, no evidence of reverse causality was identified, and Bayesian
colocalization revealed MMP-12 (PPH,4 = 0.995), SWAP70 (PPH, = 0.987), and prekallikrein (PPH4 = 0.894) shared the same variant
with IS, supporting the robustness of the aforementioned causation. Prekallikrein and MMP-12 were associated with the target
protein of the current treatment of IS. Among them, Lanadelumab, a new drug whose target protein is a prekallikrein, may be a
promising new drug for the treatment of IS.

Conclusion: The prekallikrein, MMP-12, and SWAP70 are causally associated with the risk of IS. Moreover, MMP-12 and
prekallikrein may be treated as promising therapeutic targets for medical intervention of IS.
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Introduction

The latest data on the global burden of disease shows that
stroke is the second leading cause of death after ischemic heart
disease and the third leading cause of disability after ischemic
heart disease and neonatal disease. Ischemic stroke (IS) is the
major subtype of stroke, accounting for 62.4% of new strokes,
and is the leading cause of high mortality and disability in
stroke. Early pharmacological treatment is the main medical
intervention to effectively reduce the high mortality and dis-
ability rates of IS"!. The only thrombolytic drug currently
approved by the FDA is recombinant tissue fibrinogen
activator!?!, However, the time window is narrow for treating
IS, with the complication of hemorrhagic transformation, and
less than 10% of stroke patients are currently eligible for this
treatment!>*. There are still many IS patients without timely
treatment available and evolve into patients with severe IS,
with no reversal of the fatal or disabling fate. This may be the
one of the main reasons why the disease burden of IS is rising
each year, with a disability-adjusted life year of 143 (95% CI:
133-153 million) million in 2019%!, Therefore, it is urgent to
address the unmet medical needs for the prevention and
treatment of IS.

Clinical drugs can bind to target proteins in the body and alter
the activity of the target or downstream proteins to stop the
progression of the disease. Previous observations have identified
plasma protein targets as potential therapeutic targets in IS/®7),
However, the high cost and attrition rates of drug development
make drug targeting of protein targets in preclinical trial studies
IS highly practical. The proportion of drug mechanism-of-action
supported by direct genetic evidence increases significantly across
drug development trials, and the selection of genetically sup-
ported targets can double the success rate of clinical drug
development'®,

Mendelian randomization (MR) is an epidemiological
approach that can correlate plasma and cerebrospinal fluid (CSF)
protein information obtained by high-throughput sequencing
with genome-wide association results associated with disease
phenotypes. It can be applied for drug target identification and
drug repurposing prior to clinical trials. MR assesses the causal
relationship between exposure factors (such as proteomics) and
outcome (IS) in a genetic context and excludes the influence of
confounding factors on causality with the aid of multiple sensi-
tivity analyses”®!, and the exclusion of potential confounding
factors is one of its advantages over traditional observational
studies!'®!. Another advantage of MR is the ability to mimic the
randomized controlled trial in grouping subjects according to the
presence or absence of alleles and to observe the effect of alleles
on outcome without the enormous human and material resources
of a randomized controlled trial™*!, Although 653 plasma pro-
teins have been used to identify drug targets of IS and its
subtypes!!'?! and 308 plasma proteins were used to explore the
association of plasma proteins with stroke and its risk factors!*3],
no drug target studies have been conducted using CSF proteins
for medical intervention of IS and no potential drugs have been
discovered. Therefore, we explored potential drug targets for IS in
this study and purposes to build a theoretical foundation for the
discovery and development of effective therapeutics to address
the unmet medical needs of life-threating IS.
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HIGHLIGHTS

e Our study explored the causal relationship between 734
plasma proteins and 154 cerebrospinal fluid (CSF) proteins
and ischemic stroke (IS) by Mendelian randomization study.
This study found a causal relationship between the plasma
protein matrix metalloproteinase 12, switch-associated
protein 70, and the CSF protein prekallikrein and IS risk,
which is beneficial for the early prevention and
treatment of IS.

No reverse causal relationship was found between 734
plasma proteins and 154 CSF proteins and IS.

Matrix metalloproteinase 12 and prekallikrein were asso-
ciated with the target protein of the current treatment of IS
and may be a potential target for new IS drugs.
Lanadelumab, a new drug whose target protein is a
prekallikrein, may be a promising new drug for the
treatment of IS.

Methods

Research design

The purpose of this study is to build a groundwork for the later
precise prevention and treatment of IS by identifying possible
therapeutic targets of IS in the CSF and plasma proteins, as seen in
Figure 1. An MR analysis was first conducted to examine the
proteins in plasma and CSF that are linked to IS. Data were taken
from published plasma and CSF proteomics studies, while IS data
were collected from the MEGASTROKE collaboration.
Sensitivity analysis using Bayesian colocalization, bidirectional
MR, and phenotype scanning were then used to demonstrate that
the results were robust. The results were then verified by a mul-
ticenter MR study, such as exposure data from Fenland and
deCODE database and outcome data from FinnGen cohort,
ISGC consortium and UK biobank (Supplemental Figure 1,
Supplemental Digital Content 1, http:/links.lww.com/JS9/B402).
Finally, a comparative and interactive analysis was performed to
identify pharmacological targets for IS. There was no need to get
informed consent or ethical approval for this study again because
all of the data were taken from published sources, and the
informed consent and approval were received.

Exposure data acquisition

In the initial phase, the plasma proteins are acquired from a latest
publication in Nature Genetics'™, which integrates plasma
protein quantitative trait loci (pQTL) data obtained from five
previously published GWAS studies!">~'8]. Three thousand six
hundred six pQTLs connected to 2656 proteins were present in
this investigation. The CSF pQTL data was acquired from a study
published in Nature Neuroscience!*®!, which included a total of
274 pQTLs of 184 CSF proteins. Our requirements for pQTLs
found in plasma and CSF were as follows: firstly, they had to be
cis-acting pQTLs. Secondly, they had to have a current genome-
wide association (P < 5% 107®), and thirdly, they had to be found
outside the major histocompatibility complex region (Chré,
26-34 MDb). The effect of linkage disequilibrium (LD) was also
eliminated (LD clumping r?<0.001). Finally, we included 738
cis-pQTLs in 734 plasma proteins (Supplemental Table 1,
Supplemental Digital Content 2, http:/links.lww.com/JS9/B403)
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Mendelian Randomization Study Reveals Potential Blood and Cerebrospinal Fluid Drug Targets in Ischemic Stroke

Plasma: 734 proteins with cis-pQTL from five studies

Mendelian Randomization analysis

Outcome: Ischemic stroke

The GWAS data of Ischemic stroke:

(PMID: 32895551)
CSF: 154 proteins with cis-pQTL (PMID:34239129)

Primary method: WR or IVW method

L

obtained from MEGASTROKE consortium
(PMID:29531354)

Prekallikrein proteins in CSF and SWAP70 and MMP-12 proteins in plasma, were all causally linked to ischemic
stroke and may be targets for medication in ischemic stroke.
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and MMP-12 may promising drug targets for ischemic stroke

Figure 1. Design of the study and its primary findings. CSF, cerebrospinal fluid; ISGC, International Stroke Genetics Consortium; PPI, Protein-Protein Interaction

Networks.

and 154 cis-pQTLs linked to 151 CSF proteins (Supplemental
Table 2, Supplemental Digital Content 3, http://links.lww.com/
JS9/B404) as exposure (‘Primary_’, center 1).

For the replication phase, we extracted plasma protein data
from two other center studies using the original CSF protein data
as validation. The plasma protein pQTL is from a proteomics
study conducted by Ferkingstad et al.?”! (deCODE database,
center 2) in the journal of Nature Genetics. This research
enumerated the 4907 plasma protein in 35 559 Icelanders’ and
discovered 18 084 correlations between sequence variations and
plasma protein levels™®!. The plasma protein data were obtained
from a publication in Science that included 4775 proteins
(Fenland database, center 3) measured in 10 708 participants?*!.
To fill up any gaps in the QTL GWAS summary statistics, such as
impact allele frequency, we used the matching human genome
construct as a reference.

Sources of outcome data

Data on IS for this study were obtained from a GWAS meta-
analysis conducted by the MEGASTROKE consortium
(‘_Primary’, center 4), which included 440 328 participants
(34 217 cases and 406 111 controls) and analyzed 7 537 579
SNPs??!, The investigations by the ISGC consortium!®3!, which
comprised 10 307 cases and 19 326 controls (center 5), and the
FinnGen cohort!**!, which included 12 632 cases and 206 160
controls, provided the data for the replication phase (center 6).
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Furthermore, IS GWAS from UK biobank (UKB) has been
incorporated (https://www.ukbiobank.ac.uk/) (center 7).

MR analysis

The plasma and CSF proteins as exposure data and IS as outcome
data were utilized. In this study, involving two or more instru-
mental variables, the primary analysis method was the MR
study’s inverse variance weighting (IVW) method**!. The Wald
ratio approach served as the study’s main method of analysis
when there was just one instrumental variable!®*!. For every
additional unit of plasma protein or every additional 10 units of
CSF protein, the measured outcome odds ratios represent the
odds of a higher stroke risk. MR analysis is performed in
the “TwoSampleMR’ package in R version 4.2.3. To reduce the
chance of false positives, we conducted a multiple test correction
(Bonferroni correction), and the P-value of statistical significance
in this study was set to less than 0.05/885 (5.65 x 107). During
the replication phase, some of the MR analysis results were not in
the same direction as the MR analysis results in the initial phase,
so we further conducted a meta-analysis with a random-effects
model to obtain more robust MR results. The meta-analysis was
done in STATA version 14, and the set statistical difference was P
less than 0.05.

To confirm the accuracy of the data displayed above, we also
ran a sensitivity analysis. Reverse MR used IS exposure data from
the MEGASTROKE consortium and included a total of 19
eligible SNPs as instrumental factors (Supplemental Table 3,
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Supplemental Digital Content 4, http:/links.lww.com/JS9/B405).
It adhered to the same screening standards as the forward MR
study. The plasma"®?% proteins and CSF'"®! proteins, which
were utilized as outcome data, was available from three published
studies. Reverse causality was principally investigated via the
IVW method in addition to MR-Egger regression, weight median
(WM), simple mode, and weight mode approaches, which were
integrated to analyze causation!'®?°. Steiger filtering was also
carried out to establish the directionality of the relationship
between proteins and IS,

The likelihood that two traits share the same causal variant
was evaluated using Bayesian colocalization analysis using the
‘coloc’ package (https://github.com/chr1swallace/coloc) with
default parameters. The gene-based PPH4 greater than 80% was
defined that the gene as having evidence of colocalization!?!, We
also used phenotypic scanning (http://www.phenoscanner.
medschl.cam.ac.uk/)?®!, which permits retrieval of potential
confounders and pleiotropic linked to the study’s instrumental
variables and contains published findings from large-scale genetic
association studies, to test for the presence of confounding vari-
ables and pleiotropic. We initially have to meet the significant
genomic connections (P<5x10%) for instrumental variable
inclusion as part of the criterion we defined for the presence of
pleiotropy. Second, the GWAS research population of European
ancestry was the source of the instrumental factors. Last but not
least, the instrumental variables were linked to IS risk factors such
as metabolic traits, protein composition, and clinical traits.
Additionally, we set the LD value r? for pQTLs of priority pro-
teins less to 0.001 to reduce the impact of LD. The LDlink website
is then used to explore again whether there is a LD in the
results!'?),

Protein-protein and protein-drug association analysis

We hypothesize that the connection between plasma pQTL and
CSF pQTL is relatively weak because of the blood—brain barrier
(BBB). When plasma and CSF pQTL were eventually included in
our investigation, we utilized spearman correlation analysis to
analyze their correlation. Between - 1.0 and 1.0 is the range of
values for the spearman correlation coefficient (r?). A perfect
negative correlation is represented by a correlation near - 1.0,
and a perfect positive correlation is represented by a correlation
near 1.0. The shifts of the plasma pQTL and CSF pQTL do not
have a linear connection when there is a correlation near 0.0. We
then established various P-value criteria to see if the correlation
between the two varied as the degree of significance increased.
After analyzing the interrelationship between plasma pQTL and
CSF pQTL, we employed protein-protein interaction (PPI) net-
works to further evaluate the associated protein targets in CSF
and plasma proteins that were suggestively (P < 0.05) related with
the risk of IS in the main MR study. The PPI network is obtained
through the STRING website, which is functional protein asso-
ciation networks (https://cn.string-db.org). The minimum
required interaction fraction of STRING is 0.4. The protein target
pathway is an important approach for the discovery of effective
drug compounds. Drugs are able to alter the activity of both
target and downstream proteins with the aim of ending disease
progression. Therefore, we used the Drugbank database (https://
go.drugbank.com/) to explore the relationship between IS protein
targets and related genes and approved IS clinical use in recent
review!?!,
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Results

Muilticenter MR analysis and meta-analysis revealed that
SWAP70, MMP-12 and Prekallikrein were causally
associated with IS

Overall, circulating bioproteins from 734 plasma pQTL and 154
CSF pQTL were examined for a potential link to IS (Bonferroni
correction of P <0.05/885 = 5.65 x 10%). Three proteins, matrix
metalloproteinase 12 (MMP-12) and switch-associated protein
70 (SWAP70) in plasma, and prekallikrein (encoded by the
KLKB1 gene) in CSF, were discovered to be causally linked to IS
under this circumstance (Fig. 2 and Table 1). As to the specific
findings, each SD rise in plasma MMP-12 (OR=0.92, 95% CIL:
0.89-0.95, P=4.49x10°) and SWAP70 (OR =0.85, 95% CI:
0.80-0.91, P=1.64x10") levels would lower the risk of IS,
whereas each 10-fold increase in prekallikrein (OR =0.41, 95%
CL: 0.27-0.63, P=3.61%x10) concentration in CSF would
lower the risk of IS. Heterogeneity and pleiotropy were not
detected by preliminary study (Supplemental Table 4,
Supplemental Digital Content 5, http:/links.lww.com/JS9/B406).
To validate the causative association between the aforemen-
tioned proteins and IS, we used exposures and outcomes from
multicenter datasets. We discovered that SWAP70 was verified to
have a causal relationship with IS risk in both the primary plasma
protein of SWAP70 and the IS data from multicenter MR study
(Exposure_Outcome) of Primary_FinnGen (OR =0.83, 95% CI:
0.73-0.94, P=0.003), deCODE_FinnGen (OR =0.89, 95% CIL:
0.82-0.96, P=0.0033), Fenland_FinnGen (OR=0.94, 95%
CI: 0.91-0.98, P=0.005), Primary_ISGC (OR=0.87, 95% CL
0.77-0.99, P=0.037), deCODE_ISGC (OR=0.92, 95% CL
0.85-0.99, P=0.0369), Fenland ISGC (OR=0.95, 95%
CI: 0.91-0.99, P=0.027), deCODE_Primary (OR=0.91, 95%
CL: 0.87-0.94, P=1.6x10°), Feland_Primary (OR=0.96,
95% CI: 0.94-0.99, P=0.0121), Primary_UKB (OR=0.93,
95% CI:  0.89-0.97, P=0.0004), and deCODE_UKB
(OR=0.97, 95% CI: 0.92-1.01, P =0.0004). Prekallikrein was
shown to potentially lower IS risk in the ISGC database
(OR=0.45, 95% CI: 0.21-0.95, P=0.035) but was not vali-
dated in the FinnGen cohort and UK biobank. The causal rela-
tionship between MMP-12 and IS was confirmed in a partial
multicenter (exposure_outcome) MR study of Primary_FinnGen
(OR=0.94, 95% CI: 0.89-0.99, P=0.011), deCODE_FinnGen
(OR=0.93, 95% CI: 0.88-0.98, P=0.0114), Primary_ISGC
(OR=0.90, 95% CI: 0.84-0.96, P=0.0008), deCODE_ISGC
(OR=0.89, 95% CI. 0.83-0.95, P=0.0008), and
deCODE_Primary (OR =0.91,95% CI: 0.88-0.95, P=4.5x 10
6) as shown in Figure 3, despite the causal relationship between
MMP-12, prekallikrein and IS risk only being partially con-
firmed. We further conducted a meta-analysis to confirm the
above causality and found that MMP-12 (OR=0.93, 95%
CL 0.91-0.94, P<0.001), SWAP70 (OR=0.92, 95% CI:
0.90-0.94, P<0.001) and prekallikrein (OR=0.53, 95% CI:
0.33-0.72, P <0.001) may reduce the risk of IS (Fig. 4).

Strong and trustworthy causal connection between plasma
and CSF proteins with risk of IS confirmed by sensitivity
analysis

Sensitivity was divided into three parts, bidirectional MR, colo-
calization analysis and phenotypic analysis (Table 2). First,
The MR Steiger filtering ensured directionality of MMP-12
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Figure 2. Volcano plot of three proteins identified as potential targets in ischemic stroke from 734 plasma (A) and 151 CSF (B) proteins by Wald ratio or inverse
variance weighted method. CSF, cerebrospinal fluid; PVE, proportion of variance explained.

(P=2.49x1071%1), SWAP70 (P=5.21x1023), prekallikrein
(P=8.96x107), and the risk of IS. Bidirectional MR analyses
and Steiger filtering were performed, and there is no corre-
sponding result SNP was discovered between IS and pre-
kallikrein, MMP-12 or SWAP70, despite the matching of 27
SNPs between IS and MMP-12 and 20 SNPs between IS and
SWAP70 (Supplemental Table 5, Supplemental Digital Content
6, http://links.lww.com/JS9/B407).

In addition, colocalization analysis revealed MMP-12
(PPH4=0.995), SWAP70 (PPH,=0.987), and prekallikrein
(PPH4=0.894) shared the same variant with IS, while colocali-
zation results of the P-value distributions of the loci 100 KB
above and below the pQTL for MMP-12, SWAP70, and pre-
kallikrein and the P-value distributions of IS corresponding to the
instrumental variables of MMP-12, SWAP70, and prekallikrein
could be found in Figure 3. Finally, we performed the phenotypic
analysis and found that MMP-12 (rs28381684) was linked to
matrix metalloproteinases, postbronchodilator FEV1/FVC ratio,

stromelysin-1, and local histogram emphysema pattern, accord-
ing to a phenotype scan performed using the phenosanner web-
site, while SWAP70 (rs415895) was linked to hematocrit,
coronary artery disease, and hypertension. Various proteins,
coagulation factors were connected to prekallikrein (rs2304595)
in Supplemental Table 6 (Supplemental Digital Content 7, http://
links.lww.com/JS9/B408). Prekallikrein is not on the same chro-
mosome as SWAP70 and MMP-12. Therefore, there is no LD.
Besides, no LD was found between the pQTLs for MMP-12 and
SWAP70 (LD r?=0.003), too.

Prekallikrein and MMP-12 may be a potential target for the IS
drugs

The results of the plasma and CSF MR tests did not significantly
differ at the protein level (Spearman correlation coefficient=—
0.005, 95% CI: -0.265-0.223) in Supplemental Figure 2
(Supplemental Digital Content 8, http:/links.lww.com/JS9/
B409). A negative link; however, persisted and remained

Mendelian randomization findings for plasma and cerebrospinal fluid proteins that are substantially linked to ischemic stroke after

Bonferroni adjustment.

Tissue Protein UniProt ID SNP Effect allele OR (95% Cl) P PVE F-statistics Reference
Plasma SWAP70 B3KUB9; E7EMB1; QOUH65 rs415895 G 0.85(0.80-0.91)  1.64E-06 3.16% 107.88 Sun
Plasma MMP-12 P39900 rs28381684 T 0.92 (0.89-0.95)  4.49E-06  13.18% 500.96 Sun
CSF Prekallikrein P03952 rs2304595 G 0.41(0.27-0.63)  3.61E-05 4.11% 35.76 Yang

Note: Every SNP that was used was cis-acting. The odds ratios for a higher risk of IS were expressed as a function of the SD increase in plasma protein levels and the 10-fold increase in CSF protein levels.
CSF, cerebrospinal fluid; PVE, proportion of variance explained; SNP, single nucleotide polymorphism.
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Figure 3. Data from the Primary(MEGASTROKE consortium, A), ISGC consortium (B), FinnGen cohort (C) and UK biobank (D) externally validate the causal link
between MMP-12, SWAP70, and prekallikrein and IS. CSF, cerebrospinal fluid. Primary(Exposure): 734 plasma proteins and 151 CSF proteins used in the initial
phase. _Primary: IS GWAS from MEGASTROKE consortium. Pietzner et al.?"): Plasma proteins in the Fenland database. Ferkingstad et al.2%: Plasma proteins in
the deCODE database. IS: ischemic stroke, Fenland: Plasma proteins in the Fenland database. deCODE: Plasma proteins in the deCODE database. ISGC: IS
GWAS data from International Stroke Genetics Consortium, FinnGen: IS GWAS data from FinnGen consortium. UKB: IS GWAS data from UK Biobank. Arrows:

95% upper and lower Cl outside the range of the horizontal axis.

insignificant when the number of proteins included in the analysis
was limited using various P-value thresholds. We explored all IS
drugs (review in JAMA) and targetrelated information
(Supplemental Table 7, Supplemental Digital Content 9, http:/
links.lww.com/JS9/B410). We discovered a connection between
target protein of prekallikrein and medications of aspirin and
edoxaban, target protein of MMP-12, and medications of alte-
plase and tenecteplase in the PPI protein network (Fig. 6 and
Supplemental Figure 3, Supplemental Digital Content 10, http://
links.lww.com/JS9/B411). One can find a strong correlation in
prekallikrein with coagulation factor VII (F7), and MMP-12 with
fibronectin (FN1) using the STRING website. Among them,
STRING also demonstrated between prekallikrein and F7
experimentally determined, co-expression and protein homology,
suggesting that these two proteins are related. Drugbank’s iden-
tification of F7 as a potential therapeutic target for aspirin and
edoxaban suggests that prekallikrein may also be a viable target.
Furthermore, text mining in FN1 and MMP-12 also reveals
intimate interaction between FN1 and MMP-12. A search on the
Drugbank website revealed that FN1 are pharmacological targets
for Alteplase and Tenecteplased, indicating that MMP-12 may be
a possible target for these medications. Additionally,
Supplementary Table 8 (Supplemental Digital Content 11, http://

7

links.lww.com/JS9/B412) illustrates the clinical drug and appli-
cation efficacy of MMP-12 and prekallikrein as pharmacological
targets. Among them, lanadelumabis a new drug whose target
protein is a prekallikrein, may be a promising new drug for the
treatment of IS.

Discussion

This study investigated the possible causative link between
plasma and CSF proteins and risk of IS and examined the
potential therapeutic targets of IS in plasma and CSF proteins.
SWAP70 and MMP-12 in plasma proteins and prekallikrein in
CSF proteins, and IS risk were discovered to be causally related.
Among them, the causal relationship between SWAP70 and IS
was confirmed by FinnGen cohort, ISGC consortium, and UK
biobank. While the causal relationship between MMP-12 and
prekallikrein and IS is debatable in FinnGen cohort, ISGC con-
sortiums, and UK biobank, further meta-analysis equally con-
firmed the causal relationship between MMP-12, prekallikrein,
and risk of IS. Additionally, it was discovered that prekallikrein in
CSF and MMP-12 in plasma may be a potential medication target
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Figure 4. Meta-analysis of the causal relationship between MMP-12 (A), SWAP70 (B), and prekallikrein (C) and IS risk in the initial phase and the replication phase
(external validation). CSF, cerebrospinal fluid; IS, ischemic stroke. Primary_: 734 plasma proteins and 151 CSF proteins used in the initial phase, _Primary: IS GWAS
data from the MEGASTROKE database, Fenland: Plasma proteins in the Fenland database, deCODE: Plasma proteins in the deCODE database, ISGC: IS GWAS

data from the ISGC database, FinnGen: IS GWAS data from the FinnGen cohort, UKB: IS GWAS data from UK Biobank.

for the current IS drugs. These will serve as the cornerstone for
further pharmacological therapies and targeted IS prevention.
Drug targets of proteins are important clinical value. We also
performed numerous sensitivity studies on the possible target
proteins found in this investigation in order to ensure the validity
of the study mentioned above. First, we used a combination of
MR analysis and colocalization analysis is to establish a causal
link between MMP-12, SWAP70, and prekallikrein and risk of
IS. However, we conducted a bidirectional MR study and did not
detect the presence of reverse causality, excluding the interference
of reverse causality, in light of the possibility that this causal
relationship could be reverse causality or bias caused by LD.
Steiger filtering also supported the results mentioned previously.
Although the phenotype scan revealed associations between
MMP-12, SWAP70, and prekallikrein and other characteristics,
none of these associations could fully explain the connection
between the aforementioned proteins and IS. According to phe-
notype scans, SWAP70 (rs415895) was linked to hematocrit,
coronary artery disease, and hypertension whereas MMP-12
(rs28381684) was linked to matrix metalloproteinase, post-

bronchodilator FEV1/FVC ratio, stromelysin-1, and local histo-
gram emphysema pattern. Prekallikrein (rs2304595) has been
connected to a number of proteins and coagulation factors
(Supplementary Table 6, Supplemental Digital Content 7, http:/
links.lww.com/JS9/B408). We cannot entirely rule out the pos-
sibility that hypertension and coronary heart disease have a small
causal role in the association between IS and SWAP70 because
these conditions may be potential causes of IS. Therefore, more
research is still required before SWAP70 can be identified as a
drug target.

This study discovered a link between the plasma protein
MMP-12 and risk of IS, which may lower the chance of having an
IS. A previous MR study also suggested a potential causative
relationship between MMP-12 (OR =0.90, 95% CI: 0.86-0.94,
P=7.43x107) and the likelihood of suffering an IS%!, Studies
on the causative relationship between plasma proteins and risk of
IS suggest that MMP-12 (OR=0.83, 95% CI: 0.77-0.90,
P=6.56x10"°) may be causal mediators with large athero-
sclerotic stroke, a subtype of IS, and MMP-12 may be prospective
pharmaceutical targets!'?). This may be connected to the

Summary of phenotypic scanning, and reverse causality detection on the candidate causative proteins of MMP-12, SWAP70, and

Prekallikrein.

Protein Tissue UniProt ID SNP Bidirectional MR (MR-IVW) Steiger filtering Colocalization PPH4 Previously reported associations
MMP-12 Plasma P39900 rs28381684 0.73 (0.37-1.42) Passed (2.49x107%") 0.995 1. FEV1/FVC ratio
2.Stromelysin-1
SWAP70 Plasma B3KUB9; EZEMB1;  rs415895 1.01 (0.95-1.08) Passed (5.21 x 107%) 0.987 blood cells
Q9UH6B5 hypertension (SBP/DBP)
Prekallikrein ~ CSF P03952 rs2304595 No matching SNPs Passed (8.96 x 109 0.894 APTT

Other proteins
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Figure 5. Regional association and matrix plots of colocalization analysis results. (A), (C), and (E) are the P-value distributions of the loci 100 KB above and below the
pQTL for MMP-12, SWAP70, and Prekallikrein, respectively. (B), (D), and (F) are the P-value distributions of IS corresponding to the instrumental variables of MMP-
12, SWAP70, and Prekallikrein. In (A-F), each point represents a SNP. Horizontal coordinates indicate the physical location on the chromosome, and the vertical

axis indicates the -log P-value of GWAS of pQTL or IS.

possibility that MMP-12 protein is connected to the risk of IS
through the breakdown of extracellular matrix elements, which
in turn affects the stability of atheromatous plaque and impacts
the onset of ISP, The connection between the medication and its
target, MMP-12, is still unknown. In contrast, we discovered that
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the drugs alteplase, tenecteplase, and atorvastatin may be able to
target MMP-12. According to our findings, FN1 may be a
mechanism through, which MMP-12 binds to the drugs alteplase,
tenecteplase, and atorvastatin. On the other hand, earlier
research has demonstrated that MMP-12 has protein hydrolase
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Figure 6. Interactions between identified prospective medication targets and the present IS drug targets.

activity that breaks down elastin, type IV collagen, and FN1
while activating MMP-2 and MMP-3[321, Pro-MMP-1 and pro-
MMP-9 can then be activated by pro-MMP-12, which also
activates pro-MMP-2 and pro-MMP-31331, As they breakdown
various elements of the microvascular basal lamina and BBB tight
junction proteins, MMP-2 and MMP-9, further exercising their
role as protein hydrolases, are major mediators of BBB
disruption!®*!, While MMP-12 hydrolysis of FN1 may contribute
to thrombus dissolution and post-thrombolytic hemorrhagic
transformation, FN1 is an important molecule involved in
thrombus formation in vivo®?l. Additionally, MMP-12 and tis-
sue-type fibrinogen activators interact directly or indirectly. By
affecting MMP-9 and lowering expression of the proin-
flammatory M5 phenotype of microglia and macrophages (CD1,
iNOS, IL-68, and TNF), tissue-type fibrinogen activator inhibi-
tion may attenuate the degradation of the BBB tight junction
protein claudin-1, reducing the destruction of the BBB and neu-
roinflammation, which may then result in a decrease in MMP-12
expression!®*!, As a result, the thrombolytic medications alteplase
and tenecteplase work by causing FN1 to attach to the protein
MMP-12. Additionally, circulating monocytes and neutrophils
were both markedly decreased in atorvastatin-treated mice!®3!.
These changes decreased plaque inflammation, inhibited MMP-
12 expression, produced a more stable plaque phenotype, and
had a protective effect against IS5,

In the exogenous coagulation pathway, coagulation factor VII
is a key player, while prekallikrein is a molecule that prompts
kallikrein to activate coagulation factor XII, which can encourage
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the endogenous coagulation pathway®>®7?1. Prekallikrein and
coagulation factor VII can work together to enhance the pro-
duction of fibrin and the coagulation process*?!. Aspirin inhibits
coagulation factor VII, which binds to a possible target of pre-
kallikrein, is the drug’s primary target. This allows aspirin to have
antiplatelet aggregation effects'*'l, A brand-new oral antic-
oagulant medication called apixaban works to stop the formation
of thrombin and thrombosis by coagulation factor Xa, a crucial
coagulation factor. Apixaban can downregulate coagulation
factor VII and then inhibit coagulation factor X''*l, It may then
bind to potential drug targets prebasic proteins and inhibit
endogenous and exogenous coagulation pathways to produce
anticoagulant effects.

There are some shortcomings in this study that may affect the
interpretation and generalization of the findings. First, this
investigation discovered that MMP-12 and prekallikrein may be
possible therapeutic targets for alteplase, tenecteplase, atorvas-
tatin, aspirin, and apixaban. However, we must recognize that
the PPI only offers suggestive findings rather than firm conclu-
sions. Therefore, additional research is required to thoroughly
verify the relationships mentioned above. Second, because the
plasma proteins employed in this inquiry were merged from five
different investigations, there may have been variations in the
measuring methods, experimental layout, etc. that were not taken
into account. Nevertheless, this has no appreciable effect on how
accurate our results are. We used plasma proteins from Fenland,
the deCODE collaboration as exposure, and IS data from the
ISGC and FinnGen cohort as outcome in order to further validate
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the causal link identified in the initial phase. Moreover, we used
meta-analysis to confirm the causal link that had been found in
the initial phase. The results of the sensitivity test at this level
could not be known because the instrumental variables included
in this study primarily had only one cis-acting SNP and lacked
trans-pQTLs, which would have affected the perform of pleio-
tropy analysis and heterogeneity test. However, the F-statistics of
our so-included SNPs were all greater than 10, indicating that
there was almost no weak instrumental variable bias. Moreover,
the exposure and outcome data used in this study came from
populations with European ancestry, and while we also validated
the above three proteins using protein or disease data from British
and Finnish populations, the application of the findings of this
study to other regions, such as Asia, Africa, and the Americas,
needs further research to confirm. Last but not least, despite the
causality of MMP-12, SWAP70, prekallikrein and the risk of IS
did not validate positive results in few populations—possibly due
to ethnic differences, age groups of interest in the research, etc.—
these results can still be found to be in a critical state, such as
MMP-12_1S in deCODE_UKB (OR =0.96, 95% CI: 0.92-1.01,
P=0.072), which was very close to positive results.

Conclusion

In conclusion, there is a causal link between the plasma proteins
MMP-12, SWAP70, and the CSF protein prekallikrein and the
risk of IS. MMP-12 and prekallikrein may be prospective drug
targets for the IS medications. Follow-up IS clinical drug studies
may consider drugs that act on the target proteins MMP-12 and
prekallikrein.
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